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P R E F A C E

The sixth edition of Basic Biomechanics has been signifi cantly updated 
and redesigned from the previous edition. As the interdisciplinary 

fi eld of biomechanics grows in both breadth and depth, it is important 
that even introductory textbooks refl ect the nature of the science. Accord-
ingly, the text has been revised, expanded, and updated, with the objec-
tives being to present relevant information from recent research fi ndings 
and to prepare students to analyze human biomechanics.

The approach taken remains an integrated balance of qualitative and 
quantitative examples, applications, and problems designed to illustrate 
the principles discussed. The sixth edition also retains the important sen-
sitivity to the fact that some beginning students of biomechanics possess 
weak backgrounds in mathematics. For this reason, it includes numerous 
sample problems and applications, along with practical advice on 
approaching quantitative problems.

ORGANIZATION

Each chapter follows a logical and readable format, with the introduction 
of new concepts consistently accompanied by practical human movement 
examples and applications from across the life span and across sport, 
clinical, and daily living activities.

NEW CONTENT HIGHLIGHTS

New content has been added to provide updated scientifi c information on 
relevant topics. All chapters have been revised to incorporate the latest 
information from the biomechanics research literature, and numerous 
new sport and clinical applications and examples are included. Topics 
added or expanded include fall prevention in older adults, vibration effects 
on the musculoskeletal system, the female athlete triad, exercise and 
bone, bone microarchitecture, articular cartilage repair, swimming biome-
chanics, and stretching protocols related to strength, power, and injury 
potential.

Balanced Coverage

The Biomechanics Academy of AAHPERD recommends that undergrad-
uate students in biomechanics devote approximately one-third of study 
time to anatomical considerations, one-third to mechanical consider-
ations, and the remainder to applications. The integrated approach to 
coverage of these areas taken in previous editions is continued in this 
sixth edition.

xiii
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Applications Oriented

All chapters in this new edition contain discussion of a broad range of 
updated human movement applications, many of which are taken from 
the recent biomechanics research literature. Special emphasis has been 
placed on examples that span all ages and address clinical and daily liv-
ing issues, as well as sport applications.

Laboratory Experiences

The integrated laboratory manual appears at the end of each chapter 
with references to simulations on the text’s Online Learning Center. The 
soft-cover design with perforation allows laboratory manual pages to be 
completed and turned in to instructors.

Integrated Technology

Technology is integrated throughout the text, with an Online Learning 
Center box appearing on every chapter-opening page and  directing 
 students to resources online, while lists of related websites at the end of 
each chapter offer pertinent sources to students. Problems and laboratory 
experiences are incorporated throughout the text and updated to refer-
ence the Online Learning Center.

The Sixth Edition of Basic Biomechanics can be bundled (for a small 
additional price) with MaxTRAQ™ software. MaxTRAQ is a downloadable 
motion analysis software that offers an easy-to-use tool to track data and 
analyze various motion elected by the authors. The MaxTRAQ software 
includes video clips of motions such as golf swing and gait, 2D manual 
tracking, coverage of distance and angles—and more!

Visit www.mhhe.com/hall6e for more information about the MaxTRAQ 
software.

PEDAGOGICAL FEATURES

In addition to the sample problems, problem sets, laboratory experiences, 
Online Learning Center boxes, end-of-chapter key terms lists, and lists 
of websites, the book contains other pedagogical features from previous 
editions. These include key concepts, marginal defi nitions, sample 
problems, chapter summaries, introductory and additional prob-
lems, references, and appendices.

ANCILLARIES

Online Learning Center

www.mhhe.com/hall6e
This website offers resources to students and instructors. It includes 
downloadable ancillaries, Web links, student quizzing, additional infor-
mation on topics of interest, and much more.

Resources for the instructor include:

• Downloadable PowerPoint presentation with annotated lecture notes

• Online instructor’s manual, originally developed by Darla Smith, Uni-
versity of Texas at El Paso

• Test bank

• Interactive links



• Links to professional resources

• Online laboratory manual with simulations 

Resources for the student include:

• Downloadable PowerPoint presentations

• Self-grading quizzes

• Online laboratory manual with simulations
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C H A P T E R

1What Is Biomechanics?

After completing this chapter, you will be able to:

Defi ne the terms biomechanics, statics, dynamics, kinematics, and kinetics, and explain 
the ways in which they are related.

Describe the scope of scientifi c inquiry addressed by biomechanists.

Distinguish between qualitative and quantitative approaches for analyzing human 
movement.

Explain how to formulate questions for qualitative analysis of human movement.

Use the 11 steps identifi ed in the chapter to solve formal problems.

O N L I N E  L E A R N I N G  C E N T E R  R E S O U R C E S

www.mhhe.com/hall6e
Log on to our Online Learning Center (OLC) for access to these 
additional resources:

• Online Lab Manual
• Flashcards with defi nitions of chapter key terms
• Chapter objectives
• Chapter lecture PowerPoint presentation
• Self-scoring chapter quiz
• Additional chapter resources
• Web links for study and exploration of chapter-related topics

1



2 BASIC BIOMECHANICS

W hy do some golfers slice the ball? How can workers avoid develop-
ing low back pain? What cues can a physical education teacher pro-

vide to help students learn the underhand volleyball serve? Why do some 
elderly individuals tend to fall? We have all admired the fl uid, graceful 
movements of highly skilled performers in various sports. We have also 
observed the awkward fi rst steps of a young child, the slow progress of 
an injured person with a walking cast, and the hesitant, uneven gait of 
an elderly person using a cane. Virtually every activity class includes a 
student who seems to acquire new skills with utmost ease and a student 
who trips when executing a jump or misses the ball when attempting to 
catch, strike, or serve. What enables some individuals to execute complex 
movements so easily, while others appear to have diffi culty with relatively 
simple movement skills?

Although the answers to these questions may be rooted in physiologi-
cal, psychological, or sociological issues, the problems identifi ed are all 
biomechanical in nature. This book will provide a foundation for identify-
ing, analyzing, and solving problems related to the biomechanics of hu-
man movement.

BIOMECHANICS: DEFINITION 
AND PERSPECTIVE

The term biomechanics combines the prefi x bio, meaning “life,” with the 
fi eld of mechanics, which is the study of the actions of forces. The interna-
tional community of scientists adopted the term biomechanics during the 
early 1970s to describe the science involving the study of the mechanical 
aspects of living organisms (28). Within the fi elds of kinesiology and ex-
ercise science, the living organism most commonly of interest is the hu-
man body. The forces studied include both the internal forces produced by 
muscles and the external forces that act on the body. 

Learning to walk is an 
ambitious task from a 
biomechanical perspective. 
Photo © PhotoAlto/PictureQuest.

•Courses in anatomy, physiology, 
mathematics, physics, and 
engineering provide background 
knowledge for biomechanists.

biomechanics
application of mechanical principles 
in the study of living organisms

Anthropometric 
characteristics may 
predispose an athlete to 
success in one sport and 
yet be disadvantageous for 
participation in another. Photo 
courtesy of Royalty-Free/CORBIS.



CHAPTER 1: WHAT IS BIOMECHANICS? 3

Biomechanists use the tools of mechanics, the branch of physics in-
volving analysis of the actions of forces, to study the anatomical and 
functional aspects of living organisms (Figure 1-1). Statics and dynam-
ics are two major subbranches of mechanics. Statics is the study of sys-
tems that are in a state of constant motion, that is, either at rest (with 
no motion) or moving with a constant velocity. Dynamics is the study of 
systems in which acceleration is present.

Kinematics and kinetics are further subdivisions of biomechanical 
study. What we are able to observe visually when watching a body in mo-
tion is termed the kinematics of the movement. Kinematics involves the 
study of the size, sequencing, and timing of movement, without reference 
to the forces that cause or result from the motion. The kinematics of an ex-
ercise or a sport skill execution is also known, more commonly, as form or 
technique. Whereas kinematics describes the appearance of motion, kinet-
ics is the study of the forces associated with motion. Force can be thought 
of as a push or pull acting on a body. The study of human biomechanics 
may include questions such as whether the amount of force the muscles 
are producing is optimal for the intended purpose of the movement. 

Although biomechanics is relatively young as a recognized fi eld of sci-
entifi c inquiry, biomechanical considerations are of interest in several dif-
ferent scientifi c disciplines and professional fi elds. Biomechanists may 
have academic backgrounds in zoology; orthopedic, cardiac, or sports 
medicine; biomedical or biomechanical engineering; physical therapy; or 
kinesiology, with the commonality being an interest in the biomechanical 
aspects of the structure and function of living things.

The biomechanics of human movement is one of the subdisciplines of 
kinesiology, the study of human movement (Figure 1-2). Although some 
biomechanists study topics such as ostrich locomotion, blood fl ow through 
constricted arteries, or micromapping of dental cavities, this book focuses 
primarily on the biomechanics of human movement from the perspective 
of the movement analyst.

As shown in Figure 1-3, biomechanics is also a scientifi c branch of 
sports medicine. Sports medicine is an umbrella term that encompasses 
both clinical and scientifi c aspects of exercise and sport. The American 
College of Sports Medicine is an example of an organization that pro-
motes interaction between scientists and clinicians with interests in 
sports medicine–related topics.

Biomechanics

Mechanics

Function

Structure

FIGURE 1-1

Biomechanics uses the 
principles of mechanics for 
solving problems related to 
the structure and function of 
living organisms.

mechanics
branch of physics that analyzes the 
actions of forces on particles and 
mechanical systems

statics
branch of mechanics dealing with 
systems in a constant state of motion

dynamics
branch of mechanics dealing with 
systems subject to acceleration

kinematics
study of the description of motion, 
including considerations of space and 
time

kinetics
study of the action of forces

kinesiology
study of human movement

sports medicine
clinical and scientifi c aspects of 
sports and exercise



4 BASIC BIOMECHANICS

What Problems Are Studied by Biomechanists?

As expected given the different scientifi c and professional fi elds repre-
sented, biomechanists study questions or problems that are topically di-
verse. For example, zoologists have examined the locomotion patterns of 
dozens of species of animals walking, running, trotting, and galloping at 
controlled speeds on a treadmill to determine why animals choose a par-
ticular stride length and stride rate at a given speed. They have found 
that running actually consumes less energy than walking in small ani-
mals up to the size of dogs, but running is more costly than walking for 
larger animals such as horses (35). One of the challenges of this type of 
research is determining how to persuade a cat, a dog, or a turkey to run 
on a treadmill (Figure 1-4).

Among humans, although the energy cost of running increases with 
running speed, sizable differences in energy cost between  individuals 
become even larger as running speed increases (21).  Although some 

Kinesiology

Adapted Physical
education

Biomechanics

Sport Philosophy

Motor Control

Sport Art

Athletic Training
Exercise

Physiology 

Sport Psychology

PedagogySport History

Sports Medicine

Physical Therapy
Cardiac

Rehabilitation

Exercise
Physiology

Athletic TrainingBiomechanics

Other Medical
Specialties

Sport Psychology Orthopedics

Sport NutritionMotor Control

FIGURE 1-2

The subdisciplines of 
kinesiology.

FIGURE 1-3

The branches of sports 
medicine.

•In research, each new study, 
investigation, or experiment is 
usually designed to address a 
particular question or problem.



CHAPTER 1: WHAT IS BIOMECHANICS? 5

individuals appear to run more smoothly and comfortably than others, 
no particular biomechanical factors have been associated with either 
good or poor running economy (21). Differences in muscle fi ber type com-
position appear to translate into differences in energy utilization during 
running (see Chapter 6) (22).

The U.S. National Aeronautics and Space Administration (NASA) spon-
sors another multidisciplinary line of biomechanics research to promote 
understanding of the effects of microgravity on the human musculoskeletal 
system. Of concern is the fact that astronauts who have been out of the 
earth’s gravitational fi eld for just a few days have returned with muscle 
atrophy, cardiovascular and immune system changes, and reduced bone 
density, mineralization, and strength, especially in the lower extremities 
(11). The issue of bone loss, in particular, is currently a limiting factor for 
long-term space fl ights, with bone lost at a rate of about 1% per month from 
the lumbar spine and 1.5% per month from the hips (26). Both increased 
bone resorption and decreased calcium absorption appear to be respon-
sible (see Chapter 4) (39). 

Since those early days of space fl ight, biomechanists have designed and 
built a number of exercise devices for use in space to take the place of 
normal bone-maintaining activities on earth. Some of this research has 
focused on the design of treadmills for use in space that load the bones of 
the lower extremity with deformations and strain rates that are optimal 
for stimulating new bone formation (8, 30). Another approach involves 
combining voluntary muscle contraction with electrical stimulation of the 
muscles to maintain muscle mass and tone (44). So far, however, no ad-
equate substitute has been found for weight bearing for the prevention of 
bone and muscle loss in space (11).

Maintaining suffi cient bone-mineral density is also a topic of concern 
here on earth. Osteoporosis is a condition in which bone mineral mass 
and strength are so severely compromised that daily activities can cause 
bone pain and fracturing (13). This condition is found in most elderly 

FIGURE 1-4

Research on the biomechanics 
of animal gaits poses some 
interesting problems.
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individuals, with earlier onset in women, and is becoming increasingly 
prevalent throughout the world with the increasing mean age of the pop-
ulation. Approximately 40% of women experience one or more osteopo-
rotic fractures after age 50, and after age 60, about 90% of all fractures in 
both men and women are osteoporosis-related (23, 34). The most common 
fracture site is the vertebrae, with the presence of one fracture indicating 
increased risk for future vertebral and hip fractures (15). This topic is 
explored in depth in Chapter 4.

Another problem area challenging biomechanists who study the el-
derly is mobility impairment. Age is associated with decreased ability 
to balance, and older adults both sway more and fall more than young 
adults, although the reasons for these changes are not well understood. 
Falls, and particularly fall-related hip fractures, are extremely serious, 
common, and costly medical problems among the elderly. Each year, falls 
cause large percentages of the wrist fractures, head injuries, vertebral 
fractures, and lacerations, as well as over 90% of the hip fractures, occur-
ring in the United States (37). Biomechanical research teams are investi-
gating the biomechanical factors that enable individuals to avoid falling, 
the characteristics of safe landings from falls, the forces sustained by dif-
ferent parts of the body during falls, and the ability of protective clothing 

Exercise in space is critically 
important for preventing 
loss of bone mass among 
astronauts. Photo courtesy of 
NASA.
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and fl oors to prevent falling injuries (37). Promising work in the develop-
ment of intervention strategies has shown that the key to preventing falls 
may be the ability to limit trunk motion (14). Older adults can quickly 
learn strategies for limiting trunk motion through task-specifi c training 
combined with whole-body exercise.

Research by clinical biomechanists has resulted in improved gait 
among children with cerebral palsy, a condition involving high levels of 
muscle tension and spasticity. The gait of the cerebral palsy individual 
is characterized by excessive knee fl exion during stance. This problem is 
treated by surgical lengthening of the hamstring tendons to improve knee 
extension during stance. In some patients, however, the procedure also 
diminishes knee fl exion during the swing phase of gait, resulting in drag-
ging of the foot. After research showed that patients with this problem 
exhibited signifi cant co-contraction of the rectus femoris with the ham-
strings during the swing phase, orthopedists began treating the problem 
by surgically attaching the rectus femoris to the sartorius insertion. This 
creative, biomechanics research–based approach has enabled a major 
step toward gait normalization for children with cerebral palsy.

Research by biomedical engineers has also resulted in improved gait 
for children and adults with below-knee amputations. Ambulation with 
a prosthesis creates an added metabolic demand, which can be partic-
ularly signifi cant for elderly amputees and for young active amputees 
who participate in sports requiring aerobic conditioning. In response to 
this problem, researchers have developed an array of lower-limb and foot 
prostheses that store and return mechanical energy during gait, thereby 
reducing the metabolic cost of locomotion (2). Studies have shown that the 
more compliant prostheses are better suited for active and fast walkers, 
whereas prostheses that provide a more stable base of support are gener-
ally preferred for the elderly population (3). Microchip-controlled “Intel-
ligent Prostheses” show promise for reducing the energy cost of walking at 
a range of speeds (7). Researchers are currently developing a new class of 
“bionic” prosthetic feet that are designed to better imitate normal gait (41).

Occupational biomechanics is a fi eld that focuses on the prevention 
of work-related injuries and the improvement of working conditions and 
worker performance. Researchers in this fi eld have learned that work-
related low back pain can derive not only from the handling of heavy 
materials but from unnatural postures, sudden and unexpected mo-
tions, and the characteristics of the individual worker (27). Sophisticated 
 biomechanical models of the trunk are now being used in the design of 
materials-handling tasks in industry to enable minimizing potentially 
 injurious stresses to the low back (4).

Biomechanists have also contributed to performance improvements in 
selected sports through the design of innovative equipment. One excel-
lent example of this is the Klapskate, the speed skate equipped with a 
hinge near the toes that allows the skater to plantar fl ex at the ankle 
during push-off, resulting in up to 5% higher skating velocities than were 
obtainable with traditional skates (17). The Klapskate was designed by 
van Ingen Schenau and de Groot, based on study of the gliding push-off 
technique in speed skating by van Ingen Schenau and Baker, as well as 
work on the intermuscular coordination of vertical jumping by Bobbert 
and van Ingen Schenau (9). When the Klapskate was used for the fi rst 
time by competitors in the 1998 Winter Olympic Games, speed records 
were shattered in every event. 

Numerous innovations in sport equipment and apparel have also re-
sulted from fi ndings of experiments conducted in experimental cham-
bers called wind tunnels that involved controlled simulation of the air 

Occupational biomechanics 
involves study of safety factors 
in activities such as lifting.

Aerodynamic cycling 
equipment has contributed 
to new world records. Photo 
courtesy of Getty Images.

carpal tunnel syndrome
overuse condition caused by 
compression of the median nerve 
in the carpal tunnel and involving 
numbness, tingling, and pain in the 
hand
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Biomechanists Develop a Revolutionary New 
Figure Skate

What do 1996 U.S. fi gure skating champion Rudy Galindo and 1998 Olympic gold medal 
winner Tara Lipinski have in common besides fi gure skating success? They have both had 
double hip replacements, Galindo at age 32 and Lipinski at age 18. 

Overuse injuries among fi gure skaters are on the rise at an alarming rate, with most 
involving the lower extremities and lower back (4, 12). With skaters performing more 
and more technically demanding programs including multirotation jumps, on-ice training 
time for elite skaters now typically includes over 100 jumps per day, six days per week, 
year after year. 

Yet, unlike most modern sports equipment, the fi gure skate has undergone only very 
minor modifi cations since 1900. The soft-leather, calf-high boots of the nineteenth cen-
tury are now made of stiffer leather to promote ankle stability and are not quite as high 
to allow a small amount of ankle motion. However, the basic design of the rigid boot with 
a screwed-on steel blade has not changed. 

The problem with the traditional fi gure skate is that when a skater lands after a 
jump, the rigid boot severely restricts motion at the ankle, forcing the skater to land 
nearly fl at-footed and preventing motion at the ankle that could help attenuate the 
landing shock that gets translated upward through the musculoskeletal system. Not 
surprisingly, the incidence of overuse injuries in fi gure skating is mushrooming due to the 
increased emphasis on performing jumps, the increase in training time, and the continued 
use of outdated equipment.

To address this problem, biomechanist Jim Richards and graduate student Dustin 
Bruening, working at the University of Delaware’s Human Performance Lab, have de-
signed and tested a new fi gure skating boot. Following the design of modern-day Alpine 
skiing and in-line skating boots, the new boot incorporates an articulation at the ankle 
that permits fl exion movement but restricts potentially injurious sideways movement. 

The boot enables skaters to land toe-fi rst, with the rest of the foot hitting the ice more 
slowly. This extends the landing time, thereby spreading the impact force over a longer 
time and dramatically diminishing the peak force translated up through the body.  As shown 
in the graph, the new boot attenuates the peak landing force on the order of 30%.

Although the new fi gure skating boot design was motivated by a desire to reduce the 
incidence of stress injuries in skating, it may also promote performance. The ability to 

New fi gure skating boot with an articulation at the ankle designed by 
biomechanists at the University of Delaware. 
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resistance actually encountered during particular sports. Examples 
include the aerodynamic helmets, clothing, and cycle designs used in 
competitive cycling, and the ultrasmooth suits worn in other competi-
tive speed-related events, such as swimming, track, skating, and skiing. 
Wind tunnel experiments have also been conducted to identify optimal 
body confi guration during events such as ski jumping (42).

Sport biomechanists have also directed efforts at improving the bio-
mechanical, or technique, components of athletic performance. They have 
learned, for example, that factors contributing to superior performance in 
the long jump, high jump, and pole vault include high horizontal velocity 
going into takeoff and a shortened last step that facilitates continued eleva-
tion of the total-body center of mass (6, 16). Study of baseball pitchers has 
determined that high-velocity pitchers display greater external rotation 
at the shoulder, more forward trunk tilt at ball release, higher-extension 
angular velocity at the lead knee, and greater angular velocity of the pel-
vis and upper torso than lower-velocity pitchers (25, 40).

One rather dramatic example of performance improvement partially at-
tributable to biomechanical analysis is the case of four-time Olympic dis-
cus champion Al Oerter. Mechanical analysis of the discus throw requires 

move through a larger range of motion at the ankle may well enable higher jump heights 
and concomitantly more rotations while the skater is in the air. 

Skaters who adopt the new boot are fi nding that using it effectively requires a 
period of acclimatization. Those who have been skating in the traditional boot for 
many years tend to have reduced strength in the musculature surrounding the ankle. 
Improving ankle strength is likely to be necessary for optimal use of a boot that now 
allows ankle motion. 

The new fi gure skating boot with an articulation at the ankle reduces 
peak impact forces during landing from a jump on the order of 30%. 
Graph courtesy of D. Bruening and J. Richards.
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precise evaluation of the major mechanical factors affecting the fl ight of 
the discus. These factors include the following:

 1. The speed of the discus when it is released by the thrower
 2. The projection angle at which the discus is released
 3. The height above the ground at which the discus is released
 4. The angle of attack (the orientation of the discus relative to the pre-

vailing air current)

By using computer simulation techniques, researchers can predict the 
needed combination of values for these four variables that will result in a 
throw of maximum distance for a given athlete (18). High-speed cameras 
can record performances in great detail, and when the fi lm or video is 
analyzed, the actual projection height, velocity, and angle of attack can be 
compared to the computer-generated values required for optimal perfor-
mance. At the age of 43, Oerter bettered his best Olympic performance by 
8.2 m. Although it is diffi cult to determine the contributions of motivation 
and training to such an improvement, some part of Oerter’s success was a 
result of enhanced technique following biomechanical analysis (38). Most 
adjustments to skilled athletes’ techniques produce relatively modest re-
sults because their performances are already characterized by above-
average technique.

Some of the research produced by sport biomechanists has been done 
in conjunction with the Sports Medicine Division of the United States 
Olympic Committee (USOC). Typically, this work is done in direct cooper-
ation with the national coach of the sport to ensure the practicality of re-
sults. USOC-sponsored research has yielded much new information about 
the mechanical characteristics of elite performance in various sports. Be-
cause of continuing advances in scientifi c analysis equipment, the role 
of sport biomechanists in contributing to performance improvements is 
likely to be increasingly important in the future.

The infl uence of biomechanics is also being felt in sports popular with 
both nonathletes and athletes, such as golf. Computerized video analyses 
of golf swings designed by biomechanists are commonly available at golf 
courses and equipment shops. The science of biomechanics can play a role 
in optimizing the distance and accuracy of all golf shots, including put-
ting, through analysis of body angles, joint forces, and muscle activity pat-
terns (19). A common technique recommendation is to maintain a single 
fi xed center of rotation to impart force to the ball (19). 

Other concerns of sport biomechanists relate to minimizing sport in-
juries through both identifying dangerous practices and designing safe 
equipment and apparel. In recreational runners, for example, research 
shows that the most serious risk factors for overuse injuries are training 
errors such as a sudden increase in running distance or intensity, excess cu-
mulative mileage, and running on cambered surfaces (20). The complexity 
of safety-related issues increases when the sport is equipment-intensive. 
Evaluation of protective helmets involves ensuring not only that the im-
pact characteristics offer reliable protection but also that the helmet does 
not overly restrict wearers’ peripheral vision.

An added complication is that equipment designed to protect one part of 
the body may actually contribute to the likelihood of injury in another part 
of the musculoskeletal system. Modern ski boots and bindings, while effec-
tive in protecting the ankle and lower leg against injury, unfortunately con-
tribute to severe bending moments at the knee when the skier loses balance. 
Recreational Alpine skiers consequently experience a higher incidence of 
anterior cruciate ligament tears than participants in any other sport (33). 
Injuries in snowboarding are also more frequent with rigid, as compared to 

•The USOC began funding 
sports medicine research in 
1981. Other countries began 
sponsoring research to boost the 
performance of elite athletes in 
the early 1970s.

•Impact testing of protective 
sport helmets is carried out 
scientifi cally in engineering 
laboratories.
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pliable, boots, although more than half of all snowboarding injuries are to 
the upper extremity (24, 32).

Another challenging area of research for biomechanists in the realm 
of sport safety is investigation of the effi cacy of prophylactic knee  braces 
(29). Approximately 60% of all sport injuries are to the knee (36). Research 
shows that knee braces can contribute 20–30% added resistance against 
lateral blows to the knee, with custom-fi tted braces providing the best 
protection (1). A possible concern, however, is that knee braces act to 
change the pattern of lower-extremity muscle activity during gait, with 
less work performed at the knee and more at the hip (10). Other docu-
mented problems that appear to affect some athletes more than others 
and may be brace-specifi c include reduced sprinting speed and earlier on-
set of fatigue (1). The research literature is almost evenly divided on the 
effi cacy of prophylactic knee braces in preventing knee ligament injuries 
in football players, with some studies showing decreases and others show-
ing increases in injury incidence (31).

An area of biomechanics research with implications for both safety 
and performance is sport shoe design. Today sport shoes are designed 
both to prevent excessive loading and related injuries and to enhance 
 performance. Because the ground or playing surface, the shoe, and the 
 human body compose an interactive system, athletic shoes are specifi cally 
designed for particular sports, surfaces, and anatomical considerations. 
Aerobic dance shoes are constructed to cushion the metatarsal arch. Foot-
ball shoes to be used on artifi cial turf are designed to minimize the risk of 
knee injury. Running shoes are available for training and racing on snow 
and ice. In fact, sport shoes today are so specifi cally designed for desig-
nated activities that wearing an inappropriate shoe can contribute to the 
likelihood of injury.

These examples illustrate the diversity of topics addressed in biome-
chanics research, including some examples of success and some areas 
of continuing challenge. Clearly, biomechanists are contributing to the 
knowledge base on the full gamut of human movement, from the gait 
of the physically challenged child to the technique of the elite athlete. 
Although varied, all of the research described is based on applications of 
mechanical principles in solving specifi c problems in living organisms. 
This book is designed to provide an introduction to many of those prin-
ciples and to focus on some of the ways in which biomechanical principles 
may be applied in the analysis of human movement.

Why Study Biomechanics?

As is evident from the preceding section, biomechanical principles are ap-
plied by scientists and professionals in a number of fi elds to problems related 
to human health and performance. Knowledge of basic biomechanical con-
cepts is also essential for the competent physical education teacher, physical 
therapist, physician, coach, personal trainer, or exercise instructor.

An introductory course in biomechanics provides foundational under-
standing of mechanical principles and their applications in analyzing 
movements of the human body. The knowledgeable human movement an-
alyst should be able to answer the following types of questions related to 
biomechanics: Why is swimming not the best form of exercise for individuals 
with osteoporosis? What is the biomechanical principle behind variable-
resistance exercise machines? What is the safest way to lift a heavy 
object? Is it possible to judge what movements are more/less economi-
cal from visual observation? At what angle should a ball be thrown for 
maximum distance? From what distance and angle is it best to observe 
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a patient walk down a ramp or a volleyball player execute a serve? What 
strategies can an elderly person or a football lineman employ to maximize 
stability? Why are some individuals unable to fl oat?

Perusing the objectives at the beginning of each chapter of this book 
is a good way to highlight the scope of biomechanical topics to be covered 
at the introductory level. For those planning careers that involve visual 
observation and analysis of human movement, knowledge of these topics 
will be invaluable.

PROBLEM-SOLVING APPROACH

Scientifi c research is usually aimed at providing a solution for a particu-
lar problem or answering a specifi c question. Even for the nonresearcher, 
however, the ability to solve problems is a practical necessity for function-
ing in modern society. The use of specifi c problems is also an effective ap-
proach for illustrating basic biomechanical concepts.

Quantitative versus Qualitative Problems

Analysis of human movement may be either quantitative or qualitative. 
Quantitative implies that numbers are involved, and qualitative refers to 
a description of quality without the use of numbers. After watching the 
performance of a standing long jump, an observer might qualitatively state, 
“That was a very good jump.” Another observer might quantitatively an-
nounce that the same jump was 2.1 m in length. Other examples of qualita-
tive and quantitative descriptors are displayed in Figures 1-5 and 1-6.

It is important to recognize that qualitative does not mean general. 
Qualitative descriptions may be general, but they may also be extremely 
 detailed. It can be stated qualitatively and generally, for example, that a
man is walking down the street. It might also be stated that the same man is 
walking very slowly, appears to be leaning to the left, and is bearing weight
on his right leg for as short a time as possible. The second description is en-
tirely qualitative but provides a more detailed picture of the movement.

Both qualitative and quantitative descriptions play important roles 
in the biomechanical analysis of human movement. Biomechanical re-
searchers rely heavily on quantitative techniques in attempting to answer 

quantitative
involving the use of numbers

qualitative
involving nonnumeric description of 
quality

FIGURE 1-5

Examples of qualitative and 
quantitative descriptors.
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 specifi c questions related to the mechanics of living organisms. Clinicians, 
coaches, and teachers of physical activities regularly employ qualitative 
observations of their patients, athletes, or students to formulate opinions 
or give advice.

Solving Qualitative Problems

Qualitative problems commonly arise during daily activities. Questions 
such as what clothes to wear, whether to major in botany or English, and 
whether to study or watch television are all problems in the sense that 
they are uncertainties that may require resolution. Thus, a large portion 
of our daily lives is devoted to the solution of problems.

Analyzing human movement, whether to identify a gait anomaly or to 
refi ne a technique, is essentially a process of problem solving. Whether the 
analysis is qualitative or quantitative, this involves identifying, then study-
ing or analyzing, and fi nally answering a question or problem of interest.

To effectively analyze a movement, it is essential fi rst to formulate one 
or more questions regarding the movement. Depending on the specifi c 
purpose of the analysis, the questions to be framed may be general or spe-
cifi c. General questions, for example, might include the following:

 1. Is the movement being performed with adequate (or optimal) force?
 2. Is the movement being performed through an appropriate range of 

motion?
 3. Is the sequencing of body movements appropriate (or optimal) for ex-

ecution of the skill?
 4. Why does this elderly woman have a tendency to fall?
 5. Why is this shot putter not getting more distance?

More specifi c questions might include these:

 1. Is there excessive pronation taking place during the stance phase of 
gait?

 2. Is release of the ball taking place at the instant of full elbow extension?
 3. Does selective strengthening of the vastus medialis obliquus alleviate 

mistracking of the patella for this person?

FIGURE 1-6

Quantitatively, the robot 
missed the coffee cup by 
15 cm. Qualitatively, it 
malfunctioned.

Coaches rely heavily on 
qualitative observations of 
athletes’ performances in 
formulating advice about 
technique. Photo courtesy of Ken 
Karp for MMH.
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Once one or more questions have been identifi ed, the next step in ana-
lyzing a human movement is to collect data. The form of data most com-
monly collected by teachers, therapists, and coaches is qualitative visual 
observation data. That is, the movement analyst carefully observes the 
movement being performed and makes either written or mental notes. 
To acquire the best observational data possible, it is useful to plan ahead 
as to the optimal distance(s) and perspective(s) from which to make the 
observations. These and other important considerations for qualitatively 
analyzing human movement are discussed in detail in Chapter 2.

Formal versus Informal Problems

When confronted with a stated problem taken from an area of mathemat-
ics or science, many individuals believe they are not capable of fi nding a 
solution. Clearly, a stated math problem is different from a problem such 
as what to wear to a particular social gathering. In some ways, however, 
the informal type of problem is the more diffi cult one to solve. According 
to Wickelgren (43), a formal problem (such as a stated math problem) is 
characterized by three discrete components:

 1. A set of given information
 2. A particular goal, answer, or desired fi nding
 3. A set of operations or processes that can be used to arrive at the an-

swer from the given information

In dealing with informal problems, however, individuals may fi nd the 
given information, the processes to be used, and even the goal itself to be 
unclear or not readily identifi able.

Solving Formal Quantitative Problems

Formal problems are effective vehicles for translating nebulous concepts 
into well-defi ned, specifi c principles that can be readily understood and 
applied in the analysis of human motion. People who believe themselves 
incapable of solving formal stated problems do not recognize that, to a large 
extent, problem-solving skills can be learned. Entire books on problem-
solving approaches and techniques are available. However, most students 
are not exposed to coursework involving general strategies of the problem-
solving process. A simple procedure for approaching and solving problems 
involves 11 sequential steps:

 1. Read the problem carefully. It may be necessary to read the problem 
several times before proceeding to the next step. Only when you clearly 
understand the information given and the question(s) to be answered 
should you undertake step 2.

 2. Write down the given information in list form. It is acceptable to use 
symbols (such as v for velocity) to represent physical quantities if the 
symbols are meaningful.

 3. Write down what is wanted or what is to be determined, using list form 
if more than one quantity is to be solved for.

 4. Draw a diagram representing the problem situation, clearly indicating 
all known quantities and representing those to be identifi ed with ques-
tion marks. (Although certain types of problems may not easily be repre-
sented diagrammatically, it is critically important to carry out this step 
whenever possible to accurately visualize the problem situation.)

 5. Identify and write down the relationships or formulas that might be 
useful in solving the problem. (More than one formula may be useful 
and/or necessary.)
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 6. From the formulas that you wrote down in step 5, select the formula(s) 
containing both given variables (from step 2) and the variables that 
are desired unknowns (from step 3). If a formula contains only one 
unknown variable that is the variable to be determined, skip step 7 
and proceed directly to step 8.

 7. If you cannot identify a workable formula (in more diffi cult problems), 
certain essential information was probably not specifi cally stated but 
can be determined by inference and by further thought on and analy-
sis of the given information. If this occurs, it may be necessary to 
repeat step 1 and review the pertinent information relating to the 
problem presented in the text.

 8. Once you have identifi ed the appropriate formula(s), write the 
formula(s) and carefully substitute the known quantities given in the 
problem for the variable symbols.

 9. Using the simple algebraic techniques reviewed in Appendix A, 
solve for the unknown variable by (a) rewriting the equation so 
that the unknown variable is isolated on one side of the equals sign 
and (b) reducing the numbers on the other side of the equation to a 
single quantity.

 10. Do a commonsense check of the answer derived. Does it seem too 
small or too large? If so, recheck the calculations. Also check to ensure 
that all questions originally posed in the statement of the problem 
have been answered.

 11. Clearly box in the answer and include the correct units of mea-
surement.

Figure 1-7 provides a summary of this procedure for solving formal quan-
titative problems. These steps should be carefully studied, referred to, 
and applied in working the quantitative problems included at the end of 
each chapter. Sample Problem 1.1 illustrates the use of this procedure.

Units of Measurement

Providing the correct units of measurement associated with the answer 
to a quantitative problem is important. Clearly, an answer of 2 cm is quite 
different from an answer of 2 km. It is also important to recognize the 
units of measurement associated with particular physical quantities. Or-
dering 10 km of gasoline for a car when traveling in a foreign country 
would clearly not be appropriate.

The predominant system of measurement still used in the United 
States is the English system. The English system of weights and measures 

inference
process of forming deductions from 
available information

Summary of Steps for Solving Formal Problems

1. 
2. 
3. 
4. 

5. 
6. 
7. 

8. 
9. 

10.
11.

Read the problem carefully.
List the given information.
List the desired (unknown) information for which you are to solve.
Draw a diagram of the problem situation showing the known
and unknown information.
Write down formulas that may be of use.
Identify the formula to use.
If necessary, reread the problem statement to determine
whether any additional needed information can be inferred.
Carefully substitute the given information into the formula.
Solve the equation to identify the unknown variable (the desired
information).
Check that the answer is both reasonable and complete.
Clearly box in the answer.

FIGURE 1-7

Using the systematic process 
helps simplify problem 
solving.

English system
system of weights and measures 
originally developed in England and 
used in the United States today
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S A M P L E  P R O B L E M  1 . 1

A baseball player hits a triple to deep center fi eld. As he is approaching third 
base, he notices that the incoming throw to the catcher is wild, and he decides 
to break for home plate. The catcher retrieves the ball 10 m from the plate 
and runs back toward the plate at a speed of 5 m/s. As the catcher starts run-
ning, the base runner, who is traveling at a speed of 9 m/s, is 15 m from the 
plate. Given that time 5 distance/speed, who will reach the plate fi rst?

Solution
Step 1 Read the problem carefully.
Step 2 Write down the given information:

 base runner’s speed 5 9 m/s
 catcher’s speed 5 5 m/s
 distance of base runner from plate 5 15 m
 distance of catcher from plate 5 10 m

Step 3  Write down the variable to be identifi ed: Find which player 
reaches home plate in the shortest time.

Step 4 Draw a diagram of the problem situation.
Step 5 Write down formulas of use:

 time 5 distance/speed

Step 6  Identify the formula to be used: It may be assumed that the 
formula provided is appropriate because no other information 
relevant to the solution has been presented.

Step 7  Reread the problem if all necessary information is not avail-
able: It may be determined that all information appears to be 
available.

Step 8 Substitute the given information into the formula:

  time 5
distance

speed
  Catcher:

  time 5
10 m
5 m/s

  Base runner:

  time 5
15 m
9 m/s

Step 9 Solve the equations:
  Catcher:

  time 5
10 m
5 m/s

  time 5 2 s

  Base runner:

  time 5
15 m
9 m/s

  time 5 1.67 s

Step 10 Check that the answer is both reasonable and complete.
Step 11 Box in the answer:

The base runner arrives at home plate fi rst, by 0.33 s.

Base runner

15 m

10 m

Catcher
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arose over the course of several centuries primarily for purposes of com-
merce and land parceling. Specifi c units came largely from royal decrees. 
For example, a yard was originally defi ned as the distance from the end of 
the nose of King Henry I to the thumb of his extended arm. The English 
system of measurement displays little logic. There are 12 inches to the 
foot, 3 feet to the yard, 5280 feet to the mile, 16 ounces to the pound, and 
2000 pounds to the ton.

The system of measurement that is presently used by every major 
country in the world except the United States is Le Système Interna-
tional d’Unites (the International System of Units), which is commonly 
known as the S.I. or the metric system. The metric system originated as 
the result of a request of King Louis XVI to the French Academy of Sci-
ences in the 1790s. Although the system fell briefl y from favor in France, 
it was readopted in 1837. In 1875, the Treaty of the Meter was signed by 
17 countries agreeing to adopt the metric system.

Since that time the metric system has enjoyed worldwide popularity 
for several reasons. First, it entails only four base units—the meter, of 
length; the kilogram, of mass; the second, of time; and the degree Kelvin, 
of temperature. Second, the base units are precisely defi ned, reproduc-
ible quantities that are independent of factors such as gravitational force. 
Third, all units excepting those for time relate by factors of 10, in contrast 
to the numerous conversion factors necessary in converting English units 
of measurement. Last, the system is used internationally.

For these reasons, as well as the fact that the metric system is used al-
most exclusively by the scientifi c community, it is the system used in this 
book. For those who are not familiar with the metric system, it is useful to 
be able to recognize the approximate English system equivalents of met-
ric quantities. Two conversion factors that are particularly valuable are 
2.54 cm for every inch and approximately 4.45 N for every pound. All of 
the relevant units of measurement in both systems and common English-
metric conversion factors are presented in Appendix C.

SUMMARY

Biomechanics is a multidisciplinary science involving the application of 
mechanical principles in the study of the structure and function of living 
organisms. Because biomechanists come from different academic back-
grounds and professional fi elds, biomechanical research addresses a spec-
trum of problems and questions.

Basic knowledge of biomechanics is essential for competent professional 
analysts of human movement, including physical education teachers, 
physical therapists, physicians, coaches, personal trainers, and exercise 
instructors. The structured approach presented in this book is designed to 
facilitate the identifi cation, analysis, and solution of problems or questions 
related to human movement.

INTRODUCTORY PROBLEMS

 1. Locate and read three articles from the scientifi c literature that report 
the results of biomechanical investigations. (The Journal of Biome-
chanics, the Journal of Applied Biomechanics, and Medicine and Sci-
ence in Sports and Exercise are possible sources.) Write a one-page 
summary of each article, and identify whether the investigation in-
volved statics or dynamics and kinetics or kinematics.

metric system
system of weights and measures 
used internationally in scientifi c 
applications and adopted for daily 
use by every major country except 
the United States



 2. List 8–10 websites that are related to biomechanics, and write a para-
graph describing each site.

 3. Write a brief discussion about how knowledge of biomechanics may 
be useful in your intended profession or career.

 4. Choose three jobs or professions, and write a discussion about the 
ways in which each involves quantitative and qualitative work.

 5. Write a summary list of the problem-solving steps identifi ed in the 
chapter, using your own words.

 6. Write a description of one informal problem and one formal problem.
 7. Step by step, show how to arrive at a solution to one of the problems 

you described in Problem 6.
 8. Solve for x in each of the equations below. Refer to Appendix A for 

help if necessary.
 a. x 5 53 e. x2 5 27 1 35 h. 7 3 5 5 240 1 x
 b. 7 1 8 5 x/3 f. x 5 179 i. 33 5 x/2
 c. 4 3 32 5 x 3 8 g. x 1 3 5 138 j. 15 2 28 5 x 3 2
 d. 215/3 5 x 1 1

(Answers: a. 125; b. 45; c. 4.5; d. 26; e. 7.9; f. 8.9; g. 3.2; h. 75; i. 54; 
j. 26.5)

 9. Two schoolchildren race across a playground for a ball. Tim starts 
running at a distance of 15 m from the ball, and Jan starts running 
at a distance of 12 m from the ball. If Tim’s average speed is 4.2 m/s 
and Jan’s average speed is 4.0 m/s, which child will reach the ball 
fi rst? Show how you arrived at your answer. (See Sample Problem 
1.1.) (Answer: Jan reaches the ball fi rst.)

 10. A 0.5 kg ball is kicked with a force of 40 N. What is the resulting ac-
celeration of the ball? (Answer: 80 m/s2)

ADDITIONAL PROBLEMS

 1. Select a specifi c movement or sport skill of interest, and read two or 
three articles from the scientifi c literature that report the results of 
biomechanical investigations related to the topic. Write a short paper 
that integrates the information from your sources into a scientifi cally 
based description of your chosen movement.

 2. When attempting to balance your checkbook, you discover that your fi g-
ures show a different balance in your account than was calculated by 
the bank. List an ordered, logical set of procedures that you may use to 
discover the error. You may use list, outline, or block diagram format.

 3. Sarah goes to the grocery store and spends half of her money. On the 
way home, she stops for an ice cream cone that costs $0.78. Then she 
stops and spends one-fourth of her remaining money to settle a $5.50 
bill at the dry cleaners. How much money did Sarah have originally? 
(Answer: $45.56)

 4. Wendell invests $10,000 in a stock portfolio made up of Petroleum Spe-
cial at $30 per share, Newshoe at $12 per share, and Beans & Sprouts 
at $2.50 per share. He places 60% of the money in P.S., 30% in N, and 
10% in B & S. With market values changing (P.S. down $3.12, N up 
80%, and B & S up $0.20), what is his portfolio worth six months later? 
(Answer: $11,856)

 5. The hypotenuse of right triangle ABC (shown here) is 4 cm long. What 
are the lengths of the other two sides? (Answer: A 5 2 cm; B 5 3.5 cm)

 6. In triangle DEF, side E is 4 cm long and side F is 7 cm long. If the an-
gle between sides E and F is 50 degrees, how long is side D? (Answer: 
5.4 cm)
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 7. An orienteer runs 300 m north and then 400 m to the southeast (at a 
45° angle to north). If he has run at a constant speed, how far away is 
he from the starting position? (Answer: 283.4 m)

 8. John is out for his daily noontime run. He runs 2 km west, then 2 km 
south, and then runs on a path that takes him directly back to the 
place he started at.

 a. How far did John run?
 b. If he has run at an average speed of 4 m/s, how long did the entire 

run take?
 (Answers: a. 6.83 km; b. 28.5 min)
 9. John and Al are in a 15 km race. John averages 4.4 m/s during the 

fi rst half of the race and then runs at a speed of 4.2 m/s until the last 
200 m, which he covers at 4.5 m/s. At what average speed must Al run 
to beat John? (Answer: . 4.3 m/s)

 10. A sailboat heads north at 3 m/s for 1 hour and then tacks back to the 
southeast (at 45° to north) at 2 m/s for 45 minutes.

 a. How far has the boat sailed?
 b. How far is it from its starting location?
 (Answers: a. 16.2 km; b. 8.0 km)
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Working in a group of 3–5 students, choose three human movements or motor skills with which you 
are all familiar. (A vertical jump is an example.) For each movement, list at least three general ques-
tions and three specifi c questions that an analyst might choose to answer.

Movement/Skill 1:  ____________________________________________________________________________ 

General Questions

 1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Specifi c Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Movement/Skill 2:  ____________________________________________________________________________

General Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Specifi c Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________
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 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Movement/Skill 3:  ____________________________________________________________________________

General Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Specifi c Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2. Working in a group of 3–5 students, choose a human movement or motor skill with which you are all 
familiar, and have two members of the group simultaneously perform the movement several times 
as the group observes. Based on your comparative observations, list any differences and similari-
ties that you can detect. Which of these are of potential importance and which are more a matter of 
personal style?

Movement Differences Important? (Y/N)

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________
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Movement Similarities Important? (Y/N)

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

_____________________________________________________________ ________________________________

 3. Working in a group of 3–5 students, view a previously taken video or fi lm of a human movement or 
motor skill performance. After viewing the movement several times, list at least three general ques-
tions and three specifi c questions that an analyst might choose to answer regarding the movement.

General Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

Specifi c Questions

1.  _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 2.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 3.   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 4. Having completed Laboratory Experiences 1–3, discuss in your group the relative advantages 
and disadvantages of each of the three exercises in terms of your ability to formulate meaningful 
questions.

 5. Have one member of your group perform several trials of walking as the group observes from front, 
side, and rear views. The subject may walk either on a treadmill or across the fl oor. What observa-
tions can be made about the subject’s gait from each view that are not visible or apparent from the 
other views?

Front View Observations

________________________________________________________________________________________________ 

________________________________________________________________________________________________
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________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________

Side View Observations

________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________

Rear View Observations

________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

anthropometric related to the dimensions and weights of body segments

biomechanics application of mechanical principles in the study of living organisms

carpal tunnel syndrome overuse condition caused by compression of the median nerve in the carpal tunnel and 
involving numbness, tingling, and pain in the hands

dynamics branch of mechanics dealing with systems subject to acceleration

English system system of weights and measures originally developed in England and used in the United 
States today

inference process of forming deductions from available information

kinematics study of the description of motion, including considerations of space and time

kinesiology study of human movement
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kinetics study of the action of forces

mechanics branch of physics that analyzes the actions of forces on particles and mechanical systems

metric system system of weights and measures used internationally in scientifi c applications and adopted 
for daily use by every major country except the United States

qualitative involving nonnumeric description of quality

quantitative involving the use of numbers

sports medicine clinical and scientifi c aspects of sports and exercise

statics branch of mechanics dealing with systems in a constant state of motion



C H A P T E R

2Kinematic Concepts 
for Analyzing 
Human Motion

After completing this chapter, you will be able to:

Provide examples of linear, angular, and general forms of motion.

Identify and describe the reference positions, planes, and axes associated with the 
human body.

Defi ne and appropriately use directional terms and joint movement terminology.

Explain how to plan and conduct an effective qualitative human movement analysis.

Identify and describe the uses of available instrumentation for measuring kine-
matic quantities.
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www.mhhe.com/hall6e
Log on to our Online Learning Center (OLC) for access to these 
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• Online Lab Manual
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• Self-scoring chapter quiz
• Additional chapter resources
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I s it best to observe walking gait from a side view, front view, or back 
view? From what distance can a coach best observe a pitcher’s throw-

ing style? What are the advantages and disadvantages of analyzing a 
movement captured on video? To the untrained observer, there may be 
no differences in the forms displayed by an elite hurdler and a novice 
hurdler or in the functioning of a normal knee and an injured, partially 
rehabilitated knee. What skills are necessary and what procedures are 
used for effective analysis of human movement kinematics?

One of the most important steps in learning a new subject is master-
ing the associated terminology. Likewise, learning a general analysis 
protocol that can be adapted to specifi c questions or problems within 
a fi eld of study is invaluable. In this chapter, human movement termi-
nology is introduced, and the problem-solving approach is adapted to 
provide a template for qualitative solving of human movement analysis 
problems.

FORMS OF MOTION

Most human movement is general motion, a complex combination of lin-
ear and angular motion components. Since linear and angular motion are 
“pure” forms of motion, it is sometimes useful to break complex move-
ments down into their linear and angular components when performing 
an analysis.

Linear Motion

Pure linear motion involves uniform motion of the system of interest, with 
all system parts moving in the same direction at the same speed. Linear 
motion is also referred to as translatory motion, or translation. When a 
body experiences translation, it moves as a unit, and portions of the body 
do not move relative to each other. For example, a sleeping passenger on 
a smooth airplane fl ight is being translated through the air. If the pas-
senger awakens and reaches for a magazine, however, pure translation is 
no longer occurring because the position of the arm relative to the body 
has changed.

Linear motion may also be thought of as motion along a line. If the 
line is straight, the motion is rectilinear; if the line is curved, the motion 
is curvilinear. A motorcyclist maintaining a motionless posture as the 
bike moves along a straight path is moving rectilinearly. If the motorcy-
clist jumps the bike and the frame of the bike does not rotate, both rider 
and bike (with the exception of the spinning wheels) are moving curvi-
linearly while airborne. Likewise, a Nordic skier coasting in a locked 
static position down a short hill is in rectilinear motion. If the skier 
jumps over a gully with all body parts moving in the same direction at 
the same speed along a curved path, the motion is curvilinear. When a 
motorcyclist or skier goes over the crest of a hill, the motion is not lin-
ear, because the top of the body is moving at a greater speed than lower 
body parts. Figure 2-1 displays a gymnast in rectilinear, curvilinear, and 
rotational motion.

Angular Motion

Angular motion is rotation around a central imaginary line known as 
the axis of rotation, which is oriented perpendicular to the plane in 
which the rotation occurs. When a gymnast performs a giant circle on 

general motion
involving translation and rotation 
simultaneously

linear
along a line that may be straight or 
curved, with all parts of the body 
moving in the same direction at the 
same speed

angular
involving rotation around a central 
line or point

translation
linear motion

rectilinear
along a straight line

curvilinear
along a curved line

axis of rotation
imaginary line perpendicular to the 
plane of rotation and passing through 
the center of rotation
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a bar, the entire body rotates, with the axis of rotation passing through 
the center of the bar. When a springboard diver executes a somersault in 
midair, the entire body is again rotating, this time around an imaginary 
axis of rotation that moves along with the body. Almost all volitional 
human movement involves rotation of a body segment around an imag-
inary axis of rotation that passes through the center of the joint to 
which the segment attaches. When angular motion or rotation occurs, 
 portions of the body in motion are constantly moving relative to other 
portions of the body.

General Motion

When translation and rotation are combined, the resulting movement is 
general motion. A football kicked end over end translates through the air 
as it simultaneously rotates around a central axis (Figure 2-2). A runner 
is translated along by angular movements of body segments at the hip, 
knee, and ankle. Human movement usually consists of general motion 
rather than pure linear or angular motion.

Mechanical Systems

Before determining the nature of a movement, the mechanical system of 
interest must be defi ned. In many circumstances, the entire human body 
is chosen as the system to be analyzed. In other circumstances, however, 
the system might be defi ned as the right arm or perhaps even a ball be-
ing projected by the right arm. When an overhand throw is executed, the 
body as a whole displays general motion, the motion of the throwing arm 
is primarily angular, and the motion of the released ball is linear. The 
mechanical system to be analyzed is chosen by the movement analyst ac-
cording to the focus of interest.

Rotation of a body segment 
at a joint occurs around an 
imaginary line known as the 
axis of rotation that passes 
through the joint center. Photo 
© Design Pics/PunchStock.

•Most human movement 
activities are categorized as 
general motion.

system
object or group of objects chosen by 
the analyst for study
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STANDARD REFERENCE TERMINOLOGY

Communicating specifi c information about human movement requires spe-
cialized terminology that precisely identifi es body positions and directions.

Anatomical Reference Position

Anatomical reference position is an erect standing position with the feet 
slightly separated and the arms hanging relaxed at the sides, with the 

Rectilinear motion

Curvilinear motion

Rotation

FIGURE 2-1

Examples of rectilinear, 
curvilinear, and rotational 
motion.

anatomical reference 
position
erect standing position with all body 
parts, including the palms of the 
hands, facing forward; considered the 
starting position for body segment 
movements
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palms of the hands facing forward. It is not a natural standing position, 
but is the body orientation conventionally used as the reference position 
or starting place when movement terms are defi ned.

Directional Terms

In describing the relationship of body parts or the location of an external 
object with respect to the body, the use of directional terms is necessary. 
The following are commonly used directional terms:

Superior: closer to the head (In zoology, the synonymous term is cranial.)
Inferior: farther away from the head (In zoology, the synonymous term is 

caudal.)
Anterior: toward the front of the body (In zoology, the synonymous term 

is ventral.)
Posterior: toward the back of the body (In zoology, the synonymous term 

is dorsal.)
Medial: toward the midline of the body
Lateral: away from the midline of the body
Proximal: closer in proximity to the trunk (For example, the knee is proxi-

mal to the ankle.)
Distal: at a distance from the trunk (For example, the wrist is distal to 

the elbow.)
Superfi cial: toward the surface of the body
Deep: inside the body and away from the body surface

Curvilinear motion

Rotation

General motion

FIGURE 2-2

General motion is a 
combination of linear and 
angular motion.

Anatomical reference position.
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All of these directional terms can be paired as antonyms—words hav-
ing opposite meanings. Saying that the elbow is proximal to the wrist is 
as correct as saying that the wrist is distal to the elbow. Similarly, the 
nose is superior to the mouth and the mouth is inferior to the nose.

Anatomical Reference Planes

The three imaginary cardinal planes bisect the mass of the body in three 
dimensions. A plane is a two-dimensional surface with an orientation de-
fi ned by the spatial coordinates of three discrete points not all contained 
in the same line. It may be thought of as an imaginary fl at surface. The 
sagittal plane, also known as the anteroposterior (AP) plane, divides 
the body vertically into left and right halves, with each half containing 
the same mass. The frontal plane, also referred to as the coronal plane, 
splits the body vertically into front and back halves of equal mass. The 
horizontal or transverse plane separates the body into top and bottom 
halves of equal mass. For an individual standing in anatomical reference 
position, the three cardinal planes all intersect at a single point known as 
the body’s center of mass or center of gravity (Figure 2-3). These imagi-
nary reference planes exist only with respect to the human body. If a 
person turns at an angle to the right, the reference planes also turn at an 
angle to the right.

Although the entire body may move along or parallel to a cardinal 
plane, the movements of individual body segments may also be described 
as sagittal plane movements, frontal plane movements, and transverse 
plane movements. When this occurs, the movements being described 
are usually in a plane that is parallel to one of the cardinal planes. For 
example, movements that involve forward and backward motion are re-
ferred to as sagittal plane movements. When a forward roll is executed, 
the entire body moves parallel to the sagittal plane. During running in 
place, the motion of the arms and legs is generally forward and backward, 
although the planes of motion pass through the shoulder and hip joints 
rather than the center of the body. Marching, bowling, and cycling are all 
largely sagittal plane movements (Figure 2-4). Frontal plane movement 
is lateral (side-to-side) movement; an example of total-body frontal plane 
movement is the cartwheel. Jumping jacks, side stepping, and side kicks 
in soccer require frontal plane movement at certain body joints. Examples 
of total-body transverse plane movement include a twist executed by a 
diver, trampolinist, or airborne gymnast and a dancer’s pirouette.

Although many of the movements conducted by the human body are 
not oriented sagittally, frontally, or transversely, or are not planar at all, 
the three major reference planes are still useful. Gross-body movements 
and specifi cally named movements that occur at joints are often described 
as primarily frontal, sagittal, or transverse plane movements.

Anatomical Reference Axes

When a segment of the human body moves, it rotates around an imagi-
nary axis of rotation that passes through a joint to which it is attached. 
There are three reference axes for describing human motion, and each is 
oriented perpendicular to one of the three planes of motion. The medio-
lateral axis, also known as the frontal-horizontal axis, is perpendicular to 
the sagittal plane. Rotation in the frontal plane occurs around the antero-
posterior axis, or sagittal-horizontal axis (Figure 2-5). Transverse plane 
rotation is around the longitudinal axis, or vertical axis. It is important to 
recognize that each of these three axes is always associated with the same 
single plane—the one to which the axis is perpendicular.

•Reference planes and axes are 
useful in describing gross body 
movements and in defi ning more 
specifi c movement terminology.

cardinal planes
three imaginary perpendicular 
reference planes that divide the body 
in half by mass

sagittal plane
plane in which forward and backward 
movements of the body and body 
segments occur

frontal plane
plane in which lateral movements of 
the body and body segments occur

transverse plane
plane in which horizontal body and 
body segment movements occur 
when the body is in an erect standing 
position

•Although most human 
movements are not strictly 
planar, the cardinal planes 
provide a useful way to describe 
movements that are primarily 
planar.

mediolateral axis
imaginary line around which sagittal 
plane rotations occur

anteroposterior axis
imaginary line around which frontal 
plane rotations occur

longitudinal axis
imaginary line around which 
transverse plane rotations occur
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Longitudinal axis

Mediolateral axis

Anteroposterior
axis

Frontal plane
Sagittal plane

FIGURE 2-3

The three cardinal reference 
planes.
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Sagittal plane

Anteroposterior
axes

FIGURE 2-4

Cycling requires sagittal 
plane movement of the legs.

FIGURE 2-5

For a jumping jack, the 
major axes of rotation are 
anteroposterior axes passing 
through the shoulders and 
hips.
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JOINT MOVEMENT TERMINOLOGY

When the human body is in anatomical reference position, all body seg-
ments are considered to be positioned at zero degrees. Rotation of a body 
segment away from anatomical position is named according to the direc-
tion of motion and is measured as the angle between the body segment’s 
position and anatomical position.

Sagittal Plane Movements

From anatomical position, the three primary movements occurring in 
the sagittal plane are fl exion, extension, and hyperextension (Figure 2-6). 
Flexion includes anteriorly directed sagittal plane rotations of the head, 
trunk, upper arm, forearm, hand, and hip, and posteriorly directed sagit-
tal plane rotation of the lower leg. Extension is defi ned as the movement 
that returns a body segment to anatomical position from a position of 
fl exion, and hyperextension is the rotation beyond anatomical position 
in the direction opposite the direction of fl exion. If the arms or legs are 
internally or externally rotated from anatomical position, fl exion, exten-
sion, and hyperextension at the knee and elbow may occur in a plane 
other than the sagittal.

Sagittal plane rotation at the ankle occurs both when the foot is moved 
relative to the lower leg and when the lower leg is moved relative to the 
foot. Motion bringing the top of the foot toward the lower leg is known as 
dorsifl exion, and the opposite motion, which can be visualized as “plant-
ing” the ball of the foot, is termed plantar fl exion (Figure 2-7).

•Sagittal plane movements 
include fl exion, extension, and 
hyperextension, as well as 
dorsifl exion and plantar fl exion.

Flexion Extension Hyperextension

FIGURE 2-6

Sagittal plane movements at 
the shoulder.

Dorsiflexion Plantar flexion

FIGURE 2-7

Sagittal plane movements of 
the foot.
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Abduction Adduction

Lateral flexion (right) Lateral flexion (left)

Frontal Plane Movements

The major frontal plane rotational movements are abduction and adduc-
tion. Abduction (abduct meaning “to take away”) moves a body segment 
away from the midline of the body; adduction (add meaning “to bring back”) 
moves a body segment closer to the midline of the body (Figure 2-8).

Other frontal plane movements include sideways rotation of the trunk, 
which is termed right or left lateral fl exion (Figure 2-9). Elevation and 
depression of the shoulder girdle refer to movement of the shoulder girdle 
in superior and inferior directions, respectively (Figure 2-10). Rotation of 
the hand at the wrist in the frontal plane toward the radius (thumb side) 
is referred to as radial deviation, and ulnar deviation is hand rotation 
toward the ulna (little fi nger side) (Figure 2-11).

Movements of the foot that occur largely in the frontal plane are ever-
sion and inversion. Outward rotation of the sole of the foot is termed ever-
sion, and inward rotation of the sole of the foot is called inversion (Figure 
2-12). Abduction and adduction are also used to describe outward and in-
ward rotation of the entire foot. Pronation and supination are often used 
to describe motion occurring at the subtalar joint. Pronation at the subta-
lar joint consists of a combination of eversion, abduction, and dorsifl exion, 
and supination involves inversion, adduction, and plantar fl exion.

FIGURE 2-8

Frontal plane movements at 
the hip.

•Frontal plane movements 
include abduction and adduction, 
lateral fl exion, elevation and 
depression, inversion and 
eversion, and radial and ulnar 
deviation.

FIGURE 2-9

Frontal plane movements of 
the spinal column.
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Elevation Depression

FIGURE 2-10

Frontal plane movements of 
the shoulder girdle.

Ulnar deviation Radial deviation

FIGURE 2-11

Frontal plane movements of 
the hand.

Eversion Inversion

FIGURE 2-12

Frontal plane movements of 
the foot.
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Transverse Plane Movements

Body movements in the transverse plane are rotational movements about 
a longitudinal axis. Left rotation and right rotation are used to describe 
transverse plane movements of the head, neck, and trunk. Rotation of an 
arm or leg as a unit in the transverse plane is called medial rotation, or 
internal rotation, when rotation is toward the midline of the body, and 
lateral rotation, or external rotation, when the rotation is away from the 
midline of the body (Figure 2-13).

Specifi c terms are used for rotational movements of the forearm. Out-
ward and inward rotations of the forearm are respectively known as su-
pination and pronation (Figure 2-14). In anatomical position the forearm 
is in a supinated position.

Although abduction and adduction are frontal plane movements, when 
the arm or thigh is fl exed to a position, movement of these segments 
in the transverse plane from an anterior position to a lateral position is 
termed horizontal abduction, or horizontal extension (Figure 2-15). Move-
ment in the transverse plane from a lateral to an anterior position is 
called horizontal adduction, or horizontal fl exion.

Other Movements

Many movements of the body limbs take place in planes that are oriented 
diagonally to the three traditionally recognized cardinal planes. Because 
human movements are so complex, however, nominal identifi cation of ev-
ery plane of human movement is impractical.

One special case of general motion involving circular movement of 
a body segment is designated as circumduction. Tracing an imaginary 
circle in the air with a fi ngertip while the rest of the hand is stationary 
requires circumduction at the metacarpophalangeal joint (Figure 2-16). 
Circumduction combines fl exion, extension, abduction, and adduction, re-
sulting in a conical trajectory of the moving body segment.

Medial
rotation

Medial Lateral

Lateral
rotation

FIGURE 2-13

Transverse plane movements 
of the leg.

•Transverse plane movements 
include left and right rotation, 
medial and lateral rotation, 
supination and pronation, 
and horizontal abduction and 
adduction.
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Pronation Supination

FIGURE 2-14

Transverse plane movements 
of the forearm.

Horizontal
adduction

Horizontal
abduction

FIGURE 2-15

Transverse plane movements 
at the shoulder.
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SPATIAL REFERENCE SYSTEMS

Whereas the three cardinal planes and their associated axes of rotation 
move along with the body, it is also often useful to make use of a fi xed 
system of reference. When biomechanists quantitatively describe the 
movement of living organisms, they use a spatial reference system to 
standardize the measurements taken. The system most commonly used 
is a Cartesian coordinate system, in which units are measured in the 
directions of either two or three primary axes.

Movements that are primarily in a single direction, or planar, such as 
running, cycling, or jumping, can be analyzed using a two-dimensional 
Cartesian coordinate system (Figure 2-17). In two-dimensional Cartesian 
coordinate systems, points of interest are measured in units in the x, or 
horizontal, direction and in the y, or vertical, direction. When a biomecha-
nist is analyzing the motion of the human body, the points of interest are 
usually the body’s joints, which constitute the end points of the body seg-
ments. The location of each joint center can be measured with respect to 
the two axes and described as (x,y), where x is the number of horizontal 
units away from the y-axis and y is the number of vertical units away from 
the x-axis. These units can be measured in both positive and negative di-
rections (Figure 2-18). When a movement of interest is three-dimensional, 
the analysis can be extended to the third dimension by adding a z-axis 
perpendicular to the x- and y-axes and measuring units away from the 
x,y plane in the z direction. With a two-dimensional coordinate system, 
the y-axis is normally vertical, and the x-axis horizontal. In the case of a 
three-dimensional coordinate system, it is usually the z-axis that is verti-
cal, with the x- and y-axes representing the two horizontal directions.

QUALITATIVE ANALYSIS OF HUMAN 
MOVEMENT

A good command of the language associated with forms of motion, stan-
dard reference terminology, and joint movement terminology is essential 
for being able to describe a qualitative analysis of human movement. The 
ability to qualitatively assess human movement also requires both knowl-

Circumduction

FIGURE 2-16

Circumduction of the 
index fi nger at the 
metacarpophalangeal joint.

A tennis serve requires arm 
movement in a diagonal 
plane.

•Qualitative analysis requires 
knowledge of the specifi c 
biomechanical purpose of the 
movement and the ability to 
detect the causes of errors.
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edge of the movement characteristics desired and the ability to observe and 
analyze whether a given performance incorporates these characteristics. 
As introduced in Chapter 1, the word qualitative refers to a description of 
quality without the use of numbers. Visual observation is the most com-
monly used approach for qualitatively analyzing the mechanics of human 
movement. Based on information gained from watching an athlete perform 
a skill, a patient walk down a ramp, or a student attempt a novel task, 
coaches, clinicians, and teachers make judgments and recommendations 
on a daily basis. To be effective, however, a qualitative analysis cannot be 
conducted haphazardly, but must be carefully planned and conducted by an 
analyst with knowledge of the biomechanics of the movement.

Prerequisite Knowledge for a Qualitative Analysis

There are two main sources of information for the analyst diagnosing 
a motor skill. The fi rst is the kinematics or technique exhibited by the 
performer, and the second is the performance outcome. Evaluating perfor-
mance outcome is of limited value, since the root of optimal performance 
outcome is appropriate biomechanics.

To effectively analyze a motor skill, it is very helpful for the analyst 
to understand the specifi c purpose of the skill from a biomechanical per-
spective. The general goal of a volleyball player serving a ball is to legally 
project the ball over the net and into the opposite court. Specifi cally, this 

FIGURE 2-17

A Cartesian coordinate 
system showing the x and y 
coordinates of the hip.

(0,0)
x

y

(x,y ) 5 (3,7)

(0,0)

x 5 1
y 5 1

x 5 2
y 5 1

x 5 1
y 5 2

x 5 2
y 5 2

x

y FIGURE 2-18

Coordinates can be both 
positive and negative in a 
Cartesian coordinate system.
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requires a coordinated summation of forces produced by trunk rotation, 
shoulder extension, elbow extension, and forward translation of the total-
body center of gravity, as well as contacting the ball at an appropriate 
height and angle. Whereas the ultimate purpose of a competitive sprint 
cyclist is to maximize speed while maintaining balance in order to cross 
the fi nish line fi rst, biomechanically this requires factors such as maxi-
mizing perpendicular force production against the pedals and maintain-
ing a low body profi le to minimize air resistance.

Without knowledge of relevant biomechanical principles, analysts may 
have diffi culty in identifying the factors that contribute to (or hinder) per-
formance and may misinterpret the observations they make. More spe-
cifi cally, to effectively analyze a motor skill, the analyst must be able to 
identify the cause of a technique error, as opposed to a symptom of the error, 
or a performance idiosyncrasy. Inexperienced coaches of tennis or golf may 
focus on getting the performer to display an appropriate follow-through 
after hitting the ball. Inadequate follow-through, however, is merely a 
symptom of the underlying performance error, which may be failure to 
begin the stroke or swing with suffi cient trunk rotation and backswing, or 
failure to swing the racquet or club with suffi cient velocity. The ability to 
identify the cause of a performance error is dependent on an understand-
ing of the biomechanics of the motor skill.

One potential source of knowledge about the biomechanics of a motor 
skill is experience in performing the skill. A person who performs a skill 
profi ciently usually is better equipped to qualitatively analyze that skill 
than is a person less familiar with the skill. For example, advanced bat-
ters demonstrate greater perceptual decision making during a pitch than 
do intermediate batters, particularly when the pitch is a curve ball (4). In 
most cases, a high level of familiarity with the skill or movement being 
performed improves the analyst’s ability to focus attention on the critical 
aspects of the event.

Direct experience in performing a motor skill, however, is not the only or 
necessarily the best way to acquire expertise in analyzing the skill. Skilled 
athletes often achieve success not because of the form or technique they 
display, but in spite of it! Furthermore, highly accomplished athletes do not 
always become the best coaches, and highly successful coaches may have 
had little or no participatory experience in the sports they coach.

The conscientious coach, teacher, or clinician typically uses several ave-
nues to develop a knowledge base from which to evaluate a motor skill. One 
is to read available materials from textbooks, scientifi c journals, and lay 
(coaching) journals, despite the facts that not all movement patterns and 
skills have been researched and that some biomechanics literature is so 
esoteric that advanced training in biomechanics is required to understand 
it. However, when selecting reading material, it is important to distinguish 
between articles supported by research and those based primarily on opin-
ion, as “commonsense” approaches to skill analyses may be fl awed. There 
are also opportunities to interact directly with individuals who have expert 
knowledge of particular skills at conferences and workshops.

Planning a Qualitative Analysis

Even the simplest qualitative analysis may yield inadequate or faulty 
information if approached haphazardly. As the complexity of the skill 
and/or the level of desired analytical detail increases, so does the level 
of required planning.

The fi rst step in any analysis is to identify the major question or ques-
tions of interest. Often, these questions have already been formulated by 

Many jobs require conducting 
qualitative analyses of human 
movement daily. Photo courtesy 
of Digital Vision/Alamy.

•Analysts should be able to 
distinguish the cause of a 
problem from symptoms of 
the problem or an unrelated 
movement idiosyncrasy.

•Experience in performing a 
motor skill does not necessarily 
translate to profi ciency in 
analyzing the skill.
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the analyst, or they serve as the original purpose for the observation. For 
example, has a post–knee surgery patient’s gait returned to normal? Why 
is a volleyball player having diffi culty hitting cross-court? What might 
be causing a secretary’s wrist pain? Or simply, is a given skill being per-
formed as effectively as possible? Having one or more particular ques-
tions or problems in mind helps to focus the analysis. Preparing a criteria 
sheet or a checklist prior to performing an analysis is a useful way to 
help focus attention on the critical elements of the movement being evalu-
ated. Of course, the ability to identify appropriate analysis questions and 
formulate a checklist is dependent on the analyst’s knowledge of the bio-
mechanics of the movement. When an analyst is observing a skill that is 
less than familiar, it can be helpful to recall that many motor skills have 
commonalities. For example, serves in tennis and volleyball and the bad-
minton overhead clear are all very similar to the overarm throw.

The analyst should next determine the optimal perspective(s) from 
which to view the movement. If the major movements are primarily pla-
nar, as with the legs during cycling or the pitching arm during a softball 
pitch, a single viewing perspective such as a side view or a rear view may 
be suffi cient. If the movement occurs in more than one plane, as with the 
motions of the arms and legs during the breaststroke or the arm motion 
during a baseball batter’s swing, the observer may need to view the move-
ment from more than one perspective to see all critical aspects of interest. 
For example, a rear view, a side view, and a top view of a martial artist’s 
kick all yield different information about the movement (Figure 2-19).

The analyst’s viewing distance from the performer should also be se-
lected thoughtfully (Figure 2-20). If the analyst wishes to observe sub-
talar pronation and supination in a patient walking on a treadmill, a 
close-up rear view of the lower legs and feet is necessary. Analyzing where 
a particular volleyball player moves on the court during a series of plays 
under rapidly changing game conditions is best accomplished from a rea-
sonably distant, elevated position.

Another consideration is the number of trials or executions of the 
movement that should be observed in the course of formulating an analy-
sis. A skilled athlete may display movement kinematics that deviate only 
slightly across performances, but a child learning to run may take no two 
steps alike. Basing an analysis on observation of a single performance is 
usually unwise. The greater the inconsistency in the performer’s kine-
matics, the larger the number of observations that should be made.

Other factors that potentially infl uence the quality of observations of 
human movement are the performer’s attire and the nature of the sur-
rounding environment. When biomechanic researchers study the kine-
matics of a particular movement, the subjects typically wear minimal 
attire so that movements of body segments will not be obscured. Although 
there are many situations, such as instructional classes, competitive 
events, and team practices, for which this may not be practical, analysts 
should be aware that loose clothing can obscure subtle motions. Adequate 
lighting and a nondistracting background of contrasting color also im-
prove the visibility of the observed movement.

A fi nal consideration is whether to rely on visual observation alone or 
to use a video camera. As the speed of the movement of interest increases, 
it becomes progressively less practical to rely on visual observation. Con-
sequently, even the most careful observer may miss important aspects of 
a rapidly executed movement. Video also enables the performer to view 
the movement, as well as allowing repeated viewing of the movement by 
analyst and performer, enabling performance feedback that can enhance 
the learning of a motor skill. Most playback units also enable slow-motion 

A tennis player’s eyes should 
follow the oncoming ball long 
enough to enable the player 
to contact the ball with the 
racquet.

•Repeated observation of a 
motor skill is useful in helping the 
analyst to distinguish consistent 
performance errors from random 
errors.

•Use of a video camera 
provides both advantages and 
disadvantages to the movement 
analyst.
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Primarily planar
skills

Multiplanar
skills

FIGURE 2-19

Whereas skills that are 
primarily planar may require 
only one viewing perspective, 
the movement analyst should 
view multiplanar skills from 
more than one direction.

Close-up
view

Medium
distance

view

Distant
view

FIGURE 2-20

The observation distance 
between analyst and 
performer should be selected 
based on the specifi c 
questions of interest.
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viewing and single-picture advance that facilitate isolation of the critical 
aspects of a movement.

The analyst should be aware, however, that there is a potential draw-
back to the use of video. The subject’s awareness of the presence of a cam-
era sometimes results in changes in performance. Movement analysts 
should be aware that subjects may be distracted or unconsciously modify 
their techniques when a recording device is used.

Conducting a Qualitative Analysis

Despite careful planning of a qualitative analysis, new questions occa-
sionally emerge during the course of collecting observations. Movement 
modifi cations may be taking place with each performance as learning oc-
curs, especially when the performer is unskilled. Even when this is not 
the case, the observations made may suggest new questions of interest.
For example, what is causing the inconsistencies in a golfer’s swing? What 
technique changes are occurring over the 30–40 m range in a 100 m sprint? 
A careful analysis is not strictly preprogrammed, but often involves iden-
tifying new questions to answer or problems to solve. The teacher, clini-
cian, or coach often is involved in a continuous process of formulating an 
analysis, collecting additional observations, and formulating an updated 
analysis (Figure 2-21).

Answering questions that have been identifi ed requires that the ana-
lyst be able to focus on the critical aspects of the movement. Once a bio-
mechanical error has been generally identifi ed, it is often useful for the 
analyst to watch the performer over several trials and to progressively 
zero in on the specifi c problem. Evaluating a softball pitcher’s technique 
might begin with observation of insuffi cient ball speed, progress to an 
evaluation of upper-extremity kinematics, and end with an identifi cation 
of insuffi cient wrist snap at ball release.

Identify
question/problem

Make decisions

Interpret observations

Viewing angle

Viewing distance

Performer attire

Environmental
modifications

Use of video

Auditory

From performer

From other analysts

Collect
observations

Communicate
with performer

End analysis

Visual

Refine question

FIGURE 2-21

The qualitative analysis 
process is often cyclical, 
with observations leading 
to refi nement of the original 
question.
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The analyst should also be aware that every performance of a motor 
skill is affected by the characteristics of the performer. These include the 
performer’s age, gender, and anthropometry; the developmental and skill 
levels at which the performer is operating; and any special physical or 
personality traits that may impact performance. Providing a novice, pre-
school-aged performer with cues for a skilled, mature performance may 
be counterproductive, since young children do not have the same motor 
capabilities as adults. Likewise, although training can ameliorate loss of 
muscular strength and joint range of motion once thought to be inevi-
tably associated with aging, human movement analysts need increased 
knowledge of and sensitivity to the special needs of older adults who wish 
to develop new motor skills. Analysts should also be aware that, although 
gender has traditionally been regarded as a basis for performance differ-
ences, research has shown that before puberty most gender-associated 
performance differences are probably culturally derived rather than bio-
logically determined (3). Young girls are usually not expected to be as 
skilled or even as active as young boys. Unfortunately, in many settings, 
these expectations extend beyond childhood into adolescence and adult-
hood. The belief that an activity is not gender appropriate has been shown 
to negatively affect college-aged women’s ability to learn a new motor 
skill (1). Analysts of female performers should not reinforce this cultural 
misunderstanding by lowering their expectations of girls or women based 
on gender. Analysts should also be sensitive to other factors that can in-
fl uence performance. Has the performer experienced a recent emotional 
upset? Is the sun in his eyes? Is she tired? Being an effective observer 
requires full awareness of the surrounding environment.

To supplement visual observation, the analyst should be aware that 
nonvisual forms of information can also sometimes be useful during a 
movement analysis. For example, auditory information can provide clues 
about the way in which a movement was executed. Proper contact of a 
golf club with a ball sounds distinctly different from when a golfer “tops” 
the ball. Similarly, the crack of a baseball bat hitting a ball indicates 
that the contact was direct rather than glancing. The sound of a double 
contact of a volleyball player’s arms with the ball may identify an illegal 
hit. The sound of a patient’s gait usually reveals whether an asymmetry 
is present.

Another potential source of information is feedback from the performer 
(Sample Application 2.1). A performer who is experienced enough to recog-
nize the way a particular movement feels as compared to the way a slight 
modifi cation of the same movement feels is a useful source of informa-
tion. However, not all performers are suffi ciently kinesthetically attuned 
to provide meaningful subjective feedback of this nature. The performer 
being analyzed may also assist in other ways. Performance defi ciencies 
may result from errors in technique, perception, or decision making. Iden-
tifi cation of perceptual and decision-making errors by the performer often 
requires more than visual observation of the performance. In these cases, 
asking meaningful questions of the performer may be useful. However, the 
analyst should consider subjective input from the performer in conjunc-
tion with more objective observations.

Another potential way to enhance the thoroughness of an analysis is to 
involve more than one analyst. This reduces the likelihood of oversight. 
Students in the process of learning a new motor skill may also benefi t 
from teaming up to analyze each other’s performances under appropriate 
teacher direction.

Finally, analysts must remember that observation skills improve with 
practice. As analysts gain experience, the analysis process becomes more 
natural, and the analyses conducted are likely to become more effective 

•Auditory information is often a 
valuable source in the analysis of 
human motor skills.

•The ability to effectively analyze 
human movement improves with 
practice.
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S A M P L E  A P P L I C A T I O N  2 . 1

Problem: Sally, a powerful outside hitter on a high school volleyball 
team, has been out for two weeks with mild shoulder bursitis but has 
recently received her physician’s clearance to return to practice. Joan, 
Sally’s coach, notices that Sally’s spikes are traveling at a slow speed and 
are being easily handled by the defensive players.

Planning the Analysis
 1. What specifi c problems need to be solved or questions need to be an-

swered regarding the movement? Joan fi rst questions Sally to make 
sure that the shoulder is not painful. She then reasons that a tech-
nique error is present.

 2. From what angle(s) and distance(s) can problematic aspects of the move-
ment best be observed? Is more than one view needed? Although a vol-
leyball spike involves transverse plane rotation of the trunk, the arm 
movement is primarily in the sagittal plane. Joan therefore decides to 
begin by observing a sagittal view from the side of Sally’s hitting arm.

 3. How many movement performances should be observed? Since Sally is a 
skilled player and her spikes are consistently being executed at  reduced 
velocity, Joan reasons that only a few observations may be needed.

 4. Is special subject attire, lighting, or background environment needed 
to facilitate observation? The gym where the team works out is well lit 
and the players wear sleeveless tops. Therefore, no special accommoda-
tions for the analysis seem necessary.

 5. Will a video recording of the movement be necessary or useful? A vol-
leyball spike is a relatively fast movement, but there are defi nite check-
points that the knowledgeable observer can watch in real time. Is the 
jump primarily vertical, and is it high enough for the player to contact 
the ball above the net? Is the hitting arm positioned with the upper 
arm in maximal horizontal abduction prior to arm swing to allow a full 
range of arm motion? Is the hitting movement initiated by trunk rota-
tion followed by shoulder fl exion, then elbow extension, then snaplike 
wrist fl exion? Is the movement being executed in a coordinated fashion 
to enable imparting a large force to the ball?

Conducting the Analysis
 1. Review, and sometimes reformulate, specifi c questions of focus. After 

watching Sally execute two spikes, Joan observes that her arm range 
of motion appears to be relatively small.

 2. Repeatedly view movements to gradually zero in on causes of per-
formance errors. After watching Sally spike three more times, Joan 
suspects that Sally is not positioning her upper arm in maximal hori-
zontal abduction in preparation for the hit.

 3. Be aware of the infl uence of performer characteristics. Joan talks to 
Sally on the sideline and asks her to put her arm in the preparatory 
position for a hit. She asks Sally if this position is painful, and Sally 
responds that it is not.

 4. Pay attention to nonvisual cues. (None are apparent in this situation.)
 5. When appropriate, ask the performer to self-analyze. Joan tells Sally 

that she suspects Sally has been protecting the shoulder by not rotating 
her arm back far enough in preparation for spikes. She can correct the 
problem. Sally’s next few spikes are executed at much faster velocity.

 6. Consider involving other analysts to assist. Joan asks her assistant 
coach to watch Sally for the remainder of practice to determine whether 
the problem has been corrected.
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and informative. The expert analyst is typically better able to both 
identify and diagnose errors than the novice. Novice analysts should take 
every opportunity to practice movement analysis in carefully planned 
and structured settings, as such practice has been shown to improve the 
ability to focus attention on the critical aspects of performance (2).

TOOLS FOR MEASURING 
KINEMATIC QUANTITIES

Biomechanics researchers have available a wide array of equipment for 
studying human movement kinematics. Knowledge gained through the 
use of this apparatus is often published in professional journals for teach-
ers, clinicians, coaches, and others interested in human movement.

Video and Film

Photographers began employing cameras in the study of human and ani-
mal movement during the late nineteenth century. One famous early pho-
tographer was Eadweard Muybridge, a British landscape photographer 
and a rather colorful character who frequently published essays prais-
ing his own work. Muybridge used electronically controlled still cameras 
aligned in sequence with an electromagnetic tripping device to capture 
serial shots of trotting and galloping horses, thereby resolving the con-
troversy about whether all four hooves are ever airborne simultaneously 
(they are). More importantly, however, he amassed three volumes of pho-
tographic work on human and animal motions that provided scientifi c 
documentation of some of the subtle differences between normal and 
pathological gait.

Movement analysts today have quite an array of camera types from 
which to choose. The type of movement and the requirements of the 
analysis largely determine the camera and analysis system of choice. 
Standard video provides 30 resolvable pictures per second, which is per-
fectly adequate for many human movement applications. Scientists and 
clinicians performing detailed quantitative study of the kinematics of 
human motion typically require a more sophisticated video camera and 
playback unit, with higher rates of picture capture. Digital video cap-
ture systems designed for human movement analysis are commercially 
available with frame rates of up to 2000 Hz. For both qualitative and 
quantitative analysis, however, a consideration often of greater impor-
tance than camera speed is the clarity of the captured images. It is the 
camera’s shutter speed that allows user control of the exposure time, or 
length of time that the shutter is open when each picture in the video 
record is taken. The faster the movement being analyzed, the shorter 
the duration of the exposure time required to prevent blurring of the 
image captured. 

Another important consideration when analyzing human movement 
with video is the number of cameras required to adequately capture the 
aspects of interest. Because most human movement is not constrained 
to a single plane, it is typically necessary to use multiple cameras to en-
sure that all of the movements can be viewed and recorded accurately for 
a detailed analysis. When practicality dictates that a single camera be 
used, thoughtful consideration should be given to camera positioning rela-
tive to the movement of interest. Only when human motion is occurring 
 perpendicular to the optical axis of a camera are the angles present at 
joints viewed without distortion.

Motion analysis software 
tracks joint markers in three-
dimensional space. 

Refl ective joint markers can 
be tracked by a camera for 
automatic digitizing of the 
movement.
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Biomechanists typically conduct quantitative analyses of human 
motion by adhering small, refl ective markers over the subject’s joint 
centers and other points of interest on the body, with marker locations 
depending on the purpose of the analysis. High-speed digital video cam-
eras with infrared light rings encircling the lenses then capture high-
contrast images of the refl ective markers. Since human motion is rarely 
purely planar, researchers typically position six to eight and sometimes 
more cameras around the staging area in strategic locations to enable 
generation of three-dimensional representations of the movements of 
the markers. Much of today’s biomechanical analysis software is capable 
of providing graphical outputs displaying kinematic and kinetic quan-
tities of interest within minutes after a motion has been digitally cap-
tured by the cameras.

Other Movement-Monitoring Systems

An accelerometer is a transducer used for the direct measurement of 
 acceleration. The accelerometer is attached as rigidly as possible to the 
body segment or other object of interest, with electrical output channeled 
to a recording device. Three-dimensional accelerometers that incorporate 
multiple linear accelerometers are commercially available for monitoring 
acceleration during nonlinear movements.

SUMMARY

Movements of the human body are referenced to the sagittal, frontal, 
and transverse planes, with their respectively associated mediolateral, 
anteroposterior, and longitudinal axes. Most human motion is general, 
with both linear and angular components. A set of specialized terminol-
ogy is used to describe segment motions and joint actions of the human 
body.

Teachers of physical activities, clinicians, and coaches all routinely per-
form qualitative analyses to assess, correct, or improve human movements. 
Both knowledge of the specifi c biomechanical purpose of the movement and 
careful preplanning are necessary for an effective qualitative analysis. A 
number of special tools are available to assist researchers in collecting ki-
nematic observations of human movement.

INTRODUCTORY PROBLEMS

 1. Using appropriate movement terminology, write a qualitative descrip-
tion of the performance of a maximal vertical jump. Your description 
should be suffi ciently detailed that the reader can completely and ac-
curately visualize the movement.

 2. Select a movement that occurs primarily in one of the three major ref-
erence planes. Qualitatively describe this movement in enough detail 
that the reader of your description can visualize the movement.

 3. List fi ve movements that occur primarily in each of the three cardinal 
planes. The movements may be either sport skills or activities of daily 
living.

 4. Select a familiar animal. Does the animal move in the same major ref-
erence planes in which humans move? What are the major differences 

Refl ective joint markers can 
be tracked by a camera for 
automatic digitizing of the 
movement.

A digital camera with infrared 
light ring is used for tracking 
refl ective markers on a subject.



in the movement patterns of this animal and the movement patterns 
of humans?

 5. Select a familiar movement, and list the factors that contribute to 
skilled versus unskilled performance of that movement.

 6. Test your observation skills by carefully observing the two photos 
shown on the top. List the differences that you are able to identify be-
tween these two photos.

 7. Choose a familiar movement, and list aspects of that movement that 
are best observed from close up, from 2 to 3 m away, and from reason-
ably far away. Write a brief explanation of your choices.

 8. Choose a familiar movement, and list aspects of the movement that are 
best observed from the side view, front view, rear view, and top view. 
Write a brief explanation of your choices.

 9. Choose one of the instrumentation systems described and write a 
short paragraph explaining the way in which it might be used to 
study a question related to analysis of a human movement of inter-
est to you.

ADDITIONAL PROBLEMS

 1. Select a familiar movement and identify the ways in which performance 
of that movement is affected by strength, fl exibility, and coordination.

 2. List three human movement patterns or skills that are best observed 
from a side view, from a front or rear view, and from a top view.

 3. Select a movement that is nonplanar and write a qualitative descrip-
tion of that movement suffi ciently detailed to enable the reader of your 
description to picture the movement.

 4. Select a nonplanar movement of interest and list the protocol you 
would employ in analyzing that movement.
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 5. What special expectations, if any, should the analyst have of move-
ment performances if the performer is an older adult? An elementary 
school–aged girl? A novice? An obese high school–aged boy?

 6. What are the advantages and disadvantages of collecting observa-
tional data on a sport skill during a competitive event as opposed to a 
practice session?

 7. Select a movement with which you are familiar and list at least fi ve 
questions that you, as a movement analyst, might ask the performer 
of the movement to gain additional knowledge about a performance.

 8. List the auditory characteristics of fi ve movements and explain in 
each case how these characteristics provide information about the 
nature of the movement performance.

 9. List the advantages and disadvantages of using a video camera as 
compared to the human eye for collecting observational data.

 10. Locate an article in a professional or research journal that involves 
kinematic description of a movement of interest to you. What instru-
mentation was used by the researchers? What viewing distances and 
perspectives were used? How might the analysis described have been 
improved?
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NAME  _________________________________________________________ 

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Observe and analyze a single performer executing two similar but different versions of a particular 
movement—for example, two pitching styles or two gait styles. Explain what viewing perspectives 
and distances you selected for collecting observational data on each movement. Write a paragraph 
comparing the kinematics of the two movements.

Movement selected:  _____________________________________________________________________________

Viewing perspectives:  ___________________________________________________________________________

Reasons for selection of viewing perspectives:  _____________________________________________________

________________________________________________________________________________________________

Viewing distances:  ______________________________________________________________________________

Reasons for selection of viewing distances:  ________________________________________________________

________________________________________________________________________________________________

Kinematic comparison:  __________________________________________________________________________

________________________________________________________________________________________________ 

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 2. Observe a single sport skill as performed by a highly skilled individual, a moderately skilled indi-
vidual, and an unskilled individual. Qualitatively describe the differences observed.

Sport skill selected:  _____________________________________________________________________________

Highly Skilled Performer Moderately Skilled Performer Unskilled Performer

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________
55
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______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

______________________________  ______________________________  ______________________________

 3. Select a movement at which you are reasonably skilled. Plan and carry out observations of a less-
skilled individual performing the movement, and provide verbal learning cues for that individual, if 
appropriate. Write a short description of the cues provided, with a rationale for each cue.

Movement selected: _____________________________________________________________________________

Cues Provided Rationale

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

 4. Select a partner, and plan and carry out an observational analysis of a movement of interest. Write 
a composite summary analysis of the movement performance. Write a paragraph identifying in what 
ways the analysis process was changed by the inclusion of a partner.

Movement selected:  _____________________________________________________________________________
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Analysis of Performance

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

How the analysis process was different when working with a partner:  _______________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. Plan and carry out a video session of a slow movement of interest as performed by two different sub-
jects. Write a comparative analysis of the subjects’ performances.

Subject 1 Performance Subject 2 Performance

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________ 

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________
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_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________

_______________________________________________ _______________________________________________
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Mikromak 
http://www.mikromak.com

Advertises video hardware and software for sports, medicine, and product 
research.

Motion Analysis Corporation 
http://www.motionanalysis.com

Offers an optical motion capture system utilizing refl ective markers for enter-
tainment, biomechanics, character animation, and motion analysis. 

Northern Digital, Inc.
http://www.ndigital.com 

Presents optoelectronic 3-D motion measurement systems that track light-
emitting diodes for real-time analysis.

Qualisys, Inc.
http://www.qualisys.com

Presents a system in which cameras track refl ective markers, enabling real-
time calculations; applications described for research, clinical, industry, and 
animation.

Redlake Imaging 
http://www.redlake.com/imaging

Advertises high-speed video products for scientifi c and clinical applications. 
SIMI Reality Motion Systems 
http://www.simi.com

Describes computer-based video analysis for the human body and cellular ap-
plications; includes demo of gait analysis, among others.
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K E Y  T E R M S

anatomical reference position erect standing position with all body parts, including the palms of the hands, facing forward; 
considered the starting position for body segment movements

angular involving rotation around a central line or point

anteroposterior axis imaginary line around which frontal plane rotations occur

axis of rotation imaginary line perpendicular to the plane of rotation and passing through the center of rotation

cardinal planes three imaginary perpendicular reference planes that divide the body in half by mass

curvilinear along a curved line

frontal plane plane in which lateral movements of the body and body segments occur

general motion motion involving translation and rotation simultaneously

linear along a line that may be straight or curved, with all parts of the body moving in the same 
direction at the same speed

longitudinal axis imaginary line around which transverse plane rotations occur

mediolateral axis imaginary line around which sagittal plane rotations occur

rectilinear along a straight line

sagittal plane plane in which forward and backward movements of the body and body segments occur

system mechanical system chosen by the analyst for study

translation linear motion

transverse plane plane in which horizontal body and body segment movements occur when the body is in an 
erect standing position



C H A P T E R

3Kinetic Concepts for 
Analyzing Human Motion

After completing this chapter, you will be able to:

Defi ne and identify common units of measurement for mass, force, weight, 
 pressure, volume, density, specifi c weight, torque, and impulse.

Identify and describe the different types of mechanical loads that act on the 
 human body.

Identify and describe the uses of available instrumentation for measuring kinetic 
quantities.

Distinguish between vector and scalar quantities.

Solve quantitative problems involving vector quantities using both graphic and 
trigonometric procedures.
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W hen muscles on opposite sides of a joint develop tension, what deter-
mines the direction of joint motion? In which direction will a swim-

mer swimming perpendicular to a river current actually travel? What 
determines whether a push can move a heavy piece of furniture? The 
answers to these questions are rooted in kinetics, the study of forces.

The human body both generates and resists forces during the course 
of daily activities. The forces of gravity and friction enable walking and 
manipulation of objects in predictable ways when internal forces are 
produced by muscles. Sport participation involves application of forces 
to balls, bats, racquets, and clubs, and absorption of forces from impacts 
with balls, the ground or fl oor, and opponents in contact sports. This chap-
ter introduces basic kinetic concepts that form the basis for understand-
ing these activities.

BASIC CONCEPTS RELATED TO KINETICS

Understanding the concepts of inertia, mass, weight, pressure, volume, 
density, specifi c weight, torque, and impulse provides a useful foundation 
for understanding the effects of forces.

Inertia

In common usage, inertia means resistance to action or to change (Fig-
ure 3-1). Similarly, the mechanical defi nition is resistance to acceleration. 
Inertia is the tendency of a body to maintain its current state of motion, 
whether motionless or moving with a constant velocity. For example, a 
150 kg weight bar lying motionless on the fl oor has a tendency to remain 
motionless. A skater gliding on a smooth surface of ice has a tendency to 
continue gliding in a straight line with a constant speed.

Although inertia has no units of measurement, the amount of inertia a 
body possesses is directly proportional to its mass. The more massive an 
object is, the more it tends to maintain its current state of motion and the 
more diffi cult it is to disrupt that state.

A skater has a tendency to 
continue gliding with constant 
speed and direction due to 
inertia.

inertia
tendency of a body to resist a change 
in its state of motion

FIGURE 3-1

A static object tends to 
maintain its motionless state 
because of inertia.
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Mass

Mass (m) is the quantity of matter composing a body. The common unit of 
mass in the metric system is the kilogram (kg), with the English unit of 
mass being the slug, which is much larger than a kg.

Force

A force (F) can be thought of as a push or a pull acting on a body. Each 
force is characterized by its magnitude, direction, and point of application 
to a given body. Body weight, friction, and air or water resistance are all 
forces that commonly act on the human body. The action of a force causes 
a body’s mass to accelerate:

F 5 ma

Units of force are units of mass multiplied by units of acceleration (a). 
In the metric system, the most common unit of force is the Newton (N), 
which is the amount of force required to accelerate 1 kg of mass at 1 m/s2:

1 N 5 (1 kg)(1 m/s2)

In the English system, the most common unit of force is the pound (lb). 
A pound of force is the amount of force necessary to accelerate a mass of 
1 slug at 1 ft/s2, and 1 lb is equal to 4.45 N:

1 lb 5 (1 slug)(1 ft/s2)

Because a number of forces act simultaneously in most situations, con-
structing a free body diagram is usually the fi rst step when analyzing the 
effects of forces on a body or system of interest. A free body is any object, 
body, or body part that is being focused upon for analysis. A free body 
diagram consists of a sketch of the system being analyzed and vector rep-
resentations of the acting forces (Figure 3-2). Even though a hand must 
be applying force to a tennis racquet in order for the racquet to force-
fully contact a ball, if the racquet is the free body of interest, the hand is 

mass
quantity of matter contained in an 
object

force
push or pull; the product of mass and 
acceleration

free body diagram
sketch that shows a defi ned system 
in isolation with all of the force 
vectors acting on the system

Force applied
by player

Weight

Weight

Air
resistance

Air
resistance

Force of
ball contactForce applied

by racquet

FIGURE 3-2

Two free body diagrams 
showing the acting forces.
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represented in the free body diagram of the racquet only as a force vector. 
Similarly, if the tennis ball constitutes the free body being studied, the 
force of the racquet acting on the ball is displayed as a vector.

Since a force rarely acts in isolation, it is important to recognize that 
the overall effect of many forces acting on a system or free body is a func-
tion of the net force, which is the vector sum of all of the acting forces. 
When all acting forces are balanced, or cancel each other out, the net force 
is zero, and the body remains in its original state of motion, either motion-
less or moving with a constant velocity. When a net force is present, the 
body moves in the direction of the net force and with an acceleration that 
is proportional to the magnitude of the net force.

Center of Gravity

A body’s center of gravity, or center of mass, is the point around which the 
body’s weight is equally balanced, no matter how the body is positioned, 
(see Chapter 13). In motion analyses, the motion of the center of gravity 
serves as an index of total body motion. From a kinetic perspective, the 
location of the center of mass determines the way in which the body re-
sponds to external forces.

Weight

Weight is defi ned as the amount of gravitational force exerted on a body. 
Algebraically, its defi nition is a modifi cation of the general defi nition of a 
force, with weight (wt) being equal to mass (m) multiplied by the accelera-
tion of gravity (ag):

wt 5 mag

Since weight is a force, units of weight are units of force—either N or lb.
As the mass of a body increases, its weight increases proportionally. The 

factor of proportionality is the acceleration of gravity, which is �9.81 m/s2. 

net force
resultant force derived from the 
composition of two or more forces

center of gravity
point around which a body’s weight is 
equally balanced, no matter how the 
body is positioned

weight
gravitational force that the earth 
exerts on a body

Although a body’s mass 
remains unchanged on the 
moon, its weight is less due 
to smaller gravitational 
acceleration. Photo courtesy of 
NASA.
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The negative sign indicates that the acceleration of gravity is directed 
 downward, or toward the center of the earth. On the moon or another 
 planet with a different gravitational acceleration, a body’s weight would 
be different, although its mass would remain the same.

Because weight is a force, it is also characterized by magnitude, direc-
tion, and point of application. The direction in which weight acts is always 
toward the center of the earth. Because the point at which weight is as-
sumed to act on a body is the body’s center of gravity, the center of gravity 
is the point where the weight vector is shown to act in free body diagrams.

Although body weights are often reported in kilograms, the kilogram is 
actually a unit of mass. To be technically correct, weights should be iden-
tifi ed in Newtons and masses reported in kilograms. Sample Problem 3.1 
illustrates the relationship between mass and weight.

S A M P L E  P R O B L E M  3 . 1

 1. If a scale shows that an individual has a mass of 68 kg, what is that 
individual’s weight?

Known
m 5 68 kg

Solution
Wanted: weight
Formulas: wt 5 mag

 1 kg 5 2.2 lb (English/metric conversion factor)

(Mass may be multiplied by the acceleration of gravity to convert to weight 
within either the English or the metric system.)

 wt 5 mag

 wt 5 (68 kg)(9 .81) m/s2

 wt 5 667 N

Mass in kg may be multiplied by the conversion factor 2.2 lb/kg to convert 
to weight in pounds:

 (68 kg)(2.2 lb/kg) 5 150 lb

 2. What is the mass of an object weighing 1200 N?

Known
wt 5 1200 N

Solution
Wanted: mass
Formula: wt 5 mag

(Weight may be divided by the acceleration of gravity within a given sys-
tem of measurement to convert to mass.)

 wt 5 mag

 1200 N 5 m(9.81 m/s2)

 
1200 N

9.81 m/s2 5 m

 m 5 122.32 kg   
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Pressure

Pressure (P) is defi ned as force (F) distributed over a given area (A):

P 5
F
A

Units of pressure are units of force divided by units of area. Common units 
of pressure in the metric system are N per square centimeter (N/cm2) 
and Pascals (Pa). One Pascal represents one Newton per square meter 
(Pa 5 N/m2). In the English system, the most common unit of pressure is 
pounds per square inch (psi or lb/in2).

The pressure exerted by the sole of a shoe on the fl oor beneath it 
is the body weight resting on the shoe divided by the surface area 
between the sole of the shoe and the fl oor. As illustrated in Sample 
Problem 3.2, the smaller amount of surface area on the bottom of a 
spike heel as compared to a fl at sole results in a much larger amount of 
pressure being exerted.

Volume

A body’s volume is the amount of space that it occupies. Because space 
is considered to have three dimensions (width, height, depth), a unit of 
volume is a unit of length multiplied by a unit of length multiplied by a 
unit of length. In mathematical shorthand, this is a unit of length raised 
to the exponential power of three, or a unit of length cubed. In the metric 

pressure
force per unit of area over which 
force acts

volume
amount of three-dimensional space 
occupied by a body

Pairs of balls that are similar 
in volume but markedly 
different in weight, including 
a solid metal shot and a 
softball (photo 1) and a table 
tennis ball and golf ball 
(photo 2).
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S A M P L E  P R O B L E M  3 . 2

Is it better to be stepped on by a woman wearing a spike heel or by the 
same woman wearing a smooth-soled court shoe? If a woman’s weight is 
556 N, the surface area of the spike heel is 4 cm2, and the surface area of 
the court shoe is 175 cm2, how much pressure is exerted by each shoe?

Known

 wt 5 556 N
 As 5 4 cm2

Ac 5 175 cm2

Solution
Wanted:  pressure exerted by the spike heel
 pressure exerted by the court shoe

Formula: P 5 F/A

Deduction: It is necessary to recall that weight is a force.

For the spike heel:  P 5
556 N
4 cm2

 P 5 139 N/cm2

For the court shoe: P 5
556 N

175 cm2

 P 5 3.18 N/cm2

Comparison of the amounts of pressure exerted by the two shoes:

 
Pspike heel

Pcourt shoe
5

139 N/cm2

3.18 N/cm2 5 43.75

Therefore, 43.75 times more pressure is exerted by the spike heel than by 
the court shoe worn by the same woman.

p = F– 
A
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system, common units of volume are cubic centimeters (cm3), cubic meters 
(m3), and liters (l):

1 l 5 1000 cm3

In the English system of measurement, common units of volume are cu-
bic inches (in3) and cubic feet (ft3). Another unit of volume in the English 
system is the quart (qt):

1 qt 5 57.75 in3

Volume should not be confused with weight or mass. An 8 kg shot and 
a softball occupy approximately the same volume of space, but the weight 
of the shot is much greater than that of the softball.

Density

The concept of density combines the mass of a body with the body volume. 
Density is defi ned as mass per unit of volume. The conventional symbol 
for density is the Greek letter rho (�).

density (�) 5 mass/volume

Units of density are units of mass divided by units of volume. In the metric 
system, a common unit of density is the kilogram per cubic meter (kg/m3). 
In the English system of measurement, units of density are not commonly 
used. Instead, units of specifi c weight (weight density) are employed.

Specifi c weight is defi ned as weight per unit of volume. Because weight 
is proportional to mass, specifi c weight is proportional to density. Units of 
specifi c weight are units of weight divided by units of volume. The metric 
unit for specifi c weight is Newtons per cubic meter (N/m3), and the Eng-
lish system uses pounds per cubic foot (lb/ft3).

Although a golf ball and a ping-pong ball occupy approximately the 
same volume, the golf ball has a greater density and specifi c weight than 
the ping-pong ball because the golf ball has more mass and more weight. 
Similarly, a lean person with the same body volume as an obese person 
has a higher total body density because muscle is denser than fat. Thus, 
percent body fat is inversely related to body density.

Torque

When a force is applied to an object such as a pencil lying on a desk, either 
translation or general motion may result. If the applied force is directed 
parallel to the desktop and through the center of the pencil (a centric 
force), the pencil will be translated in the direction of the applied force. If 
the force is applied parallel to the desktop but directed through a point 
other than the center of the pencil (an eccentric force), the pencil will un-
dergo both translation and rotation (Figure 3-3).

The rotary effect created by an eccentric force is known as torque (T), 
or moment of force. Torque, which may be thought of as rotary force, is the 
angular equivalent of linear force. Algebraically, torque is the product of 
force (F) and the perpendicular distance (d�) from the force’s line of action 
to the axis of rotation:

T 5 Fd�

The greater the amount of torque acting at the axis of rotation, the 
greater the tendency for rotation to occur. Units of torque in both the 
metric and the English systems follow the algebraic defi nition. They are 
units of force multiplied by units of distance: Newton-meters (N-m) or 
foot-pounds (ft-lb).

density
mass per unit of volume

specifi c weight
weight per unit of volume

torque
rotary effect of a force



CHAPTER 3: KINETIC CONCEPTS FOR ANALYZING HUMAN MOTION 69

Impulse

When a force is applied to a body, the resulting motion of the body is 
dependent not only on the magnitude of the applied force but also on 
the duration of force application. The product of force (F) and time (t) is 
known as impulse (J):

J 5 Ft

A large change in an object’s state of motion may result from a small 
force acting for a relatively long time or from a large force acting for a 
relatively short time. A golf ball rolling across a green gradually loses 
speed because of the small force of rolling friction. The speed of a baseball 
struck vigorously by a bat changes because of the large force exerted by 
the bat during the fraction of a second it is in contact with the ball. When 
a vertical jump is executed, the larger the impulse generated against the 
fl oor, the greater the jumper’s takeoff velocity and the higher the result-
ing jump.

Units of physical quantities commonly used in biomechanics are shown 
in Table 3-1.

A

B

FIGURE 3-3

A. Centric forces produce 
translation. B. Eccentric 
forces produce translation 
and rotation.

impulse
product of force and the time over 
which the force acts

TABLE 3-1

Common Units for Kinetic 

Quantities

QUANTITY SYMBOL FORMULA METRIC UNIT ENGLISH UNIT

Mass m kg slug

Force F F 5 ma N lb

Pressure P P 5 F/A Pa psi

Volume  (solids) V m3 ft3

            (liquids) V liter gallon

 Density � � 5 m/V kg/m3 slugs/ft3

Specifi c weight � � 5 wt/V N/m3 lb/ft3

Torque T T 5 Fd N-m ft-lb

Impulse J J 5 Ft N � s lb � s
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MECHANICAL LOADS ON THE HUMAN BODY

Muscle forces, gravitational force, and bone-breaking force such as that 
encountered in a skiing accident all affect the human body differently. 
The effect of a given force depends on its direction and duration as well as 
its magnitude, as described in the following section.

Compression, Tension, and Shear

Compressive force, or compression, can be thought of as a squeezing force 
(Figure 3-4). An effective way to press wildfl owers is to place them inside 
the pages of a book and to stack other books on top of that book. The 
weight of the books creates a compressive force on the fl owers. Similarly, 
the weight of the body acts as a compressive force on the bones that sup-
port it. When the trunk is erect, each vertebra in the spinal column must 
support the weight of that portion of the body above it.

The opposite of compressive force is tensile force, or tension (Figure 
3-4). Tensile force is a pulling force that creates tension in the object to 
which it is applied. When a child sits in a playground swing, the child’s 
weight creates tension in the chains supporting the swing. A heavier child 
creates even more tension in the supports of the swing. Muscles produce 
tensile force that pulls on the attached bones.

A third category of force is termed shear. Whereas compressive and 
tensile forces act along the longitudinal axis of a bone or other structure 
to which they are applied, shear force acts parallel or tangent to a surface. 
Shear force tends to cause one portion of the object to slide, displace, or 
shear with respect to another portion of the object (Figure 3-4). For 
example, a force acting at the knee joint in a direction parallel to the 
tibial plateau is a shearing force at the knee. During the landing from 
a ski jump the impact force includes a component of anteriorly directed 
shear on the tibial plateau, elevating stress on the anterior cruciate 
ligament (1). (Figure 3-5).

compression
pressing or squeezing force directed 
axially through a body

tension
pulling or stretching force directed 
axially through a body

shear
force directed parallel to a surface

Original

shape

Compression Tension

Shear

FIGURE 3-4
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FIGURE 3-5

During the landing from a 
ski jump the axial impact 
force at the knee includes 
a component of anteriorly 
directed shear on the tibial 
plateau.

Mechanical Stress

Another factor affecting the outcome of the action of forces on the human 
body is the way in which the force is distributed. Whereas pressure rep-
resents the distribution of force external to a solid body, stress represents 
the resulting force distribution inside a solid body when an external force 
acts. Stress is quantifi ed in the same way as pressure: force per unit of 
area over which the force acts. As shown in Figure 3-6, a given force acting 
on a small surface produces greater stress than the same force acting over 
a larger surface. When a blow is sustained by the human body, the likeli-
hood of injury to body tissue is related to the magnitude and direction 
of the stress created by the blow. Compressive stress, tensile stress, and 
shear stress are terms that indicate the direction of the acting stress.

Because the lumbar vertebrae bear more of the weight of the body than the 
thoracic vertebrae when a person is in an upright position, the compressive 
stress in the lumbar region should logically be greater. However, the amount 
of stress present is not directly proportional to the amount of weight borne, 
because the load-bearing surface areas of the lumbar vertebrae are greater 
than those of the vertebrae higher in the spinal column (Figure 3-7). This 
increased surface area reduces the amount of compressive stress present. 

stress
distribution of force within a body, 
quantifi ed as force divided by the 
area over which the force acts

FIGURE 3-6

The amount of mechanical 
stress created by a force is 
inversely related to the size of 
the area over which the force 
is spread.
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Nevertheless, the L5-S1 intervertebral disc (at the bottom of the lumbar 
spine) is the most common site of disc herniations, although other factors 
also play a role (see Chapter 9). Quantifi cation of mechanical stress is 
demonstrated in Sample Problem 3.3.

Torsion, Bending, and Combined Loads

A somewhat more complicated type of loading is called bending. Pure 
compression and tension are both axial forces—that is, they are directed 
along the longitudinal axis of the affected structure. When an eccentric 
(or nonaxial) force is applied to a structure, the structure bends, creat-
ing compressive stress on one side and tensile stress on the opposite side 
(Figure 3-8).

Torsion occurs when a structure is caused to twist about its longitudinal 
axis, typically when one end of the structure is fi xed. Torsional fractures 
of the tibia are not uncommon in football injuries and skiing accidents in 
which the foot is held in a fi xed position while the rest of the body under-
goes a twist.

The presence of more than one form of loading is known as combined 
loading. Because the human body is subjected to a myriad of simultane-
ously acting forces during daily activities, this is the most common type 
of loading on the body.

THE EFFECTS OF LOADING

When a force acts on an object, there are two potential effects. The fi rst 
is acceleration and the second is deformation, or change in shape. When 
a diver applies force to the end of a springboard, the board both acceler-
ates and deforms. The amount of deformation that occurs in response to a 
given force depends on the stiffness of the object acted upon.

When an external force is applied to the human body, several factors 
infl uence whether an injury occurs. Among these are the magnitude and 
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FIGURE 3-7

The surfaces of the vertebral 
bodies increase in surface 
area as more weight is 
supported.

bending
asymmetric loading that produces 
tension on one side of a body’s 
longitudinal axis and compression on 
the other side

axial
directed along the longitudinal axis 
of a body

torsion
load-producing twisting of a body 
around its longitudinal axis

combined loading
simultaneous action of more than 
one of the pure forms of loading

deformation
change in shape
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direction of the force, and the area over which the force is distributed. Also 
important, however, are the material properties of the loaded body tissues.

The relationship between the amount of force applied to a structure 
and the structure’s response is illustrated by a load deformation curve 
(Figure 3-9). With relatively small loads, deformation occurs, but the 
response is elastic, meaning that when the force is removed the struc-
ture returns to its original size and shape. Since stiffer materials display 
less deformation in response to a given load, greater stiffness translates 

S A M P L E  P R O B L E M  3 . 3

How much compressive stress is present on the L1, L2 vertebral disc of a 
625 N woman, given that approximately 45% of body weight is supported 
by the disc (a) when she stands in anatomical position and (b) when she 
stands erect holding a 222 N suitcase? (Assume that the disc is oriented 
horizontally and that its surface area is 20 cm2.)

Solution
 1. Given: F 5 (625 N)(0.45)

 A 5 20 cm2

  Formula: stress 5 F/A

 stress 5
1625 N2 10.452

20 cm2

 stress 5 14 N/cm2

 2. Given: F 5 (625 N)(0.45) 1 222 N
  Formula: stress 5 F/A

 stress 5
1625 N2 10.452 1 222 N

20 cm2

 stress 5 25.2 N/cm2
 

Shear

Neutral axis

Torsion

Bending

Tension

Compression

FIGURE 3-8

Objects loaded in bending are 
subject to compression on one 
side and tension on the other. 
Objects loaded in torsion 
develop internal shear stress, 
with maximal stress at the 
periphery and no stress at the 
neutral axis.
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Deformation

Ultimate
failure
point

Yield
point

Elastic
region

Plastic
region

Lo
ad

FIGURE 3-9

When a structure is loaded, 
it deforms, or changes 
shape. The deformation is 
temporary within the elastic 
region and permanent in the 
plastic region. Structural 
integrity is lost at the 
ultimate failure point.

to a steeper slope of the load deformation curve in the elastic region. If 
the force applied causes the deformation to exceed the structure’s yield 
point or elastic limit, however, the response is plastic, meaning that some 
amount of deformation is permanent. Deformations exceeding the ulti-
mate failure point produce mechanical failure of the structure, which in 
the human body means fracturing of bone or rupturing of soft tissues.

Repetitive versus Acute Loads

The distinction between repetitive and acute loading is also important. 
When a single force large enough to cause injury acts on biological tis-
sues, the injury is termed acute and the causative force is termed mac-
rotrauma. The force produced by a fall, a rugby tackle, or an automobile 
accident may be suffi cient to fracture a bone.

Injury can also result from the repeated sustenance of relatively small 
forces. For example, each time a foot hits the pavement during running, 
a force of approximately two to three times body weight is sustained. Al-
though a single force of this magnitude is not likely to result in a fracture 
of healthy bone, numerous repetitions of such a force may cause a fracture 
of an otherwise healthy bone somewhere in the lower extremity. When 
repeated or chronic loading over a period produces an injury, the injury is 
called a chronic injury or a stress injury, and the causative mechanism is 
termed microtrauma. The relationship between the magnitude of the load 
sustained, the frequency of loading, and the likelihood of injury is shown 
in Figure 3-10.

yield point (elastic 
limit)
point on the load deformation curve 
past which deformation is permanent

failure
loss of mechanical continuity

repetitive loading
repeated application of a subacute 
load that is usually of relatively low 
magnitude

acute loading
application of a single force of 
suffi cient magnitude to cause injury 
to a biological tissue

Likelihood of injury

Lo
ad

 m
ag

ni
tu

de

Frequency of loading

FIGURE 3-10

The general pattern of injury 
likelihood as a function 
of load magnitude and 
repetition. Injury can be 
sustained, but is less likely, 
with a single large load and 
with a repeated small load.
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TOOLS FOR MEASURING 
KINETIC QUANTITIES

Biomechanics researchers use equipment for studying both muscle forces 
and forces generated by the feet against the ground during gait and other 
activities. Knowledge gained through the use of these tools is often pub-
lished in professional journals for teachers, clinicians, coaches, and others 
interested in human movement.

Electromyography

Eighteenth-century Italian scientist Galvani made two interesting dis-
coveries about skeletal muscle: (a) It develops tension when electrically 
stimulated, and (b) it produces a detectable current or voltage when de-
veloping tension, even when the stimulus is a nerve impulse. The latter 
discovery was of little practical value until the twentieth century, when 
technology became available for the detection and recording of extremely 
small electrical charges. The technique of recording electrical activity pro-
duced by muscle, or myoelectric activity, is known today as electromyog-
raphy (EMG).

Electromyography is used to study neuromuscular function, in-
cluding identifi cation of which muscles develop tension throughout a 
movement and which movements elicit more or less tension from a par-
ticular muscle or muscle group. It is also used clinically to assess nerve 
conduction velocities and muscle response in conjunction with the di-
agnosis and tracking of pathological conditions of the neuromuscular 
system. Scientists also employ electromyographic techniques to study 
the ways in which individual motor units respond to central nervous 
system commands.

The process of electromyography involves the use of transducers 
known as electrodes that sense the level of myoelectric activity present 
at a particular site over time. Depending on the questions of interest, 
either surface electrodes or fi ne wire electrodes are used. Surface elec-
trodes, consisting of small discs of conductive material, are positioned on 
the surface of the skin over a muscle or muscle group to pick up global 
myoelectric activity. When more localized pickup is desired, indwelling, 
fi ne-wire electrodes are injected directly into a muscle. Output from the 
electrodes is amplifi ed and graphically displayed or mathematically pro-
cessed and stored by a computer.

Dynamography

Scientists have devised several types of platforms and portable systems 
for the measurement of forces and pressure on the plantar surface of the 
foot. These systems have been employed primarily in gait research, but 
have also been used to study phenomena such as starts, takeoffs, land-
ings, baseball and golf swings, and balance. 

Both commercially available and homemade force platforms and 
pressure platforms are typically built rigidly into a fl oor fl ush with the 
surface and are interfaced to a computer that calculates kinetic quan-
tities of interest. Force platforms are usually designed to transduce 
ground reaction forces in vertical, lateral, and anteroposterior direc-
tions with respect to the platform itself; pressure platforms provide 
graphical or digital maps of pressures across the plantar surfaces of 
the feet. The force platform is a relatively sophisticated instrument, 
but its limitations include the restrictions of a laboratory setting and 

Myoelectric signal traces 
displayed on a computer 
monitor.

myoelectric activity
electric current or voltage produced 
by a muscle developing tension

transducers
devices that detect signals
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potential diffi culties associated with the subject’s consciously targeting 
the platform.

Portable systems for measuring plantar forces and pressures are also 
available in commercial and homemade models as instrumented shoes, 
shoe inserts, and thin transducers that adhere to the plantar surfaces of 
the feet. These systems provide the advantage of data collection outside 
the laboratory but lack the precision of the built-in platforms.

VECTOR ALGEBRA

A vector is a quantity that has both magnitude and direction. Vectors 
are represented by arrow-shaped symbols. The magnitude of a vector is 
its size; for example, the number 12 is of greater magnitude than the 
number 10. A vector symbol’s orientation on paper represents direction, 
and its length represents magnitude. Force, weight, pressure, specifi c 
weight, and torque are kinetic vector quantities; displacement, velocity, 
and acceleration (see Chapter 10) are kinematic vector quantities. No vec-
tor is fully defi ned without the identifi cation of both its magnitude and 
its direction. Scalar quantities possess magnitude but have no particular 
direction associated with them. Mass, volume, length, and speed are ex-
amples of scalar quantities.

Vector Composition

When vectors are added together, the operation is called vector composi-
tion. The composition of two or more vectors that have exactly the same 
direction results in a single vector that has a magnitude equal to the sum 
of the magnitudes of the vectors being added (Figure 3-11). The single 
vector resulting from a composition of two or more vectors is known as 
the resultant vector, or the resultant. If two vectors that are oriented in 
exactly opposite directions are composed, the resultant has the direction 
of the longer vector and a magnitude equal to the difference in the mag-
nitudes of the two original vectors (Figure 3-12).

It is also possible to add vectors that are not oriented in the same or 
opposite directions. When the vectors are coplanar, that is, contained in 
the same plane, a procedure that may be used is the “tip-to-tail” method, 
in which the tail of the second vector is placed on the tip of the fi rst vector, 
and the resultant is then drawn with its tail on the tail of the fi rst vector 

Surface electromyographic 
electrodes are small discs that 
attach directly to the skin over 
a muscle or muscle group of 
interest to transduce electrical 
activity in the underlying tissue.

vector
physical quantity that possesses both 
magnitude and direction

scalar
physical quantity that is completely 
described by its magnitude

vector composition
process of determining a single vector 
from two or more vectors by vector 
addition

FIGURE 3-11

The composition of vectors 
with the same direction 
requires adding their 
magnitudes.

resultant
single vector that results from vector 
composition
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FIGURE 3-12

Composition of vectors with 
opposite directions requires 
subtracting their magnitudes.

FIGURE 3-13

The “tip-to-tail” method of 
vector composition.

and its tip on the tip of the second vector. This procedure may be used for 
combining any number of vectors if each successive vector is positioned 
with its tail on the tip of the immediately preceding vector and the resul-
tant connects the tail of the fi rst vector to the tip of the previous vector 
(Figure 3-13).

Through the laws of vector combination, we often can calculate or bet-
ter visualize the resultant effect of combined vector quantities. For exam-
ple, a canoe fl oating down a river is subject to both the force of the current 
and the force of the wind. If the magnitudes and directions of these two 
forces are known, the single resultant or net force can be derived through 
the process of vector composition (Figure 3-14). The canoe travels in the 
direction of the net force.

Vector Resolution

Determining the perpendicular components of a vector quantity relative 
to a particular plane or structure is often useful. For example, when a ball 
is thrown into the air, the horizontal component of its velocity determines 
the distance it travels, and the vertical component of its velocity deter-
mines the height it reaches (see Chapter 10). When a vector is resolved 
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into perpendicular components—a process known as vector resolution—
the vector sum of the components always yields a resultant that is equal 
to the original vector (Figure 3-15). The two perpendicular components, 
therefore, are a different but equal representation of the original vector.

Graphic Solution of Vector Problems

When vector quantities are uniplanar (contained in a single plane), 
vector manipulations may be done graphically to yield approximate 
results. Graphic solution of vector problems requires the careful meas-
urement of vector orientations and lengths to minimize error. Vector 
lengths, which represent the magnitudes of vector quantities, must 
be drawn to scale. For example, 1 cm of vector length could represent 
10 N of force. A force of 30 N would then be represented by a vector 3 cm 
in length, and a force of 45 N would be represented by a vector of 4.5 cm 
length.

Trigonometric Solution of Vector Problems

A more accurate procedure for quantitatively dealing with vector prob-
lems involves the application of trigonometric principles. Through the 
use of trigonometric relationships, the tedious process of measuring and 

FIGURE 3-14

The net force is the resultant 
of all acting forces.

FIGURE 3-15

Vectors may be resolved into 
perpendicular components. 
The vector composition of 
each perpendicular pair 
of components yields the 
original vector.

vector resolution
operation that replaces a single 
vector with two perpendicular vectors 
such that the vector composition of 
the two perpendicular vectors yields 
the original vector
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S A M P L E  P R O B L E M  3 . 4

Terry and Charlie must move a refrigerator to a new location. They both 
push parallel to the fl oor, Terry with a force of 350 N and Charlie with a 
force of 400 N, as shown in the diagram below. (a) What is the magnitude 
of the resultant of the forces produced by Terry and Charlie? (b) If the 
amount of friction force that directly opposes the direction of motion of 
the refrigerator is 700 N, will they be able to move the refrigerator?

Graphic Solution
 1. Use the scale 1 cm 5 100 N to measure the length of the resultant.

The length of the resultant is approximately 6.75 cm, or 675 N.

 2. Since 675 N � 700 N, they will not be able to move the refrigerator.

Trigonometric Solution
Given: FT 5 350 N

FC 5 400 N

Wanted: magnitude of the resultant force

Charlie

+ =

Terry

350 N

400 N

30°

20°

20°
4 cm

4 cm 130°30° 3.5 cm3.5 cm

30°20°

A researcher calibrates force plates in a laboratory in preparation for a motion analysis data capture.

drawing vectors to scale can be eliminated (see Appendix B). Sample 
Problem 3.4 provides an example of the processes of both graphic and 
trigonometric solutions using vector quantities.

350 N

400 N

30º

20º
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Horizontal plane free body diagram:

Formula:
C2 5 A2 � B2 � 2(A)(B)cos � (the law of cosines)

 R2 5 4002 � 3502 � 2(400)(350) cos 130

 R 5 680 N

 3. Since 680 N � 700 N, they will not be able to move the refrigerator un-
less they exert more collective force while pushing at these particular 
angles. (If both Terry and Charlie pushed at a 90° angle to the refrig-
erator, their combined force would be suffi cient to move it.)

+ =

FT

FT

R

FC

FC

30°

20°

20°

FC = 400N 130°30° F T =
 350N

30°20°

SUMMARY

Basic concepts related to kinetics include mass, the quantity of matter 
composing an object; inertia, the tendency of a body to maintain its cur-
rent state of motion; force, a push or pull that alters or tends to alter a 
body’s state of motion; center of gravity, the point around which a body’s 
weight is balanced; weight, the gravitational force exerted on a body; pres-
sure, the amount of force distributed over a given area; volume, the space 
occupied by a body; density, the mass or weight per unit of body volume; 
and torque, the rotational effect of a force.

Several types of mechanical loads act on the human body. These include 
compression, tension, shear, bending, and torsion. Generally, some combi-
nation of these loading modes is present. The distribution of force within a 
body structure is known as mechanical stress. The nature and magnitude 
of stress determine the likelihood of injury to biological tissues.

Vector quantities have magnitude and direction; scalar quanti-
ties possess magnitude only. Problems with vector quantities can be 
solved using either a graphic or a trigonometric approach. Of the two 
procedures, the use of trigonometric relationships is more accurate 
and less tedious.

INTRODUCTORY PROBLEMS

 1. William Perry, defensive tackle and part-time running back better 
known as “The Refrigerator,” weighed in at 1352 N during his 1985 
rookie season with the Chicago Bears. What was Perry’s mass? (An-
swer: 138 kg)

 2. How much force must be applied to a 0.5 kg hockey puck to give it an 
acceleration of 30 m/s2? (Answer: 15 N)



 6. A gymnastics fl oor mat weighing 220 N has dimensions of 3 m � 4 m � 
0.04 m. How much pressure is exerted by the mat against the fl oor? 
(Answer: 18.33 Pa)

 7. What is the volume of a milk crate with sides of 25 cm, 40 cm, and 
30 cm? (Answer: 30,000 cm3 or 30 l)

 8. Choose three objects that are within your fi eld of view, and estimate 
the volume of each. List the approximate dimensions you used in for-
mulating your estimates.

 9. If the contents of the crate described in Problem 7 weigh 120 N, what 
are the average density and specifi c weight of the box and contents? 
(Answer: 0.0004 kg/cm3; 0.004 N/cm3)

 10. Two children sit on opposite sides of a playground seesaw. Joey, who 
weighs 220 N, sits 1.5 m from the axis of the seesaw, and Suzy, who 
weighs 200 N, sits 1.7 m from the axis of the seesaw. How much torque 
is created at the axis by each child? In which direction will the seesaw 
tip? (Answer: Joey, 330 N-m; Suzy, 340 N-m; Suzy’s end)

ADDITIONAL PROBLEMS

 1. What is your own body mass in kg?
 2. Gravitational force on planet X is 40% of that found on the earth. If a 

person weighs 667.5 N on earth, what is the person’s weight on planet 
X? What is the person’s mass on the earth and on planet X? (Answer: 
weight on planet X 5 267 N; mass 5 68 kg on either planet)

 3. A football player is contacted by two tacklers simultaneously. Tack-
ler A exerts a force of 400 N, and tackler B exerts a force of 375 N. 
If the forces are coplanar and directed perpendicular to each other, 
what is the magnitude and direction of the resultant force acting 
on the player? (Answer: 548 N at an angle of 43° to the line of ac-
tion of tackler A)

 3. A rugby player is contacted simultaneously by 
three opponents who exert forces of the mag-
nitudes and directions shown in the diagram at 
right. Using a graphic solution, show the magni-
tude and direction of the resultant force.

 4. Using a graphic solution, compose the muscle force 
vectors to fi nd the net force acting on the scapula 
shown below.
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 5. Draw the horizontal and vertical components of the vectors shown 
below.
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 4. A 75 kg skydiver in free fall is subjected to a crosswind exerting a 
force of 60 N and to a vertical air resistance force of 100 N. Describe 
the resultant force acting on the skydiver. (Answer: 638.6 N at an 
angle of 5.4° to vertical)

 5. Use a trigonometric solution to fi nd the magnitude of the resultant of 
the following coplanar forces: 60 N at 90°, 80 N at 120°, and 100 N at 
270°. (Answer: 49.57 N)

 6. If 37% of body weight is distributed above the superior surface of the 
L5 intervertebral disc and the area of the superior surface of the disc 
is 25 cm2, how much pressure exerted on the disc is attributable to 
body weight for a 930 N man? (Answer: 13.8 N/cm2)

 7. In the nucleus pulposus of an intervertebral disc, the compressive 
load is 1.5 times the externally applied load. In the annulus fi brosus, 
the compressive force is 0.5 times the external load. What are the 
compressive loads on the nucleus pulposus and annulus fi brosus of 
the L5-S1 intervertebral disc of a 930 N man holding a 445 N weight 
bar across his shoulders, given that 37% of body weight is distributed 
above the disc? (Answer: 1183.7 N acts on the nucleus pulposus; 394.5 
N acts on the annulus fi brosus.)

 8. Estimate the volume of your own body. Construct a table that 
shows the approximate body dimensions you used in formulat-
ing your estimate.

 9. Given the mass or weight and the volume of each of the following 
objects, rank them in the order of their densities.

 10. Two muscles develop tension simultaneously on opposite sides of a joint. 
Muscle A, attaching 3 cm from the axis of rotation at the joint, exerts 250 
N of force. Muscle B, attaching 2.5 cm from the joint axis, exerts 260 N of 
force. How much torque is created at the joint by each muscle? What is 
the net torque created at the joint? In which direction will motion at the 
joint occur? (Answer: A, 7.5 N-m; B, 6.5 N-m; net torque equals 1 N-m in 
the direction of A)

OBJECT WEIGHT OR MASS VOLUME

A 50 kg 15.00 in3

B 90 lb 12.00 cm3

C 3 slugs 1.50 ft3

D 450 N 0.14 m3

E 45 kg 30.00 cm3



NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Use a ruler to measure the dimensions of the sole of one of your shoes in centimeters. Being as ac-
curate as possible, calculate an estimate of the surface area of the sole. (If a planimeter is available, 
use it to more accurately assess surface area by tracing around the perimeter of the sole.) Knowing 
your own body weight, calculate the amount of pressure exerted over the sole of one shoe. How much 
change in pressure would result if your body weight changed by 22 N (5 lb)?

Surface area calculation:

Surface area:  ___________________________________________________________________________________

Body weight:  ___________________________________________________________________________________

Pressure calculation:

Pressure:  ______________________________________________________________________________________

Pressure calculation with 22 N (5 lb) change in body weight:

Pressure:  ______________________________________________________________________________________

 2. Place a large container fi lled three-quarters full of water on a scale and record its weight. To assess 
the volume of an object of interest, completely submerge the object in the container, holding it just 
below the surface of the water. Record the change in weight on the scale. Remove the object from the 
container. Carefully pour water from the container into a measuring cup until the container weighs 
its original weight less the change in weight recorded. The volume of water in the measuring cup 
is the volume of the submerged object. (Be sure to use correct units when recording your measured 
values.)

Weight of container of water:  ____________________________________________________________________

Change in weight with object submerged:  _________________________________________________________

Volume of object:  _______________________________________________________________________________
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 3. Secure one end of a pencil by fi rmly clamping it in a vise. Grip the other end of the pencil with an 
adjustable wrench and slowly apply a bending load to the pencil until it begins to break. Observe the 
nature of the break.

On which side of the pencil did the break begin? ___________________________________________________

Is the pencil stronger in resisting compression or tension? __________________________________________

Repeat the exercise using another pencil and applying a torsional (twisting) load. What does the nature 
of the initial break indicate about the distribution of shear stress within the pencil?

 4. Experiment with pushing open a door by applying force with one fi nger. Apply force at distances of 
10 cm, 20 cm, 30 cm, and 40 cm from the hinges. Write a brief paragraph explaining at which force 
application distance it is easiest/hardest to open the door.

 5. Stand on a bathroom scale and perform a vertical jump as a partner carefully observes the pattern of 
change in weight registered on the scale. Repeat the jump several times, as needed for your partner 
to determine the pattern. Trade positions and observe the pattern of weight change as your partner 
performs a jump. In consultation with your partner, sketch a graph of the change in exerted force 
(vertical axis) across time (horizontal axis) during the performance of a vertical jump.

What does the area under the curve represent?  ____________________________________________________
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K E Y  T E R M S

acute loading application of a single force of suffi cient magnitude to cause injury to a biological tissue

axial directed along the longitudinal axis of a body

bending asymmetric loading that produces tension on one side of a body’s longitudinal axis and 
compression on the other side
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center of gravity point around which a body’s weight is equally balanced, no matter how the body is 
positioned

combined loading simultaneous action of more than one of the pure forms of loading

compression pressing or squeezing force directed axially through a body

deformation change in shape

density mass per unit of volume

failure loss of mechanical continuity

force push or pull; the product of mass and acceleration

free body diagram sketch that shows a defi ned system in isolation with all of the force vectors acting on the 
system

impulse product of force and the time over which the force acts

inertia tendency of a body to resist a change in its state of motion

mass quantity of matter contained in an object

myoelectric activity electric current or voltage produced by a muscle developing tension

net force resultant force derived from the composition of two or more forces

pressure force per unit of area over which a force acts

repetitive loading repeated application of a subacute load that is usually of relatively low magnitude

resultant single vector that results from vector composition

scalar physical quantity that is completely described by its magnitude

shear force directed parallel to a surface

specifi c weight weight per unit of volume

stress distribution of force within a body, quantifi ed as force divided by the area over which the 
force acts

tension pulling or stretching force directed axially through a body

torque rotary effect of a force

torsion load-producing twisting of a body around its longitudinal axis

transducers devices that detect signals

vector physical quantity that possesses both magnitude and direction

vector composition process of determining a single vector from two or more vectors by vector addition

vector resolution operation that replaces a single vector with two perpendicular vectors such that the vector 
composition of the two perpendicular vectors yields the original vector

volume space occupied by a body

weight attractive force that the earth exerts on a body

yield point (elastic limit) point on the load deformation curve past which deformation is permanent



C H A P T E R

4The Biomechanics of 
Human Bone Growth 
and Development

After completing this chapter, you will be able to:

Explain how the material constituents and structural organization of bone affect 
its ability to withstand mechanical loads.

Describe the processes involved in the normal growth and maturation of bone.

Describe the effects of exercise and of weightlessness on bone mineralization.

Explain the signifi cance of osteoporosis and discuss current theories on its 
prevention.

Explain the relationship between different forms of mechanical loading and 
common bone injuries.
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W hat determines when a bone stops growing? How are stress frac-
tures caused? Why does space travel cause reduced bone mineral 

density in astronauts? What is osteoporosis and how can it be prevented?
The word bone typically conjures up a mental image of a dead bone—a 

dry, brittle chunk of mineral that a dog would enjoy chewing. Given this 
picture, it is diffi cult to realize that living bone is an extremely dynamic 
tissue that is continually modeled and remodeled by the forces acting on 
it. Bone fulfi lls two important mechanical functions for human beings: (a) 
It provides a rigid skeletal framework that supports and protects other 
body tissues, and (b) it forms a system of rigid levers that can be moved 
by forces from the attaching muscles (see Chapter 12). This chapter dis-
cusses the biomechanical aspects of bone composition and structure, bone 
growth and development, bone response to stress, osteoporosis, and com-
mon bone injuries.

COMPOSITION AND STRUCTURE 
OF BONE TISSUE

The material constituents and structural organization of bone infl uence 
the ways in which bone responds to mechanical loading. The composition 
and structure of bone yield a material that is strong for its relatively light 
weight.

Material Constituents

The major building blocks of bone are calcium carbonate, calcium phos-
phate, collagen, and water. The relative percentages of these materials 
vary with the age and health of the bone. Calcium carbonate and calcium 
phosphate generally constitute approximately 60–70% of dry bone weight. 
These minerals give bone its stiffness and are the primary determiners of 
its compressive strength. Other minerals, including magnesium, sodium, 
and fl uoride, also have vital structural and metabolic roles in bone growth 
and development. Collagen is a protein that provides bone with fl exibility 
and contributes to its tensile strength.

The water content of bone makes up approximately 25–30% of total 
bone weight. The water present in bone tissue is an important contributor 
to bone strength. For this reason, scientists and engineers studying the 
material properties of different types of bone tissue must ensure that the 
bone specimens they are testing do not become dehydrated. The fl ow of 
water through bones also carries nutrients to and waste products away 
from the living bone cells within the mineralized matrix. In addition, wa-
ter transports mineral ions to and from bone for storage and subsequent 
use by the body tissues when needed.

Structural Organization

The relative percentage of bone mineralization varies not only with 
the age of the individual but also with the specifi c bone in the body. 
Some bones are more porous than others. The more porous the bone, the 
smaller the proportion of calcium phosphate and calcium carbonate, 
and the greater the proportion of nonmineralized tissue. Bone tissue 
has been classifi ed into two categories based on porosity (Figure 4-1). 
If the porosity is low, with 5–30% of bone volume occupied by nonmin-
eralized tissue, the tissue is termed cortical bone. Bone tissue with a 
relatively high porosity, with 30% to greater than 90% of bone volume 
occupied by nonmineralized tissue, is known as spongy, cancellous, or 

lever
a relatively rigid object that may be 
made to rotate about an axis by the 
application of force

stiffness
ratio of stress to strain in a loaded 
material—that is, the stress divided 
by the relative amount of change in 
the structure’s shape

compressive strength
ability to resist pressing or squeezing 
force

tensile strength
ability to resist pulling or stretching 
force

•Collagen resists tension and 
provides fl exibility to bone.

porous
containing pores or cavities

cortical bone
compact mineralized connective 
tissue with low porosity that is found 
in the shafts of long bones
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trabecular bone. Trabecular bone has a honeycomb structure with min-
eralized vertical and horizontal bars, called trabeculae, forming cells 
fi lled with marrow and fat.

The porosity of bone is of interest because it directly affects the me-
chanical characteristics of the tissue. With its higher mineral content, 
cortical bone is stiffer, so that it can withstand greater stress, but less 
strain or relative deformation, than trabecular bone. Because trabecular 
bone is spongier than cortical bone, it can undergo more strain before 
fracturing.

The function of a given bone determines its structure. The shafts of 
the long bones are composed of strong cortical bone. The relatively high 

FIGURE 4-1

Structures of cortical and 
trabecular bone.

Trabecular
bone

Trabecular
bone

Epiphyseal
plate

Epiphyseal
plate

Endosteum

Periosteum

Cortical
bone

Cortical
bone

Marrow

Nutrient
artery

Medullary
cavity

Distal
epiphysis

Diaphysis

Proximal
epiphysis

trabecular bone
less compact mineralized connective 
tissue with high porosity that is found 
in the ends of long bones and in the 
vertebrae

strain
amount of deformation divided by 
the original length of the structure or 
by the original angular orientation of 
the structure

(A) In the femur, trabecular bone is encased by a thin layer of cortical bone. 
(B) In the skull, trabecular bone is sandwiched between plates of cortical bone. 
From Shier, Butler, and Lewis. Hole’s Human Anatomy and Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill Companies, Inc.
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 trabecular bone content of the vertebrae contributes to their shock- 
absorbing capability.

Both cortical and trabecular bone are anisotropic; that is, they exhibit 
different strength and stiffness in response to forces applied from dif-
ferent directions. Bone is strongest in resisting compressive stress and 
weakest in resisting shear stress (Figure 4-2).

Types of Bones

The structures and shapes of the 206 bones of the human body enable 
them to fulfi ll specifi c functions. The skeletal system is nominally subdi-
vided into the central or axial skeleton and the peripheral or appendicu-
lar skeleton (Figure 4-3). The axial skeleton includes the bones that form 
the axis of the body, which are the skull, the vertebrae, the sternum, and 
the ribs. The other bones form the body appendages, or the appendicular 
skeleton. Bones are also categorized according to their general shapes 
and functions.

Short bones, which are approximately cubical, include only the carpals 
and the tarsals (Figure 4-4). These bones provide limited gliding motions 
and serve as shock absorbers.

Flat bones are also described by their name (Figure 4-4). These bones 
protect underlying organs and soft tissues and also provide large areas 
for muscle and ligament attachments. The fl at bones include the scapu-
lae, sternum, ribs, patellae, and some of the bones of the skull.

Irregular bones have different shapes to fulfi ll special functions in 
the human body (Figure 4-4). For example, the vertebrae provide a 
bony, protective tunnel for the spinal cord; offer several processes for 
muscle and ligament attachments; and support the weight of the su-
perior body parts while enabling movement of the trunk in all three 
cardinal planes. The sacrum, coccyx, and maxilla are other examples of 
irregular bones.

Long bones form the framework of the appendicular skeleton (Figure 
4-4). They consist of a long, roughly cylindrical shaft (also called the body, 
or diaphysis) of cortical bone, with bulbous ends known as condyles, tu-
bercles, or tuberosities. A self-lubricating articular cartilage protects the 
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FIGURE 4-2

Relative bone strength 
in resisting compression, 
tension, and shear.

•Because cortical bone is stiffer 
than trabecular bone, it can 
withstand greater stress but less 
strain.
anisotropic
exhibiting different mechanical 
properties in response to loads from 
different directions

•Bone is strongest in resisting 
compression and weakest in 
resisting shear.

axial skeleton
the skull, vertebrae, sternum, and ribs

appendicular skeleton
bones composing the body 
appendages

short bones
small, cubical skeletal structures, 
including the carpals and tarsals

fl at bones
skeletal structures that are largely 
fl at in shape—for example, the 
scapula

irregular bones
skeletal structures of irregular 
shape—for example, the sacrum

long bones
skeletal structures consisting of a 
long shaft with bulbous ends —for 
example, the femur

articular cartilage
protective layer of fi rm, fl exible 
connective tissue over the articulating 
ends of long bones
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ends of long bones from wear at points of contact with other bones. Long 
bones also contain a central hollow area known as the medullary cavity 
or canal.

The long bones are adapted in size and weight for specifi c biomechani-
cal functions. The tibia and femur are large and massive to support the 
weight of the body. The long bones of the upper extremity, including the 
humerus, radius, and ulna, are smaller and lighter to promote ease of 
movement. Other long bones include the clavicle, fi bula, metatarsals, 
metacarpals, and phalanges.

FIGURE 4-3  The human skeleton.
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BONE GROWTH AND DEVELOPMENT

Bone growth begins early in fetal development, and living bone is contin-
ually changing in composition and structure during the life span. Many of 
these changes represent normal growth and maturation of bone.

Longitudinal Growth

Longitudinal growth of a bone occurs at the epiphyses, or epiphyseal 
plates (Figure 4-5). The epiphyses are cartilaginous discs found near 
the ends of the long bones. The diaphysis (central) side of each epiphysis 

A

B

C

D

FIGURE 4-4

A. The carpals are categorized 
as short bones. B. The scapula 
is categorized as a fl at 
bone. C. The vertebrae are 
examples of irregular bones. 
D. The femur represents the 
long bones.

•Most epiphyses close around 
age 18, although some may be 
present until about age 25.

epiphysis
growth center of a bone that 
produces new bone tissue as part 
of the normal growth process until 
it closes during adolescence or early 
adulthood
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 continually produces new bone cells. During or shortly following adoles-
cence, the plate disappears and the bone fuses, terminating longitudi-
nal growth. Most epiphyses close around age 18, although some may be 
 present until about age 25.

Circumferential Growth

Long bones grow in diameter throughout most of the life span, although 
the most rapid bone growth occurs before adulthood. The internal layer 
of the periosteum builds concentric layers of new bone tissue on top of 
existing ones. At the same time, bone is resorbed or eliminated around the 
circumference of the medullary cavity, so that the diameter of the cavity is 
continually enlarged. This occurs in such a way that both bending stress-
es and torsional stresses on the bones remain relatively constant (65).

These changes in bone size and shape are the work of specialized cells 
called osteoblasts and osteoclasts, which respectively form and resorb 
bone tissue. In healthy adult bone, the activity of osteoblasts and osteo-
clasts is largely balanced.

Adult Bone Development

There is a progressive loss of collagen and increase in bone brittleness 
with aging. Thus, the bones of children are more pliable than the bones 
of adults.

Bone mineral normally accumulates throughout childhood and adoles-
cence, reaching a peak at about age 25–28 in women and age 30–35 in men 
(55). Following this peak, researchers disagree as to the length of time 
that bone density remains constant (62). However, an age-related, progres-
sive decline in bone density and bone strength in both men and women 
may begin as soon as the early twenties (46). This involves a progres-
sive diminishment in the mechanical properties and general toughness of 
bone, with increasing loss of bone substance and increasing porosity (15). 
Trabecular bone is particularly affected, with progressive disconnection 
and disintegration of trabeculae compromising the integrity of the bone’s 
structure and seriously diminishing bone strength (41).

These changes are much more pronounced in women than in men, 
however. In women, there is a notable decrease in both volume and den-
sity of cortical bone, and a decrease in the density of trabecular bone 

FIGURE 4-5

Epiphyseal plates are the 
sites of longitudinal growth 
in immature bone. From Shier, 
Butler, and Lewis. Hole’s Human 
Anatomy and Physiology, © 1996. 
Reprinted by permission of The 
McGraw-Hill Companies, Inc.

periosteum
double-layered membrane covering 
bone; muscle tendons attach to the 
outside layer, and the internal layer is 
a site of osteoblast activity

osteoblasts
specialized bone cells that build new 
bone tissue

osteoclasts
specialized bone cells that resorb 
bone tissue
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with aging (67). Approximately 0.5–1.0% of bone mass is lost each year, 
until women reach about age 50 or menopause (62). Following menopause, 
there appears to be an increased rate of bone loss, with values as high as 
6.5% per year reported during the fi rst fi ve to eight years (36). Although 
similar changes occur in men, they do not become signifi cant before a 
more advanced age. Women at all ages tend to have smaller bones and 
less cortical bone area than do men (65), although volumetric bone min-
eral density is similar for both genders (69).

BONE RESPONSE TO STRESS

Other changes that occur in living bone throughout the life span are un-
related to normal growth and development. Bone responds dynamically 
to the presence or absence of different forces with changes in size, shape, 
and density. This phenomenon was originally described by the German 
scientist Julius Wolff in 1892:

The form of a bone being given, the bone elements place or displace them-
selves in the direction of functional forces and increase or decrease their 
mass to refl ect the amount of the functional forces (79).

Bone Modeling and Remodeling

According to Wolff ’s law, the densities and, to a much lesser extent, the 
shapes and sizes of the bones of a given human being are a function of 
the magnitude and direction of the mechanical stresses that act on the 
bones. Dynamic mechanical loading causes bones to deform or strain, with 
larger loads producing higher levels of strain. These strains are translated 
into changes in bone shape and strength through a process known as 

•Wolff ’s law indicates that bone 
strength increases and decreases 
as the functional forces on the 
bone increase and decrease.
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The structure of a long bone. 
From Shier, Butler, and Lewis, 
Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.
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 remodeling. Remodeling involves resorption of fatigue-damaged older 
bone and subsequent formation of new bone (43). Bone modeling is the 
term given to formation of new bone that is not preceded by resorption, 
and is the process by which immature bones grow. 

Adult bones gain or lose mass in accordance with Wolff ’s law. When 
strain on a bone exceeds a certain threshold, new bone is laid down at 
the strain sites, and overall bone mass and density are increased. When 
strain magnitudes stay below a lower threshold, bone remodeling occurs, 
with bone removed close to the marrow (18). Strain magnitudes in be-
tween these two thresholds occur in what is termed the “lazy zone” and 
do not trigger bone adaptation (73). Remodeling can occur in either “con-
servation mode,” with no change in bone mass, or “disuse mode,” with a 
net loss of bone mass characterized by an enlarged marrow cavity and 
thinned cortex (18). Bone is a very dynamic tissue, with the modeling 
and remodeling processes continuously acting to increase, decrease, or 
reshape bone.

The modeling and remodeling processes are directed by osteocytes, 
cells embedded in bone that are sensitive to changes in the fl ow of in-
terstitial fl uid through the pores resulting from strain on the bone (68). 
Dynamic loading resulting from high-level impact produces a high rate 
of deformation that best pushes fl uid through the bone matrix (61). It is 
for this reason that activities involving high levels of impact are best at 
stimulating bone formation. In response to the motion of fl uid within the 
bone matrix, osteocytes trigger the actions of osteoblasts and osteoclasts, 
the cells that respectively form and resorb bone (61). A predominance of 
osteoblast activity produces bone modeling, with a net gain in bone mass. 
Bone remodeling involves a balance of osteoblast and osteoclast action 
or a predominance of osteoclast activity, with associated maintenance or 
loss of bone mass. Approximately 25% of the body’s trabecular bone is 
remodeled each year through this process (29). Strains resulting from an 
activity such as walking are suffi cient to provoke bone turnover and new 
bone formation (80). 

Thus, bone mineralization and bone strength in both children and 
adults are a function of stresses producing strains on the skeleton. 
Since body weight provides the most constant mechanical stress to 
bones, bone mineral density generally parallels body weight, with 
heavier individuals having more massive bones. Adults who gain or 
lose weight tend to also gain or lose bone mineral density (17). How-
ever, a given individual’s physical activity profi le, diet, lifestyle, and 
genetics can also dramatically infl uence bone density. Factors such as 
lean body mass, muscle strength, and regular participation in weight-
bearing exercise have been shown to exert stronger infl uences on bone 
density than weight, height, and race (20, 38, 76). Dynamic loading 
during participation in gymnastics has been shown to affect bone size 
and strength more than muscle mass (16). Even in young, nonathletic 
children, bone appears to remodel in response to the presence or ab-
sence of physical activity (31).

The malleability of bone is dramatically exemplifi ed by the case of an 
infant who was born in normal physical condition but missing one tibia, 
the major weight-bearing bone of the lower extremity. After the child was 
walking for a time, X-rays revealed that modeling of the fi bula in the ab-
normal leg had occurred to the extent that it could not be distinguished 
from the tibia of the other leg (1).

Another interesting case is that of a construction worker who had lost 
all but the fi fth fi nger of one hand in a war injury. After 32 years, the 

•The processes causing 
bone remodeling are not fully 
understood and continue to be 
researched by scientists.
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metacarpal and phalanx of the remaining fi nger had been modeled to 
resemble the third fi nger of the other hand (58).

Bone Hypertrophy

Although cases of complete changes in bone shape and size are unusual, 
there are many examples of bone modeling, or bone hypertrophy, in 
response to regular physical activity. The bones of physically active in-
dividuals tend to be denser and therefore more mineralized than those 
of sedentary individuals of the same age and gender. Moreover, the 
results of several studies indicate that occupations and sports particu-
larly stressing a certain limb or region of the body produce accentu-
ated bone hypertrophy in the stressed area. For example, professional 
tennis players display not only muscular hypertrophy in the tennis 
arm but also hypertrophy of that arm’s radius (35). Similar bone hy-
pertrophy has been observed in the dominant humerus of baseball 
players (49).

It also appears that the greater the forces or loads habitually encoun-
tered, the more dramatic the increased mineralization of the bone. In 
one study involving collegiate female athletes in basketball, volleyball, 
soccer, track, and swimming, the athletes participating in high-impact 
sports (basketball and volleyball) were found to have higher bone min-
eral densities and bone formation values than the swimmers (12). In 
another investigation, the bone mineral densities of trained runners and 
cyclists were compared to those of sedentary individuals of the same age 
(65). Compared to the nonexercisers, the runners were found to have in-
creased bone density, although this was not true for the cyclists. Among 
older women, both yard work and weight training have been found to be 
strong predictors for bone density, with jogging, swimming, and calis-
thenics being weak predictors (70). On the whole, the research evidence 
suggests that physical activity involving impact forces is necessary for 
maintaining or increasing bone mass (51). Competitive swimmers, who 
spend a lot of time in the water where the buoyant force counteracts 
gravity, may have bone mineral densities lower than those of sedentary 
individuals (56).

Bone Atrophy

Whereas bone hypertrophies in response to increased mechanical stress, 
it displays the opposite response to reduced stress. When the normal 
stresses exerted on bone by muscle contractions, weight bearing, or 
impact forces are reduced, bone tissue atrophies through remodeling. 
When bone atrophy occurs, the amount of calcium contained in the bone 
diminishes, and both the weight and the strength of the bone decrease. 
Loss of bone mass due to reduced mechanical stress has been found 
in bedridden patients, sedentary senior citizens, and astronauts. Four 
to six weeks of bed rest can result in signifi cant decrements in bone 
mineral density that are not fully reversed after six months of normal 
weight-bearing activity (5).

Bone demineralization is a potentially serious problem. From a biome-
chanical standpoint, as bone mass diminishes, strength and thus resis-
tance to fracture also decrease, particularly in trabecular bone.

The results of calcium loss studies conducted during the Skylab 
fl ights indicate that urinary calcium loss is related to time spent out 
of the earth’s gravitational fi eld. The pattern of bone loss observed is 
highly similar to that documented among patients during periods of 
bed rest, with greater bone loss in the weight-bearing bones of the 

bone hypertrophy
increase in bone mass resulting from 
a predominance of osteoblast activity

bone atrophy
decrease in bone mass resulting from 
a predominance of osteoclast activity
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 lumbar spine and lower extremity than in other parts of the skeleton 
(64). During one month in space, astronauts lose 1–3% of bone mass, or 
approximately as much bone mass as postmenopausal women lose in a 
year (8, 23).

It is not yet clear what specifi c mechanism or mechanisms are re-
sponsible for bone loss outside of the gravitational fi eld. Research has 
consistently documented a negative calcium balance in astronauts and 
experimental animals during space fl ight, with reduced intestinal ab-
sorption of calcium and increased excretion of calcium (71). It is not 
known, however, whether this is caused by an increase in bone remod-
eling, a decrease in bone remodeling, or an imbalance between osteo-
blast and osteoclast activity (71). It appears that the normal balance 
between formation and resorption of bone becomes disturbed, with an 
initial increase in osteoclast activity followed by a prolonged decrease 
in osteoblast activity (40). One hypothesis is that these changes in bone 
remodeling are precipitated by changes in bone blood fl ow related to 
being outside of the gravitational fi eld (10). More research on this topic 
is clearly needed.

It remains to be seen if measures other than the artifi cial creation 
of gravity can effectively prevent bone loss during space travel. Astro-
nauts’ current exercise programs during fl ights in space are designed to 
prevent bone loss by increasing the mechanical stress and strain placed 

Loss of bone mass during 
periods of time spent outside 
of the earth’s gravitational 
fi eld is a problem for 
astronauts. Photo courtesy of 
NASA. 
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on bones using muscular force. However, the muscles of the body exert 
mainly  tensile forces on bone, whereas gravity provides a compressive 
force. Therefore, it may be that no amount of physical exercise alone can 
completely compensate for the absence of gravitational force.

Recent research shows that resistive exercise combined with whole- 
body vibration may be an effective countermeasure for preventing muscle 
atrophy and bone loss during space fl ight (57). Researchers hypothesize 
that low-amplitude, high-frequency vibration stimulates muscle spindles 
and alpha-motoneurons (see Chapter 6), which initiate muscle contrac-
tion (34, 53). The effects of several months’ intervention treatment with 
whole-body vibration appear to include improved bone mineral density 
resulting from increased bone deposition coupled with decreased bone re-
sorption, with bone density particularly improved in the femur and tibia 
(30, 45). 

Since joints support the body weight positioned above them, the mag-
nitude of skeletal loading varies from joint to joint during both resistance 
exercise and vibration. Sample Problem 4.1 illustrates this point.

OSTEOPOROSIS

Bone atrophy is a problem not only for astronauts and bedridden pa-
tients but also for a growing number of senior citizens and female ath-
letes. Osteoporosis is found in most elderly individuals, with earlier 
onset in women, and is becoming increasingly prevalent with the in-
creasing mean age of the population (37). The condition begins as osteo-
penia, reduced bone mass without the presence of a fracture, but often 
progresses to osteoporosis, a condition in which bone mineral mass and 
strength are so severely compromised that daily activities can cause 
bone pain and fracturing (50).

S A M P L E  P R O B L E M  4 . 1

The tibia is the major weight-bearing bone in the lower extremity. If 88% 
of body mass is proximal to the knee joint, how much compressive force 
acts on each tibia when a 600 N person stands in anatomical position? 
How much compressive force acts on each tibia if the person holds a 20 N 
sack of groceries?

Solution
Given: wt 5 600 N
(It may be deduced that weight 5 compressive force, Fc.)

Formula: Fc on knees 5 (600 N) (0.88)

 Fc on one knee 5
1600 N2 10.882

2
 Fc on one knee 5 264 N

 Fc with groceries 5 
1600 N2 10.882 1 20 N

2
 Fc with groceries 5 274 N

osteoporosis
disorder involving decreased bone 
mass and strength with one or more 
resulting fractures

osteopenia
condition of reduced bone mineral 
density that predisposes the 
individual to fractures
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Postmenopausal and Age-Associated Osteoporosis

The majority of those affected by osteoporosis are postmenopausal and el-
derly women, although elderly men are also susceptible, with more than 
half of all women and about one-third of men developing fractures related 
to osteoporosis (32). Although it was once regarded as primarily a health 
concern for women, with the increasing age of the population, osteoporosis 
is now also emerging as a serious health-related concern for men (69). Risk 
factors for osteoporosis include being female, white or Asian ethnicity, older 
age, small stature or frame size, and family history of osteoporosis (32).

Type I osteoporosis, or postmenopausal osteoporosis, affects approxi-
mately 40% of women after age 50 (39). The fi rst osteoporotic fractures 
usually begin to occur about 15 years postmenopause, with women suf-
fering approximately three times as many femoral neck fractures, three 
times as many vertebral fractures, and six times as many wrist fractures 
as men of the same age (39).

This discrepancy occurs partially because men reach a higher peak of 
bone mass and strength than women in early adulthood, and partially be-
cause of a greater prevalence of disconnections in the trabecular network 
among postmenopausal women than among men (47).

Type II osteoporosis, or age-associated osteoporosis, affects most women 
and also affects men after age 70 (69). After age 60, about 90% of all frac-
tures in both men and women are osteoporosis-related, and these fractures 
are one of the leading causes of death in the elderly population (50).

Although the radius and ulna, femoral neck, and spine are all common 
sites of osteoporotic fractures, the most common symptom of osteoporosis 
is back pain derived from fractures of the weakened trabecular bone of the 
vertebral bodies. Crush fractures of the lumbar vertebrae resulting from 
compressive loads created by weight bearing during activities of daily liv-
ing frequently cause reduction of body height. Because most body weight 
is anterior to the spine, the resulting fractures often leave the vertebral 
bodies wedge-shaped, accentuating thoracic kyphosis (see Chapter 9). This 
 disabling deformity is known as dowager’s hump. Vertebral compression 
fractures are extremely painful and debilitating and affect physical, func-
tional, and psychosocial aspects of the person’s life. As spinal height is lost, 
there is added discomfort from the rib cage pressing on the pelvis.

As the skeleton ages in men, there is an increase in vertebral diam-
eter that serves to reduce compressive stress during weight bearing (47). 
Thus, although osteoporotic changes may be taking place, the structural 
strength of the vertebrae is not reduced. Why the same compensatory 
change does not occur in women is unknown.

Female Athlete Triad

The desire to excel at competitive sports causes some young female 
athletes to strive to achieve an undesirably low body weight. This dan-
gerous practice commonly involves a combination of disordered eat-
ing, amenorrhea, and osteoporosis, a combination that has come to be 
known as the “female athlete triad.” This condition often goes unrecog-
nized, but because the triad can result in negative consequences ranging 
from irreversible bone loss to death, friends, parents, coaches, and physi-
cians need to be alert to the signs and symptoms.

As many as 62% of female athletes in certain sports display disordered 
eating behaviors, with those participating in endurance or artistic sports 
such as gymnastics and fi gure skating most likely to be involved (48). Pro-
longed disordered eating can lead to anorexia nervosa or bulimia nervosa, 
illnesses that affect 1–10% of all adolescent and college-age women (22). 

•Painful, deforming, and 
debilitating crush fractures of the 
vertebrae are the most common 
symptom of osteoporosis.

amenorrhea
cessation of menses

•Disordered eating, amenorrhea, 
and osteoporosis constitute a 
dangerous and potentially lethal 
triad for young female athletes.

•Osteoporosis is a serious 
health problem for most elderly 
individuals, with women affected 
more dramatically than men.
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Symptoms of anorexia nervosa in girls and women include body weight 15% 
or more below minimal normal weight for age and height, an intense fear of 
gaining weight, a disturbed body image, and amenorrhea. Symptoms of bu-
limia nervosa are a minimum of two eating binges a week for at least three 
months, a feeling of lack of control during binges, regular use of self-induced 
vomiting, laxatives, diuretics, strict dieting, or exercise to prevent weight 
gain, and excessive concern with body image and weight (22). Disordered 
eating behavior has been found to be strongly associated with both men-
strual irregularity and low bone mineral density (9).

The relationship between disordered eating and amenorrhea appears 
to be related to a decrease in hypothalamus secretion of gonadotrophin-
releasing hormone, which in turn decreases the secretion of luteinizing 
hormone and follicle-stimulating hormone, with subsequent shutting 
down of stimulation of the ovary (75). The prevalence of primary amenor-
rhea, with menarche delayed beyond 16 years of age, is less than 1% in 
the general population, but as high as 22% in sports such as cheerleading, 
diving, and gymnastics (48). Secondary amenorrhea, or the absence of 
three to six consecutive menstrual cycles, has been found to be present in 
69% of dancers and 65% of long distance runners, as compared to 2–5% in 
the general population (48). 

The link between cessation of menses and osteoporosis is estrogen 
defi ciency, which increases bone resorption. Energy defi ciency resulting 
from disordered eating is also likely to independently contribute to altered 
bone metabolism and reduced bone density (14). Although the incidence 
of osteoporosis among female athletes is unknown, the consequences of 
this disorder in young women are potentially tragic. Among one group 
of over 200 premenopausal female runners, those with amenorrhea had 
10% less lumbar bone density than those with normal menses (25). This is 
of particular concern for adolescent athletes, because roughly 50% of bone 
mineralization and 15% of adult height are normally established during 
the teenage years (2). Not surprisingly, amenorrheic premenopausal female 
athletes have a high rate of stress fractures, with more fractures related to 
later onset of menarche (48). Moreover, the loss of bone that occurs may be 
irreversible, and osteoporotic wedge fractures can ruin posture for life.

Preventing and Treating Osteoporosis

Osteoporosis is neither a disease with acute onset nor an inevitable ac-
companiment of aging, but is the result of a lifetime of habits that are ero-
sive to the skeletal system. Early detection of low bone mineral density 
is advantageous, because once osteoporotic fractures begin to occur, there 
has been irreversible loss of trabecular structure (60). Although proper 
diet, hormone levels, and exercise can work to increase bone mass at any 
stage in life, evidence suggests that it is easier to prevent osteoporosis than 
it is to treat it. The single most important factor for preventing or prolong-
ing the onset of osteoporosis is the optimization of peak bone mass during 
childhood and adolescence (6, 9, 24, 32, 50, 74). Researchers hypothesize 
that weight-bearing exercise is particularly crucial during the prepubertal 
years, because the presence of high levels of growth hormone may act with 
exercise in a synergistic fashion to increase bone density (3, 6, 22, 33, 36). 
Activities involving osteogenic impact forces, such as jumping, have been 
shown to be effective in increasing bone mass in children (19).

Weight-bearing physical activity is necessary for maintaining skeletal 
integrity in both humans and animals. Importantly, studies show that a 
regular program of weight-bearing exercise, such as walking, can increase 
bone health and strength even among individuals with osteoporosis. 

•Anorexia nervosa and bulimia 
nervosa are life-threatening 
eating disorders.

Competitive female athletes in 
endurance and appearance-
related sports are particularly 
at risk for developing the 
dangerous female athlete triad. 
Photo courtesy of Royalty-Free/
CORBIS.

•Regular exercise has been 
shown to be effective to some 
extent in mediating age-related 
bone loss.
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 Because impact loading is particularly osteogenic, jumping in place, with 
5–10 sets of 10 jumps done 3–5 times per week, is also recommended 
for maintenance of bone mass (77). Jumps should be performed with 
10–15-second rest intervals between jumps, as this appears to enhance 
fl uid fl ow within the bone matrix and the related stimulation of osteo-
cytes, potentially doubling the effects of mechanical loading on bone 
building (21, 52). In practical terms, a very slow childhood game of hop-
scotch favors bone building over a fast one!

Increased dietary calcium intake exerts a positive infl uence on bone 
mass for women with a dietary defi ciency, with the amount of calcium 
absorbed infl uenced positively by calcitriol (the active form of vitamin D) 
and negatively by dietary fi ber (63). Although adequate dietary calcium 
is particularly important during the teenage years, unfortunately the me-
dian American girl falls below the recommended daily intake of 1200 mg 
per day by age 11 (13). A modifi ed diet or calcium supplementation can 
be critical for the development of peak bone mass among adolescent fe-
males at a dietary defi ciency. The role of vitamin D in enabling absorption 
of calcium by bone is also important, with over half the women receiv-
ing treatment for low bone density in North America having a vitamin 
D defi ciency (26). Clinicians are now recognizing that a predisposition 
for osteoporosis can begin in childhood and adolescence when a poor diet 
interferes with bone mass development (7).

Other lifestyle factors also affect bone mineralization. Known risk fac-
tors for developing osteoporosis include physical inactivity; weight loss 
or excessive thinness; tobacco smoking; defi ciencies in estrogen, calcium, 
and vitamin D; and excessive consumption of protein and caffeine (54, 
62, 72, 78). A study of female twins, one of whom smoked more heavily 
than the other, showed that women who smoke one pack of cigarettes a 
day through adulthood will have a reduction in bone density of 5–10% by 
the time of menopause, which is suffi cient to increase the risk of fracture 
(27). Although caffeine consumption may negatively affect bone mineral 
density among postmenopausal women who consume low amounts of di-
etary calcium, it has been shown not to affect bone mineral density among 
young women (11). Genetic factors also infl uence bone mass but do not 
appear to be as important as diet and exercise.

Recent, detailed studies of bone are increasingly showing that subtleties 
in bone microarchitecture may be more important in determining bone’s 
resistance to fracture than bone mineral density (4, 59). In simple terms, 
bone quality may be more important in some ways than bone quantity. 
However, factors affecting bone structure within and around the trabecu-
lae are currently unknown. Until much more is understood about osteopo-
rosis, young women in particular are encouraged to maximize peak bone 
mass and to minimize its loss by engaging in regular physical activity and 
avoiding the lifestyle factors that negatively affect bone health.

COMMON BONE INJURIES

Because of the important mechanical functions performed by bone, bone 
health is an important part of general health. Bone health can be im-
paired by injuries and pathologies.

Fractures

A fracture is a disruption in the continuity of a bone. The nature of a 
fracture depends on the direction, magnitude, loading rate, and duration 
of the mechanical load sustained, as well as the health and maturity of 

•Estrogen and testosterone 
defi ciencies promote the 
development of osteoporosis.

fracture
disruption in the continuity of a bone
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the bone at the time of injury. Fractures are classifi ed as simple when 
the bone ends remain within the surrounding soft tissues and compound 
when one or both bone ends protrude from the skin. When the loading 
rate is rapid, a fracture is more likely to be comminuted, containing mul-
tiple fragments (Figure 4-6).

Avulsions are fractures caused by tensile loading in which a tendon or 
ligament pulls a small chip of bone away from the rest of the bone. Explo-
sive throwing and jumping movements may result in avulsion fractures 
of the medial epicondyle of the humerus and the calcaneus.

Excessive bending and torsional loads can produce spiral fractures of 
the long bones (Figure 4-6). The simultaneous application of forces from 
opposite directions at different points along a structure such as a long 
bone generates a torque known as a bending moment, which can cause 
bending and ultimately fracture of the bone. A bending moment is cre-
ated on a football player’s leg when the foot is anchored to the ground and 
tacklers apply forces at different points on the leg in opposite directions. 
When bending is present, the structure is loaded in tension on one side 
and in compression on the opposite side, as discussed in Chapter 3. Be-
cause bone is stronger in resisting compression than in resisting tension, 
the side of the bone loaded in tension will fracture fi rst.

Torque applied about the long axis of a structure such as a long bone 
causes torsion, or twisting of the structure. Torsion creates shear stress 
throughout the structure, as explained in Chapter 3. When a skier’s body 
rotates with respect to one boot and ski during a fall, torsional loads can 
cause a spiral fracture of the tibia. In such cases, a combined loading pat-
tern of shear and tension produces failure at an oblique orientation to the 
longitudinal axis of the bone.

Since bone is stronger in resisting compression than in resisting ten-
sion and shear, acute compression fractures of bone (in the absence of 
osteoporosis) are rare. However, under combined loading, a fracture 

FIGURE 4-6

Types of fractures. From Shier, 
Butler, and Lewis. Hole’s Human 
Anatomy and Physiology, © 1996. 
Reprinted by permission of The 
McGraw-Hill Companies, Inc.

A greenstick fracture is
incomplete, and the
break occurs on the
convex surface of the
bend in the bone.

A fissured fracture
involves an incomplete
longitudinal break.

A comminuted fracture
is complete and
fragments the bone.

A transverse fracture is
complete, and the break
occurs at a right angle to 
the axis of the bone.

An oblique fracture
occurs at an angle
other than a right angle
to the axis of the bone.

A spiral fracture is
caused by twisting a
bone excessively.

•Under excessive bending loads, 
bone tends to fracture on the 
side loaded in tension.
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 resulting from a torsional load may also be impacted by the presence of a 
compressive load. An impacted fracture is one in which the opposite sides 
of the fracture are compressed together. Fractures that result in depres-
sion of bone fragments into the underlying tissues are termed depressed.

Since the bones of children contain relatively larger amounts of collagen 
than do adult bones, they are more fl exible and more resistant to fracture 
under day-to-day loading than are adult bones. Consequently, greenstick 
fractures, or incomplete fractures, are more common in children than in 
adults (Figure 4-6). A greenstick fracture is an incomplete fracture caused 
by bending or torsional loads.

Stress fractures, also known as fatigue fractures, result from low- 
magnitude forces sustained on a repeated basis. Any increase in the 
magnitude or frequency of bone loading produces a stress reaction, which 
may involve microdamage. Bone responds to microdamage by remodel-
ing: First, osteoclasts resorb the damaged tissue; then, osteoblasts deposit 
new bone at the site. When there is not time for the repair process to 
complete itself before additional microdamage occurs, the condition can 
progress to a stress fracture. Stress fractures begin as a small disruption 
in the continuity of the outer layers of cortical bone but can worsen over 
time, eventually resulting in complete cortical fracture.

In runners, a group particularly prone to stress fractures, about 50% of 
fractures occur in the tibia and approximately 20% of fractures are in the 
metatarsals, with fractures of the femoral neck and pubis also reported (28, 
44). Increases in training duration or intensity that do not allow enough 
time for bone remodeling to occur are the primary culprits. Other factors 
that predispose runners to stress fractures include muscular fatigue and 
abrupt changes in either the running surface or the running direction (44).

Epiphyseal Injuries

About 10% of acute skeletal injuries in children and adolescents involve 
the epiphysis (42). Epiphyseal injuries include injuries to the cartilaginous 

impacted
pressed together by a compressive 
load

This X-ray shows a stress 
fracture toward the distal end 
of the fi bula. Courtesy: Lester 
Cohn, MD.

stress fracture
fracture resulting from repeated 
loading of relatively low magnitude

stress reaction
progressive bone pathology 
associated with repeated loading
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epiphyseal plate, the articular cartilage, and the apophysis. The apoph-
yses are the sites of tendon attachments to bone, where bone shape is 
infl uenced by the tensile loads to which these sites are subjected. The 
epiphyses of long bones are termed pressure epiphyses and the apophy-
ses are called traction epiphyses, after the types of physiological loading 
present. Both acute and repetitive loading can injure the growth plate, 
potentially resulting in premature closure of the epiphyseal junction and 
termination of bone growth.

Another form of epiphyseal injury, osteochondrosis, involves disruption 
of blood supply to an epiphysis, with associated tissue necrosis and po-
tential deformation of the epiphysis. The cause of the condition is poorly 
understood. Osteochondrosis occurs most commonly between the ages of 3 
and 10 and is more prevalent among boys than among girls (44).

Osteochondrosis of an apophysis, known as apophysitis, is often as-
sociated with traumatic avulsions. Common sites for apophysitis are the 
calcaneus and the tibial tubercle at the site of the patellar tendon attach-
ment, where the disorder is referred to respectively as Sever’s disease and 
Osgood-Schlatter’s disease.

SUMMARY

Bone is an important and dynamic living tissue. Its mechanical functions 
are to support and protect other body tissues and to act as a system of 
rigid levers that can be manipulated by the attached muscles.

Bone’s strength and resistance to fracture depend on its material 
composition and organizational structure. Minerals contribute to a 
bone’s hardness and compressive strength, and collagen provides its 
fl exibility and tensile strength. Cortical bone is stiffer and stronger than 
trabecular bone, whereas trabecular bone has greater shock-absorbing 
capabilities.

Bone is an extremely dynamic tissue that is continually being modeled 
and remodeled in accordance with Wolff ’s law. Although bones grow in 
length only until the epiphyseal plates close at adolescence, bones con-
tinually change in density, and to some extent in size and shape, through 
the actions of osteoblasts and osteoclasts.

Osteoporosis, a disorder characterized by excessive loss of bone mineral 
mass and strength, is extremely prevalent among the elderly. It affects 
women at an earlier age and more severely than men. It is also present 
in an alarming frequency among young, eating-disordered, amenorrheic 
female athletes. Although the cause of osteoporosis remains unknown, 
the condition can often be improved through hormone therapy, avoidance 
of negative lifestyle factors, and a regular exercise program.

INTRODUCTORY PROBLEMS

 1. Explain why the bones of the human body are stronger in resisting 
compression than in resisting tension and shear.

 2. In the human femur, bone tissue is strongest in resisting compressive 
force, approximately half as strong in resisting tensile force, and only 
about one-fi fth as strong in resisting shear force. If a tensile force of 
8000 N is suffi cient to produce a fracture, how much compressive force 
will produce a fracture? How much shear force will produce a fracture? 
(Answer: compressive force 5 16,000 N; shear force 5 3200 N)

 3. Explain why bone density is related to an individual’s body weight.

•Injuries of an epiphyseal plate 
can terminate bone growth early.



 4. Rank the following activities according to their effect on increasing bone 
density: running, backpacking, swimming, cycling, weight lifting, polo, 
tennis. Write a paragraph providing the rationale for your ranking.

 5. Why is bone tissue organized differently (cortical versus trabecular 
bone)?

 6. What kinds of fractures are produced by compression, tension, and 
shear, respectively?

 7. What kinds of fractures are produced only by combined loading? 
(Identify fracture types with their associated causative loadings.)

 8. Approximately 56% of body weight is supported by the fi fth lumbar 
vertebra. How much stress is present on the 22 cm2 surface area of 
that vertebra in an erect 756 N man? (Assume that the vertebral sur-
face is horizontal.) (Answer: 19.2 N/cm2)

 9. In Problem 8, how much total stress is present on the fi fth lumbar 
vertebra if the individual holds a 222 N weight bar balanced across 
his shoulders? (Answer: 29.3 N/cm2)

 10. Why are men less prone than women to vertebral compression 
fractures?

ADDITIONAL PROBLEMS

 1. Hypothesize about the way or ways in which each of the following 
bones is loaded when a person stands in anatomical position. Be as 
specifi c as possible in identifying which parts of the bones are loaded.

 a. Femur
 b. Tibia
 c. Scapula
 d. Humerus
 e. Third lumbar vertebra
 2. Outline a six-week exercise program that might be used with a group 

of osteoporotic elderly persons who are ambulatory.
 3. Speculate about what exercises or other strategies may be employed in 

outer space to prevent the loss of bone mineral density in humans.
 4. Hypothesize as to the ability of bone to resist compression, tension, and 

shear, compared to the same properties in wood, steel, and plastic.
 5. How are the bones of birds and fi sh adapted for their methods of 

transportation?
 6. Why is it important to correct eating disorders?
 7. Hypothesize as to why men are less prone to osteoporosis than are 

women.
 8. When an impact force is absorbed by the foot, the soft tissues at the 

joints act to lessen the amount of force transmitted upward through 
the skeletal system. If a ground reaction force of 1875 N is reduced 
15% by the tissues of the ankle joint and 45% by the tissues of the knee 
joint, how much force is transmitted to the femur? (Answer: 750 N)

 9. How much compression is exerted on the radius at the elbow joint 
when the biceps brachii, oriented at a 30° angle to the radius, exerts 
a tensile force of 200 N? (Answer: 173 N)

 10. If the anterior and posterior deltoids both insert at an angle of 60° on 
the humerus and each muscle produces a force of 100 N, how much 
force is acting perpendicular to the humerus? (Answer: 173.2 N)
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NAME  _________________________________________________________

 DATE  _________________________________________________________ 

LABORATORY EXPERIENCES

 1. Using an anatomical model or the Dynamic Human CD in conjunction with the material in this 
chapter, review the bones of the human skeleton. Select a specifi c bone from each of the four shape 
categories and explain how each bone’s size, shape, and internal structure are suited to its biome-
chanical function.

Short bone: ____________________________________________________________________________________

Relationship of form to function: __________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Flat bone: _____________________________________________________________________________________

Relationship of form to function: __________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Irregular bone: ________________________________________________________________________________

Relationship of form to function: __________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Long bone: ____________________________________________________________________________________

Relationship of form to function: __________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

107



108 BASIC BIOMECHANICS

 2. Select three bones on an anatomical model or on the Dynamic Human CD and study each bone’s 
shape. What do the bone shapes indicate about the probable locations of muscle tendon attachments 
and the directions in which the muscles exert force?

Bone 1: ________________________________________________________________________________________

Description of shape: ____________________________________________________________________________

________________________________________________________________________________________________

Locations of tendon attachments: _________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Directions of muscle forces: ______________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Bone 2: ________________________________________________________________________________________

Description of shape: ____________________________________________________________________________

________________________________________________________________________________________________

Locations of tendon attachments: _________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Directions of muscle forces: ______________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Bone 3: ________________________________________________________________________________________

Description of shape: ____________________________________________________________________________

________________________________________________________________________________________________

Locations of tendon attachments: _________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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Directions of muscle forces: ______________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Review an anatomy text book or the Histology section under The Skeletal System on the Dynamic 
Human CD and compare the microstructure of compact (cortical) and spongy (trabecular) bone. 
Write a paragraph summarizing how the structure of each bone type contributes to its function.

Summary for compact bone: __________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Summary for spongy bone: ____________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 4. Using a paper soda straw as a model of a long bone, progressively apply compression to the straw 
by loading it with weights until it buckles. Using a system of clamps and a pulley, repeat the experi-
ment, progressively loading straws in tension and shear to failure. Record the weight at which each 
straw failed, and write a paragraph discussing your results and relating them to long bones.

Failure weights for compression: _____________________ tension:_______________ shear:________________

Discussion: _____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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 5. Visit some of the websites listed at the end of this chapter, or go to the Clinical Concepts section 
under The Skeletal System on the Dynamic Human CD, and locate a picture and description of a 
surgical repair of a bone injury of interest. Write a paragraph summarizing how the surgical repair 
was performed.

Website: ________________________________________________________________________________________

Bone: __________________________________________________________________________________________

Type of surgical repair: __________________________________________________________________________

Description: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

amenorrhea cessation of menses

anisotropic exhibiting different mechanical properties in response to loads from different directions

appendicular skeleton bones composing the body appendages

articular cartilage protective layer of fi rm, fl exible connective tissue over the articulating ends of long bones

axial skeleton the skull, vertebrae, sternum, and ribs

bone atrophy decrease in bone mass resulting from a predominance of osteoclast activity

bone hypertrophy increase in bone mass resulting from a predominance of osteoblast activity

compressive strength ability to resist pressing or squeezing force

cortical bone compact mineralized connective tissue with low porosity that is found in the shafts of long 
bones

epiphysis growth center of a bone that produces new bone tissue as part of the normal growth pro-
cess until it closes during adolescence or early adulthood

fl at bones skeletal structures that are largely fl at in shape—for example, the scapula

fracture disruption in the continuity of a bone

impacted pressed together by a compressive load

irregular bones skeletal structures of irregular shapes—for example, the sacrum

lever a relatively rigid object that may be made to rotate about an axis by the application of force

long bones skeletal structures consisting of a long shaft with bulbous ends, for example—the femur

osteoblasts specialized bone cells that build new bone tissue

osteoclasts specialized bone cells that resorb bone tissue



116 BASIC BIOMECHANICS

osteopenia condition of reduced bone mineral density that predisposes the individual to fractures

osteoporosis disorder involving decreased bone mass and strength with one or more resulting fractures

periosteum double-layered membrane covering bone; muscle tendons attach to the outside layer, and 
the internal layer is a site of osteoblast activity

porous containing pores or cavities

short bones small, cubical skeletal structures, including the carpals and tarsals

stiffness ratio of stress to strain in a loaded material; that is, the stress divided by the relative amount 
of change in the structure’s shape

strain amount of deformation divided by the original length of the structure or by the original 
angular orientation of the structure

stress fracture fracture resulting from repeated loading of relatively low magnitude

stress reaction progressive bone pathology associated with repeated loading

tensile strength ability to resist pulling or stretching force

trabecular bone less compact mineralized connective tissue with high porosity that is found in the ends of 
long bones and in the vertebrae
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5The Biomechanics 
of Human Skeletal 
Articulations

After completing this chapter, you will be able to:

Categorize joints based on structure and movement capabilities.

Explain the functions of articular cartilage and fi brocartilage.

Describe the material properties of articular connective tissues.

Explain advantages and disadvantages of different approaches to increasing or 
maintaining joint fl exibility.

Describe the biomechanical contributions to common joint injuries and pathologies.
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T he joints of the human body largely govern the directional motion 
capabilities of body segments. The anatomical structure of a given 

joint, such as the uninjured knee, varies little from person to person; 
as do the directions in which the attached body segments, such as the 
thigh and lower leg, are permitted to move at the joint. However, dif-
ferences in the relative tightness or laxity of the surrounding soft tis-
sues result in differences in joint ranges of movement. This chapter 
discusses the biomechanical aspects of joint function, including the con-
cepts of joint stability and joint fl exibility, and related implications for 
injury potential.

JOINT ARCHITECTURE

Anatomists have categorized joints in several ways, based on joint com-
plexity, the number of axes present, joint geometry, or movement capa  bili-
ties (61). Since this book focuses on human movement, a joint classifi cation 
system based on motion capabilities is presented.

Immovable Joints

 1. Synarthroses (immovable) (syn 5 together; arthron 5 joint): These fi -
brous joints can attenuate force (absorb shock) but permit little or no 
movement of the articulating bones.

 a. Sutures: In these joints, the irregularly grooved articulating bone 
sheets mate closely and are tightly connected by fi bers that are 
continuous with the periosteum. The fi bers begin to ossify in early 
adulthood and are eventually replaced completely by bone. The only 
example in the human body is the sutures of the skull.

 b. Syndesmoses (syndesmosis 5 held by bands): In these joints, 
dense fi brous tissue binds the bones together, permitting ex-
tremely limited movement. Examples include the coracoacromial, 
mid-radioulnar, mid-tibiofi bular, and inferior tibiofi bular joints.

Slightly Movable Joints

 2. Amphiarthroses (slightly movable) (amphi 5 on both sides): These car-
tilaginous joints attenuate applied forces and permit more motion of 
the adjacent bones than synarthrodial joints.

 a. Synchondroses (synchondrosis 5 held by cartilage): In these joints, 
the articulating bones are held together by a thin layer of hyaline 
cartilage. Examples include the sternocostal joints and the epiphy-
seal plates (before ossifi cation).

 b. Symphyses: In these joints, thin plates of hyaline cartilage separate 
a disc of fi brocartilage from the bones. Examples include the verte-
bral joints and the pubic symphysis.

Parietal
bone

Suture

Occipital
bone

Sutures between the 
occipital and parietal 
bones of the skull 
represent synarthroses 
(immovable joints). From 
Shier, Butler, and Lewis. 
Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted 
by permission of The McGraw-
Hill Companies, Inc.

Note the hyaline cartilage disc 
separating the bones of the 
pubic symphysis, typical of 
a symphysis joint. Courtesy of 
McGraw-Hill Companies, Inc.

The sternocostal joints are 
examples of synchondroses, 
wherein the articulating bones 
are joined by a thin layer of 
hyaline cartilage. Courtesy of 
McGraw-Hill Companies, Inc.

The mid-radioulnar joint is 
an example of a syndesmosis, 
where fi brous tissue binds 
the bones together. Courtesy of 
McGraw-Hill Companies, Inc.
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Freely Movable Joints

 3. Diarthroses or synovial (freely movable) (diarthrosis 5 “through 
joint,” indicating only slight limitations to movement capability): At 
these joints, the articulating bone surfaces are covered with articular 
cartilage, an articular capsule surrounds the joint, and a synovial 
membrane lining the interior of the joint capsule secretes a lubricant 
known as synovial fl uid (Figure 5-1). There are many types of syno-
vial joints.

 a. Gliding (plane; arthrodial): In these joints, the articulating bone 
surfaces are nearly fl at, and the only movement permitted is nonax-
ial gliding. Examples include the intermetatarsal, intercarpal, and 
intertarsal joints, and the facet joints of the vertebrae.

 b. Hinge (ginglymus): One articulating bone surface is convex and the 
other is concave in these joints. Strong collateral ligaments restrict 
movement to a planar, hingelike motion. Examples include the ul-
nohumeral and interphalangeal joints.

 c. Pivot (screw; trochoid): In these joints, rotation is permitted around 
one axis. Examples include the atlantoaxial joint and the proximal 
and distal radioulnar joints.

 d. Condyloid (ovoid; ellipsoidal): One articulating bone surface is an 
ovular convex shape, and the other is a reciprocally shaped concave 
surface in these joints. Flexion, extension, abduction, adduction, and 
circumduction are permitted. Examples include the second through 
fi fth metacarpophalangeal joints and the radiocarpal joints.

 e. Saddle (sellar): The articulating bone surfaces are both shaped like 
the seat of a riding saddle in these joints. Movement capability is 
the same as that of the condyloid joint, but greater range of move-
ment is allowed. An example is the carpometacarpal joint of the 
thumb.

 f. Ball and socket (spheroidal): In these joints, the surfaces of the ar-
ticulating bones are reciprocally convex and concave. Rotation in all 
three planes of movement is permitted. Examples include the hip 
and shoulder joints.

Articular
capsule

Synovial 
cavity 

Femur
Synovial
membrane

Suprapatellar
bursa

Patella

Prepatellar
bursa

Subpatellar
fat

Articular
cartilages

Menisci

Infrapatellar
bursa

Subchondrial
plate

Tibia

FIGURE 5-1

The knee is an example 
of a synovial joint, with a 
ligamentous capsule, an 
articular cavity, and articular 
cartilage. From Shier, Butler, and 
Lewis, Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.

articular cartilage
protective layer of dense white 
connective tissue covering the 
articulating bone surfaces at 
diarthrodial joints

articular capsule
double-layered membrane that 
surrounds every synovial joint

synovial fl uid
clear, slightly yellow liquid that 
provides lubrication inside the 
articular capsule at synovial joints
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Synovial joints vary widely in structure and movement capabilities, 
as shown in Figure 5-2. They are commonly categorized according to the 
number of axes of rotation present. Joints that allow motion around one, 
two, and three axes of rotation are referred to respectively as uniaxial, 
 biaxial, and triaxial joints. A few joints where only limited motion is per-
mitted in any direction are termed nonaxial joints. Joint motion capabili-
ties are also sometimes described in terms of degrees of freedom (df ), or 
the number of planes in which the joint allows motion. A uniaxial joint 
has one df, a biaxial joint has two df, and a triaxial joint has three df.

Two synovial structures often associated with diarthrodial joints are 
bursae and tendon sheaths. Bursae are small capsules, lined with syno-
vial membranes and fi lled with synovial fl uid, that cushion the structures 
they separate. Most bursae separate tendons from bone, reducing the fric-
tion on the tendons during joint motion. Some bursae, such as the olec-
ranon bursa of the elbow, separate bone from skin. Tendon sheaths are 
double-layered synovial structures that surround tendons positioned in 
close association with bones. Many of the long muscle tendons crossing 
the wrist and fi nger joints are protected by tendon sheaths.

Hipbone

Metacarpal

Phalanx

A Ball-and-socket joint

C Gliding joint

E Pivot joint

D Hinge joint

B Condyloid joint

Head of femur
in acetabulum

Femur

Carpals

F Saddle joint

First metacarpal

Trapezium

Humerus

Dens
Transverse
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Ulna
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FIGURE 5-2   Examples of the synovial joints of the human body. From Shier, Butler, and Lewis, Hole’s Hu-
man Anatomy and Physiology, © 1996. Reprinted by permission of The McGraw-Hill Companies, Inc.
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Articular Cartilage

The joints of a mechanical device must be properly lubricated if the mov-
able parts of the machine are to move freely and not wear against each 
other. In the human body, a special type of dense, white connective tis-
sue known as articular cartilage provides a protective lubrication. A 1- to 
5-mm-thick protective layer of this material coats the ends of bones ar-
ticulating at diarthrodial joints. Articular cartilage serves two important 
purposes: (a) It spreads loads at the joint over a wide area so that the 
amount of stress at any contact point between the bones is reduced, and 
(b) it allows movement of the articulating bones at the joint with minimal 
friction and wear (4).

Articular cartilage is a soft, porous, and permeable tissue that is hy-
drated. It consists of specialized cells called chondrocytes embedded in 
a matrix of collagen fi bers, proteoglycans, and noncollagenous proteins. 
The matrix protects the chondrocytes and also signals changes in local 
pressure to the chondrocytes (6). The chondrocytes maintain and restore 
cartilage from wear, although this ability diminishes with aging, disease, 
and injury (68). Chondrocyte densities and matrix structures have been 
found to vary across joints, as well as within a given joint, depending on 
the mechanical loading sustained (51).

Under loading at the joint, articular cartilage deforms, exuding syno-
vial fl uid. At healthy synovial joints, where the articulating bone ends are 
covered with articular cartilage, motion of one bone end over the other 
is typically accompanied by a fl ow of synovial fl uid that is pressed out 
ahead of the moving contact area and also sucked in behind the contact 
area (44). At the same time, the permeability of the cartilage is reduced 
in the area of direct contact, providing a surface on which fl uid fi lm can 
form under the load (44). When joint loading occurs at a low rate, the 
solid components of the cartilage matrix resist the load. When loading is 
faster, however, it is the fl uid within the matrix that primarily sustains 
the pressure (35, 49).

Cartilage can reduce the maximum contact stress acting at a joint by 
50% or more (71). The lubrication supplied by the articular cartilage is so 
effective that the friction present at a joint is only approximately 17–33% 
of the friction of a skate on ice under the same load, and only one-half that 
of a lubricated bearing (5, 47).

During normal growth, articular cartilage at a joint such as the knee 
increases in volume as the child’s height increases (28). Interestingly, 
there is no relationship between cartilage accrual at the knee and weight 
change. Children participating in vigorous sport activities accumulate 
knee cartilage faster than those who do not, and males tend to gain knee 
cartilage faster than do females (28). 

Unfortunately, once damaged, articular cartilage has little to no ability 
to heal or regenerate on its own (55). Instead, injuries to this tissue tend to 
progress, with more and more of the protective coating of the articulating 
bone ends worn away, resulting in degenerative arthritis. A promising ap-
proach for repairing damage to articular cartilage is autologous cartilage 
regeneration, a procedure through which healthy chondrocytes (cartilage 
cells) are arthroscopically removed from the patient’s joint and then cul-
tured in a laboratory using principles of tissue engineering (8). After a 
few weeks, the cells have grown into articular cartilage plugs that can 
be arthroscopically inserted into the damaged area of cartilage. A review 
of 20 studies revealed that among athletes treated for joint damage with 
this procedure, 73% suffi ciently recovered joint function to return to sports 
participation (42). Factors infl uencing an athlete’s ability to participate in 
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competitive sports include the athlete’s age, duration of injury, level of play, 
extent of cartilage damage, and repair tissue morphology (42). Research is 
under way to investigate the potential for a variety of new approaches for 
treating degenerated cartilage, including the use of mesenchymal stem 
cells, tissue engineering, and gene transfer technology (53, 66, 69).

Articular Fibrocartilage

At some joints, articular fi brocartilage, in the form of either a fi brocarti-
laginous disc or partial discs known as menisci, is also present between 
the articulating bones. The intervertebral discs (Figure 5-3) and the me-
nisci of the knee (Figure 5-4) are examples. Although the function of discs 
and menisci is not clear, possible roles include the following:

 1. Distribution of loads over the joint surfaces
 2. Improvement of the fi t of the articulating surfaces
 3. Limitation of translation or slip of one bone with respect to another
 4. Protection of the periphery of the articulation
 5. Lubrication
 6. Shock absorption

Fibrocartilaginous disk of symphysis pubis

A

Pubic bone

Gelatinous
core

Band of
fibrocartilage

Spinous process

Body of
vertebra

Intervertebral
disks

B

Lateral
meniscus

Tubercle of tibia

Posterior cruciate
ligament

Popliteus
tendon
Medial
meniscus

Anterior cruciate
ligament

FIGURE 5-3   Fibrocartilage is present in (A) the symphysis pubis that separates the pubic bones 
and (B) the intervertebral discs between adjacent vertebrae. From Shier, Butler, and 
Lewis, Hole’s Human Anatomy and Physiology, © 1996. Reprinted by permission of The McGraw-Hill 
Companies, Inc.

FIGURE 5-4

The menisci at the knee 
joint help to distribute 
loads, lessening the stress 
transmitted across the joint.

articular fi brocartilage
soft-tissue discs or menisci that 
intervene between articulating bones

•Intervertebral discs act as 
cushions between the vertebrae, 
reducing stress levels by 
spreading loads.
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Articular Connective Tissue

Tendons, which connect muscles to bones, and ligaments, which connect 
bones to other bones, are passive tissues composed primarily of collagen 
and elastic fi bers. Tendons and ligaments do not have the ability to con-
tract like muscle tissue, but they are slightly extensible. These tissues 
are elastic and will return to their original length after being stretched, 
unless they are stretched beyond their elastic limits (see Chapter 3). A 
tendon or ligament stretched beyond its elastic limit during an injury 
remains stretched and can be restored to its original length only through 
surgery. The results of modeling studies suggest that tendons routinely 
undergo healing to repair internal microfailures over the course of the life 
span in order to remain intact (37).

Tendons and ligaments, like bone, respond to altered habitual mechan-
ical stress by hypertrophying or atrophying. Research has shown that 
regular exercise over time results in increased size and strength of both 
tendons (57) and ligaments (36), as well as increased strength of the junc-
tions between tendons or ligaments and bone (65).

Evidence also suggests that the size of a ligament such as the anterior 
cruciate ligament (ACL) is proportionate to the strength of its antago-
nists (in this case, the quadriceps muscles) (1). Tendons and ligaments 
can not only heal following rupturing but in some cases regenerate in 
their entirety, as evidenced by examples of complete regeneration of the 
semitendinosus tendon following its surgical removal for repair of ante-
rior cruciate ligament ruptures (14, 16, 48).

JOINT STABILITY

The stability of an articulation is its ability to resist dislocation. Specifi -
cally, it is the ability to resist the displacement of one bone end with respect 
to another while preventing injury to the ligaments, muscles, and muscle 
tendons surrounding the joint. Different factors infl uence joint stability.

Shape of the Articulating Bone Surfaces

In many mechanical joints, the articulating parts are exact opposites in 
shape so that they fi t tightly together (Figure 5-5). In the human body, 
the articulating ends of bones are usually shaped as mating convex and 
concave surfaces.

Although most joints have reciprocally shaped articulating surfaces, 
these surfaces are not symmetrical, and there is typically one position 
of best fi t in which the area of contact is maximum. This is known as 
the close-packed position, and it is in this position that joint stability is 
usually greatest. Any movement of the bones at the joint away from the 

•A material stretched beyond its 
elastic limit remains lengthened 
beyond its original length after 
tension is released.

Ball and socket Saddle joint Hinge

FIGURE 5-5

Mechanical joints are often 
composed of reciprocally 
shaped parts.

joint stability
ability of a joint to resist abnormal 
displacement of the articulating 
bones

•The articulating bone surfaces 
at all joints are of approximately 
matching (reciprocal) shapes.

close-packed position
joint orientation for which the contact 
between the articulating bone 
surfaces is maximum
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close-packed position results in a loose-packed position, with reduction of 
the area of contact.

Some articulating surfaces are shaped so that in both close- and loose-
packed positions, there is either a large or a small amount of contact area 
and consequently more or less stability. For example, the acetabulum 
provides a relatively deep socket for the head of the femur, and there is 
always a relatively large amount of contact area between the two bones, 
which is one reason the hip is a stable joint. At the shoulder, however, the 
small glenoid fossa has a vertical diameter that is approximately 75% 
of the vertical diameter of the humeral head and a horizontal diameter 
that is 60% of the size of the humeral head (46). Therefore, the area of 
contact between these two bones is relatively small, contributing to the 
relative instability of the shoulder complex. Slight anatomical variations 
in shapes and sizes of the articulating bone surfaces at any given joint 
among individuals are found; therefore, some people have joints that are 
more or less stable than average.

Arrangement of Ligaments and Muscles

Ligaments, muscles, and muscle tendons affect the relative stability of 
joints. At joints such as the knee and the shoulder, in which the bone con-
fi guration is not particularly stable, the tension in ligaments and muscles 
contributes signifi cantly to joint stability by helping to hold the articulat-
ing bone ends together. If these tissues are weak from disuse or lax from 
being overstretched, the stability of the joint is reduced. Strong ligaments 
and muscles often increase joint stability. For example, strengthening of 
the quadriceps and hamstring groups enhances the stability of the knee 
(52). The complex array of ligaments and tendons crossing the knee is il-
lustrated in Figure 5-6.

loose-packed position
any joint orientation other than the 
close-packed position 
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FIGURE 5-6   At the knee joint, stability is derived primarily from the tension in the ligaments 
and muscles that cross the joint. From Shier, Butler, and Lewis, Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by permission of The McGraw-Hill Companies, Inc.

•Stretching or rupturing of 
the ligaments at a joint can 
result in abnormal motion of 
the articulating bone ends, with 
subsequent damage to the 
articular cartilage.

•The close-packed position 
occurs for the knee, wrist, and 
interphalangeal joints at full 
extension and for the ankle at 
full dorsifl exion (30).

•One factor enhancing the 
stability of the glenohumeral joint 
is a posteriorly tilted glenoid fossa 
and humeral head. Individuals 
with anteriorly tilted glenoids and 
humeral heads are predisposed 
to shoulder dislocation.
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The angle of attachment of most tendons to bones is arranged so that 
when the muscle exerts tension, the articulating ends of the bones at 
the joint crossed are pulled closer together, enhancing joint stability. This 
situation is usually found when the muscles on opposite sides of a joint 
produce tension simultaneously. When muscles are fatigued, however, 
they are less able to contribute to joint stability, and injuries are more 
likely to occur (13). Rupture of the cruciate ligaments is most likely when 
the tension in fatigued muscles surrounding the knee is inadequate to 
protect the cruciate ligaments from being stretched beyond their elastic 
limits (52).

Other Connective Tissues

White fi brous connective tissue known as fascia surrounds muscles and 
the bundles of muscle fi bers within muscles, providing protection and 
support. A particularly strong, prominent tract of fascia known as the 
iliotibial band crosses the lateral aspect of the knee, contributing to its 
stability (Figure 5-7). The fascia and the skin on the exterior of the body 
are other tissues that contribute to joint integrity.

JOINT FLEXIBILITY

Joint fl exibility is a term used to describe the range of motion (ROM) al-
lowed in each of the planes of motion at a joint. Static fl exibility refers to 
the ROM present when a body segment is passively moved (by an exercise 

•Engaging in athletic 
participation with fatigued 
muscles increases the likelihood 
of injury.

Patella

Anterior view

Iliotibial tract
of fascia lata

FIGURE 5-7

The iliotibial band is a strong, 
thickened region of the fascia 
lata that crosses the knee, 
contributing to the knee’s 
stability.

joint fl exibility
a term representing the relative 
ranges of motion allowed at a joint

range of motion
angle through which a joint moves 
from anatomical position to the 
extreme limit of segment motion in a 
particular direction
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partner or clinician), whereas dynamic fl exibility refers to the ROM that 
can be achieved by actively moving a body segment by virtue of muscle 
contraction. Static fl exibility is considered to be the better indicator of the 
relative tightness or laxity of a joint in terms of implications for injury 
potential. Dynamic fl exibility, however, must be suffi cient not to restrict 
the ROM needed for daily living, work, or sport activities. Research in-
dicates that these two components of fl exibility are independent of each 
other (26).

Although people’s general fl exibility is often compared, fl exibility is ac-
tually joint-specifi c. That is, an extreme amount of fl exibility at one joint 
does not guarantee the same degree of fl exibility at all joints.

Measuring Joint Range of Motion

Joint ROM is measured directionally in units of degrees. In anatomi-
cal position, all joints are considered to be at zero degrees. The ROM 
for fl exion at the hip is therefore considered to be the size of the angle 
through which the extended leg moves from zero degrees to the point of 
maximum fl exion (Figure 5-8). The ROM for extension (return to ana-
tomical  position) is the same as that for fl exion, with movement past 
anatomical position in the other direction quantifi ed as the ROM for 
hyperextension. A goniometer used for measuring joint ROM is shown 
in Figure 5-9.

Factors Influencing Joint Flexibility

Different factors infl uence joint fl exibility. The shapes of the articulat-
ing bone surfaces and intervening muscle or fatty tissue may termi-
nate movement at the extreme of a ROM. When the elbow is in extreme 
 hyperextension, for example, contact of the olecranon of the ulna with 

FIGURE 5-8

The range of motion for 
fl exion at the hip is typically 
measured with the individual 
supine.
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the olecranon fossa of the humerus restricts further motion in that di-
rection. Muscle and/or fat on the anterior aspect of the arm may ter-
minate elbow fl exion. Regular participants in bilaterally asymmetrical 
sports such as tennis are likely to have less range of motion for the 
dominant arm than for the nondominant arm at the glenohumeral joint 
of the shoulder (15).

For most individuals, joint fl exibility is primarily a function of the rel-
ative laxity and/or extensibility of the collagenous tissues and muscles 
crossing the joint. Tight ligaments and muscles with limited extensibil-
ity are the most common inhibitors of a joint’s ROM (41). In one study 
researchers showed that a four-week stretching protocol resulted in in-
creased joint fl exibility but with no change in muscle compliance, or ex-
tensibility, suggesting that it was the ligaments and tendons that became 
easier to stretch (75). 

Laboratory studies have shown that the extensibility of collagenous 
tissues increases slightly with temperature elevation (54). Although this 
fi nding suggests that “warm-up” exercises should increase joint ROM, 
this has not been well documented in humans. In a study comparing the 
effects of static stretching on ankle range of motion, as compared to static 
stretching preceded by exercise warm-up, superfi cial heat application, or 
ultrasound, all protocols produced similar effects (33). More research is 
needed to identify the specifi c mechanism responsible for the effects of 
warm-up on joint ROM.

Flexibility and Injury

Research has shown that the risk of injury is heightened when joint 
fl exibility is extremely low, extremely high, or signifi cantly imbalanced 
between dominant and nondominant sides of the body (32). Severely 
limited joint fl exibility is undesirable because, if the collagenous tissues 
and muscles crossing the joint are tight, the likelihood of their tearing or 
rupturing if the joint is forced beyond its normal ROM increases. Tight 
ligaments and muscles were found to be related to lower-extremity injury 
incidence among male, but not female, college athletes, possibly because 
the female athletes studied were more fl exible and less tight at the lower-
extremity joints (34). In a study of competitive female gymnasts, those in 
a highly injury-prone category had less fl exibility of the shoulder, elbow, 
wrist, hip, and knee joints than those in a low injury incidence category 
(62). Alternatively, an extremely loose, lax joint is lacking in stability and, 
therefore, prone to displacement-related injuries. Among U.S. Army in-
fantry recruits assessed for hip/low back fl exibility with the sit-and-reach 
test, both the least fl exible and the most fl exible were over two times 
as likely to get injured as soldiers in the middle of the fl exibility range. 

FIGURE 5-9

A goniometer is basically a 
protractor with two arms. 
The point where the arms 
intersect is aligned over 
the joint center while the 
arms are aligned with the 
longitudinal axes of the body 
segments, to measure the 
angle present at a joint.

•A joint with an unusually 
large range of motion is termed 
hypermobile.
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 Soldiers who participated in a stretching program for the hamstrings, 
however, sustained 12.4% fewer lower extremity overuse injuries than 
those who did not participate (21). Female college athletes with a hip ex-
tension fl exibility imbalance of 15% or more were 2.6 times more likely to 
suffer lower-extremity injuries (31).

The desirable amount of joint fl exibility is largely dependent on the 
activities in which an individual wishes to engage. Gymnasts and danc-
ers obviously require greater joint fl exibility than do nonathletes. How-
ever, these athletes also require strong muscles, tendons, and ligaments 
to perform well and avoid injury. Although large, bulky muscles may in-
hibit joint ROM, an extremely strong, stable joint can also enable large 
ROMs.

Athletes and recreational runners commonly stretch before engag-
ing in activity for purposes of reducing the likelihood of injury. There is 
some evidence that preparticipation stretching reduces the incidence of 
muscle strains, and recent research shows that increased joint fl exibil-
ity translates to a lower incidence of eccentric exercise-induced muscle 
damage (7, 40). Stretching has no effect, however, on overuse-type 
 injuries (40).

Although people usually become less fl exible as they age, this phenom-
enon appears to be primarily related to decreased levels of physical ac-
tivity rather than to changes inherent in the aging process. No changes 
in fl exibility have been found to be associated with growth during ad-
olescence (17). Regardless of the age of the individual, however, if the 
collagenous tissues crossing a joint are not stretched, they will shorten. 
Conversely, when these tissues are regularly stretched, they lengthen and 
fl exibility is increased. Among women, signifi cant, positive relationships 
have been found between weekly hours of participation in a sport and 
knee ROM, with active knee extension ROM increasing among swim-
mers and competitive gymnasts, and active knee fl exion ROM increasing 
among basketball players (20). The results of several studies indicate that 
fl exibility can be signifi cantly increased among elderly individuals who 
participate in a program of regular stretching and exercise (19, 45).

Gymnastics is a sport requiring a large amount of fl exibility at the major joints of 
the body. Photo © 2009 Jupiterimages Corporation.
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TECHNIQUES FOR INCREASING JOINT 
FLEXIBILITY

Increasing joint fl exibility is often an important component of thera-
peutic and rehabilitative programs and programs designed to train 
athletes for a particular sport. Increasing or maintaining fl exibility in-
volves stretching the tissues that limit the ROM at a joint. Several ap-
proaches for stretching these tissues can be used, with some being more 
effective than others because of differential neuromuscular responses 
elicited.

Neuromuscular Response to Stretch

Sensory receptors known as Golgi tendon organs (GTOs) are located in 
the muscle–tendon junctions and in the tendons at both ends of muscles 
(Figure 5-10). Approximately 10–15 muscle fi bers are connected in di-
rect line, or in series, with each GTO. These receptors are stimulated by 
tension in the muscle–tendon unit. Although both tension produced by 
muscle contraction and tension produced by passive muscle stretch can 
stimulate GTOs, the threshold for stimulation by passive stretch is much 
higher. Whereas the muscle force arising from passive stretch must reach 
approximately 2 N, the activation of a single muscle fi ber with a force 
production of 30–90 �N is suffi cient to stimulate a GTO (3). The GTOs 
respond through their neural connections by inhibiting tension develop-
ment in the activated muscle (promoting muscle relaxation) and by initi-
ating tension development in the antagonist muscles.

Other sensory receptors are interspersed throughout the fi bers of 
muscles. These receptors, which are oriented parallel to the fi bers, are 
known as muscle spindles because of their shape (Figure 5-11). Each 
muscle spindle is composed of approximately 3–10 small muscle fi bers, 
termed intrafusal fi bers, that are encased in a sheath of connective 
tissue.

Muscle spindles respond to both the amount of muscle lengthening 
(static response) and the rate of muscle lengthening (dynamic response). 
Intrafusal fi bers known as nuclear chain fi bers are primarily responsible 
for the static component, and intrafusal fi bers known as nuclear bag fi -
bers are responsible for the dynamic component. These two types of in-
trafusal fi ber have been shown to function independently, but because 
the dynamic response is much stronger than the static response, a slow 

Golgi tendon organ
sensory receptor that inhibits 
tension development in a muscle 
and initiates tension development in 
antagonist muscles

FIGURE 5-10

Schematic representation 
of a Golgi tendon organ. From 
Shier, Butler, and Lewis, Hole’s 
Human Anatomy and Physiology, 
© 1996. Reprinted by permission of 
The McGraw-Hill Companies, Inc.
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rate of stretching does not activate the muscle spindle response until the 
muscle is signifi cantly stretched (9). Some muscles receive greater muscle 
spindle response than others. For example, the soleus receives more mus-
cle spindle feedback than the gastrocnemius during both rest and muscle 
activation (67).

The spindle response includes activation of the stretch refl ex and inhi-
bition of tension development in the antagonist muscle group, a process 
known as reciprocal inhibition. The stretch refl ex, also known as the myo-
tatic refl ex, is provoked by the activation of the spindles in a stretched 
muscle. This rapid response involves neural transmission across a single 
synapse, with afferent nerves carrying stimuli from the spindles to the 
spinal cord and efferent nerves, returning an excitatory signal directly 
from the spinal cord to the muscle, resulting in tension development in 
the muscle. The knee-jerk test, a common neurological test of motor func-
tion, is an example of muscle spindle function producing a quick, brief 
contraction in a stretched muscle. A tap on the patellar tendon initiates 
the stretch refl ex, resulting in the jerk caused by the immediate develop-
ment of tension in the quadriceps group (Figure 5-12).

Sensory
nerve fiber

Nerve endings

Skeletal
muscle fiber

Muscle spindle

Connective
tissue sheath

FIGURE 5-11

Schematic representation of 
a muscle spindle. From Shier, 
Butler, and Lewis, Hole’s Human 
Anatomy and Physiology, © 1996. 
Reprinted by permission of The 
McGraw-Hill Companies, Inc.

stretch refl ex
monosynaptic refl ex initiated by 
stretching of muscle spindles and 
resulting in immediate development 
of muscle tension

reciprocal inhibition
inhibition of tension development in 
the antagonist muscles resulting from 
activation of muscle spindles
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FIGURE 5-12

The myotatic (stretch) refl ex 
is initiated by stretching of 
the muscle spindles. From 
Shier, Butler, and Lewis, Hole’s 
Human Anatomy and Physiology, 
© 1996. Reprinted by permission of 
The McGraw-Hill Companies, Inc.
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Because muscle spindle activation produces tension development in 
stretching muscle, whereas GTO activation promotes relaxation of mus-
cle developing tension, the general goals of any procedure for stretching 
muscle are minimizing the spindle effect and maximizing the GTO ef-
fect. A summary comparison of GTOs and muscle spindles is presented 
in Table 5-1.

Active and Passive Stretching

Stretching can be done either actively or passively. Active stretching is pro-
duced by contraction of the antagonist muscles (those on the side of the 
joint opposite the muscles, tendons, and ligaments to be stretched). Thus, to 
actively stretch the hamstrings (the primary knee fl exors), the quadriceps 
(primary knee extensors) should be contracted. Passive stretching involves 
the use of gravitational force, force applied by another body segment, or 
force applied by another person, to move a body segment to the end of the 
ROM. Active stretching provides the advantage of exercising the muscle 
groups used to develop force. With passive stretching, movement can be 
carried farther beyond the existing ROM than with active stretching, but 
with the concomitant disadvantage of increased injury potential.

Ballistic and Static Stretching

Ballistic stretching, or performance of bouncing stretches, makes use of 
the momentum of body segments to repeatedly extend joint position to or 
beyond the extremes of the ROM. Because a ballistic stretch activates the 
stretch refl ex and results in the immediate development of tension in the 
muscle being stretched, microtearing of the stretched muscle tissue may 
occur. Because the extent of the stretch is not controlled, the potential for 
injury to all of the stretched tissues is heightened.

With static stretching, the movement is slow, and when the desired 
joint position is reached, it is maintained statically, usually for about 
30–60 seconds (s). There seems to be general agreement that for optimal 
effect, the static stretch of each muscle group should be sequentially re-
peated three to fi ve times (46). Other research demonstrates that it is the 
total stretch time during each day, rather than the stretching protocol, 
that determines the effect on tissue extensibility (10).

Although static stretching has been shown to be effective for in-
creasing joint fl exibility, there is also overwhelming evidence that a 
single, 30-s bout of static stretching has a noticeably detrimental ef-
fect on muscle strength, with additional stretching further decreasing 

active stretching
stretching of muscles, tendons, 
and ligaments produced by active 
development of tension in the 
antagonist muscles

passive stretching
stretching of muscles, tendons, and 
ligaments produced by a stretching 
force other than tension in the 
antagonist muscles

CHARACTERISTIC GOLGI TENDON ORGANS MUSCLE SPINDLES

Location Within tendons near the muscle–
tendon junction in series with 

muscle fi bers

Interspersed among muscle 
fi bers in parallel with the 

fi bers

Stimulus Increase in muscle tension Increase in muscle length

Response 1.  Inhibits tension development in 
stretched muscle, 

2.  Initiates tension development in 
antagonist muscles

1.  Initiates rapid contraction 
of stretched muscle, 

2.  Inhibits tension 
development in antagonist 
muscles

Overall effect Promotes relaxation in muscle 
developing tension

Inhibits stretch in muscle 
being stretched

TABLE 5-1

Golgi Tendon Organs 

(GTOs) and Muscle 

Spindles: How Do They 

Compare?

ballistic stretching
a series of quick, bouncing-type 
stretches

•Ballistic, bouncing types of 
stretches can be dangerous 
because they tend to promote 
contraction of the muscles being 
stretched, and the momentum 
generated may carry the body 
segments far enough beyond the 
normal ROM to tear or rupture 
collagenous tissues.

static stretching
maintaining a slow, controlled, 
sustained stretch over time, usually 
about 30 seconds
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strength (40, 74).  Following static stretching this decrease in muscle 
strength has also been shown to translate to a signifi cant decrement 
in performance in both 60- and 100-m sprints, as well as in endur-
ance running events (30, 73). Although some coaches seem to believe 
that performing concentric contraction exercises after stretching will 
ameliorate the negative effects of stretching on muscular strength, re-
search shows this to be false, even when the exercises involve maximal 
contractions (29, 70). Studies comparing static and ballistic stretching 
have shown that static stretching is more effective in increasing joint 
range of motion, both after a single bout of stretching and after a four-
week stretching protocol (2, 11). However, whereas static stretching 
produces a transient decrease in muscle strength, there is no such ef-
fect with ballistic stretching (2). 

Dynamic stretching involves motion of the body as in ballistic stretch-
ing, but unlike ballistic stretching, the motion is controlled and not a 
bouncing-type movement. Recent research demonstrates that following a 
bout of dynamic stretching there is a benefi cial effect for activities requir-
ing muscular power (12, 18, 38, 56).  The current literature suggests that 
prior to athletic competition a warm-up including dynamic stretching may 
be desirable, with static stretching being most benefi cial following a perfor-
mance to maintain or increase joint range of motion. Both forms of stretch-
ing can induce soreness in muscles that are not habitually stretched (60).

Proprioceptive Neuromuscular Facilitation

The most effective stretching procedures are known collectively as proprio-
ceptive neuromuscular facilitation (PNF). PNF techniques were originally 
used by physical therapists for treating patients with neuromuscular pa-
ralysis. All PNF procedures involve some pattern of alternating contrac-
tion and relaxation of agonist and antagonist muscles designed to take 
advantage of the GTO response. All PNF techniques require a partner or 
clinician. Stretching the hamstrings from a supine position provides a good 
illustration for several of the popular PNF approaches (see Figure 5-12).

The contract-relax-antagonist-contract technique (also referred to 
as slow-reversal-hold-relax), involves passive static stretch of the ham-
strings by a partner, followed by active contraction of the hamstrings 
against the partner’s resistance. Next, the hamstrings are relaxed and 

Active, static stretching 
involves holding a position 
at the extreme of the range of 
motion. Photo © Lars A. Niki.

proprioceptive neuro-
muscular facilitation
a group of stretching procedures 
involving alternating contraction 
and relaxation of the muscles being 
stretched
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the quadriceps are contracted as the partner pushes the leg into increas-
ing fl exion at the hip. There is then a phase of complete relaxation, with 
the leg held in the new position of increased hip fl exion. Each phase of this 
process is typically maintained for a duration of 5–10 s, and the entire 
sequence is carried out at least four times.

The contract-relax and hold-relax procedures begin as in the slow-reversal-
hold method, with a partner applying passive stretch to the hamstrings, 
followed by active contraction of the hamstrings against the partner’s resis-
tance. With the contract-relax approach, the contraction of the hamstrings 
is isotonic, resulting in slow movement of the leg in the direction of hip ex-
tension. In the hold-relax method, the contraction of the hamstrings is iso-
metric against the partner’s unmoving resistance. Following contraction, 
both methods involve relaxation of the hamstrings and quadriceps while 
the hamstrings are passively stretched. Again, the duration of each phase 
is usually 5–10 s, and the entire sequence is repeated several times.

The agonist-contract-relax method is another PNF variation, with 5–20 s 
sequential phases. This procedure begins with active, maximal contrac-
tion of the quadriceps to extend the knee, followed by relaxation as the 
partner manually supports the leg in the position actively attained.

Studies show that PNF techniques can signifi cantly increase joint ROM 
transiently after a single stretching session and with a more long-lasting 
effect when three bouts of PNF stretching are performed three times per 
week (24). Researchers have found the optimal contraction intensity for 
individuals using PNF techniques to be approximately 65% of maximum 
voluntary isometric contraction (58).

COMMON JOINT INJURIES 
AND PATHOLOGIES

The joints of the human body support weight, are loaded by muscle forces, 
and at the same time provide range of movement for the body segments. 
They are consequently subject to both acute and overuse injuries, as well 
as to infection and degenerative conditions. 

Passive stretching can be 
accomplished with the 
assistance of a partner. Photo 
courtesy Royalty-Free/CORBIS.
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Sprains

Sprains are injuries caused by abnormal displacement or twisting of the ar-
ticulating bones that results in stretching or tearing of ligaments, tendons, 
and connective tissues crossing a joint. Sprains can occur at any joint, but 
are most common at the ankle. Lateral ankle sprains are particularly com-
mon, because the ankle is a major weight-bearing joint and because there 
is less ligamentous support on the lateral than on the medial side of the 
ankle. Sprains can be classifi ed as fi rst, second, and third degree, depend-
ing on the severity of the injury. First-degree sprains are the mildest, with 
symptoms of tenderness and slight swelling, but little loss of joint ROM. 
With second-degree sprains, more damage to the tissues is present, and 
there is usually swelling, bruising, localized tenderness, moderate pain, 
and some restriction of joint ROM. Third-degree sprains involve partial 
to complete tearing of the ligaments, accompanied by swelling, pain, and 
typically joint instability. The traditional treatment for sprains is rest, ice, 
compression, and elevation.

Dislocations

Displacement of the articulating bones at a joint is termed dislocation. 
These injuries usually result from falls or other mishaps involving a large 
magnitude of force. Common sites for dislocations include the shoulders, 
fi ngers, knees, elbows, and jaw. Symptoms include visible joint deformity, 
intense pain, swelling, numbness or tingling, and some loss of joint move-
ment capability. A dislocated joint may result in damage to the surround-
ing ligaments, nerves, and blood vessels. It is important to reduce (or 
properly relocate) a dislocated joint as soon as possible both to alleviate 
the pain and to ensure that the blood supply to the joint is not impeded. 
Reduction of a dislocated joint should be performed by a trained medical 
professional. 

Bursitis

The bursae are sacs fi lled with fl uid that function to cushion points where 
muscles or tendons slide over bone. Under normal conditions, the bursae 
create a smooth, nearly frictionless gliding surface. With bursitis, or in-
fl ammation of a bursa, movement around the affected area becomes pain-
ful, with more movement increasing the infl ammation and aggravating 
the problem. Bursitis can be caused by overuse-type, repetitive, minor 
impacts on the area, or from acute injuries, with subsequent infl amma-
tion of the surrounding bursae. The condition is treated with rest, ice, 
and anti-infl ammatory medications. For example, runners who increase 
training mileage too abruptly may experience infl ammation of the bursa 
between the Achilles tendon and the calcaneous. Pain and possibly some 
swelling are symptoms of bursitis.

Arthritis

Arthritis is a pathology involving joint infl ammation accompanied by 
pain and swelling. It is extremely common with aging, with over 100 dif-
ferent types of arthritis identifi ed.

Rheumatoid Arthritis

The most debilitating and painful form of arthritis is rheumatoid arthri-
tis, an autoimmune disorder that involves the body’s immune system at-
tacking healthy tissues. It is more common in adults, but there is also a 
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juvenile rheumatoid arthritis. Characteristics include infl ammation and 
thickening of the synovial membranes and breakdown of the articular 
cartilage, resulting in limitation of motion and eventually ossifi cation or 
fusing of the articulating bones. Other symptoms include anemia, fatigue, 
muscular atrophy, osteoporosis, and other systemic changes.

Osteoarthritis

Osteoarthritis, or degenerative joint disease, is the most common form of 
arthritis. It is increasingly believed to be an entire family of related disor-
ders that result in progressive degradation of the biomechanical proper-
ties of articular cartilage (50). In the early stages of the disorder, the joint 
cartilage loses its smooth, glistening appearance and becomes rough and 
irregular. Eventually, the cartilage completely wears away, leaving the 
articulating bone surfaces bare. Thickening of the subchondral bone and 
the formation of osteophytes, or bone spurs, are accompanying features 
(59). Pain, swelling, ROM restriction, and stiffness are all symptoms, with 
the pain typically relieved by rest, and joint stiffness improved by activity.

The cause of osteoarthritis is usually unknown. Although articular car-
tilage appears to adapt to changes in habitual loading patterns, efforts to 
associate the incidence of osteoarthritis with lifestyle factors have pro-
duced confl icting results (22, 23, 25, 63). Whereas occupations requiring 
heavy lifting, farming, and participation in elite sports have been associ-
ated with higher incidences of hip osteoarthritis, no relationship has been 
found between levels of regular physical activity throughout life and the 
incidence of knee osteoarthritis (25, 63). It has been shown, however, that 
malalignment of the hip-knee-ankle increases the progression of osteo-
arthritis at the knee, with varus and valgus alignments respectively in-
creasing loading and osteoarthritis progression on the medial and lateral 
aspects of the knee (see Chapter 8) (57).

Because articular cartilage is avascular in adults, it relies on cyclic 
mechanical loading for fl uid exchange to deliver nutrients and remove 
waste products. Consequently, too little cyclic mechanical stress at syno-
vial joints results in deterioration of the cartilage. Research suggests that 
some degenerative joint disease may actually stem from remodeling and 
related vascular insuffi ciency in the underlying subchondral bone, a pat-
tern also associated with disuse (27, 39, 43). Current thinking is that both 
too little mechanical stress and excessive mechanical stress can promote 
the development of osteoarthritis, with an intermediate zone of regular 
cyclic loading that optimizes the health of articular cartilage (72).

SUMMARY

The anatomical confi gurations of the joints of the human body govern 
the directional movement capabilities of the articulating body segments. 
From the perspective of movements permitted, there are three major 
categories of joints: synarthroses (immovable joints), amphiarthroses 
(slightly movable joints), and diarthroses (freely movable joints). Each 
major category is further subdivided into classes of joints with common 
anatomical characteristics.

The ends of bones articulating at diarthrodial joints are covered with 
articular cartilage, which reduces contact stress and regulates joint lu-
brication. Fibrocartilaginous discs or menisci present at some joints also 
may contribute to these functions.

Tendons and ligaments are strong collagenous tissues that are slightly 
extensible and elastic. These tissues are similar to muscle and bone in 



that they adapt to levels of increased or decreased mechanical stress by 
hypertrophying or atrophying.

Joint stability is the ability of the joint to resist displacement of the ar-
ticulating bones. The major factors infl uencing joint stability are the size 
and shape of the articulating bone surfaces, and the arrangement and 
strength of the surrounding muscles, tendons, and ligaments.

Joint fl exibility is primarily a function of the relative tightness of the 
muscles and ligaments that span the joint. If these tissues are not stretched, 
they tend to shorten. Approaches for increasing fl exibility include active 
versus passive stretching, and static versus dynamic stretching. PNF is a 
particularly effective procedure for stretching muscles and ligaments.

INTRODUCTORY PROBLEMS

(Reference may be made to Chapters 7–9 for additional information on 
specifi c joints.)

 1. Construct a table that identifi es joint type and the plane or planes 
of allowed movement for the shoulder (glenohumeral joint), elbow, 
wrist, hip, knee, and ankle.

 2. Describe the directions and approximate ranges of movement that 
occur at the joints of the human body during each of the following 
movements:

 a. Walking
 b. Running
 c. Performing a jumping jack
 d. Rising from a seated position
 3. What factors contribute to joint stability?
 4. Explain why athletes’ joints are often taped before the athletes par-

ticipate in an activity. What are some possible advantages and disad-
vantages of taping?

 5. What factors contribute to fl exibility?
 6. What degree of joint fl exibility is desirable?
 7. How is fl exibility related to the likelihood of injury?
 8. Discuss the relationship between joint stability and joint fl exibility.
 9. Explain why grip strength diminishes as the wrist is hyperextended.
 10. Why is ballistic stretching contraindicated?

ADDITIONAL PROBLEMS

 1. Construct a table that identifi es joint type and the plane or planes 
of movement for the atlanto-occipital joint, the L5-S1 vertebral joint, 
the metacarpophalangeal joints, the interphalangeal joints, the carpo-
metacarpal joint of the thumb, the radioulnar joint, and the talocrural 
joint.

 2. Identify the position (for example, full extension, 90° of fl exion) for 
which each of the following joints is close packed:

 a. Shoulder
 b. Elbow
 c. Knee
 d. Ankle
 3. How is articular cartilage similar to and different from ordinary 

sponge? (You may wish to consult the Annotated Readings.)
 4. Comparatively discuss the properties of muscle, tendon, and ligament. 

(You may wish to consult the Annotated Readings.)
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 5. Discuss the relative importance of joint stability and joint mobility 
for athletes participating in each of the following sports:

 a. Gymnastics
 b. Football
 c. Swimming
 6. What specifi c exercises would you recommend for increasing the sta-

bility of each of the following joints?
 a. Shoulder
 b. Knee
 c. Ankle
  Explain the rationale for your recommendations.
 7. What specifi c exercises would you recommend for increasing the fl ex-

ibility of each of the following joints?
 a. Hip
 b. Shoulder
 c. Ankle
  Explain the rationale for your recommendations.
 8. In which sports are athletes more likely to incur injuries that are 

related to insuffi cient joint stability? Explain your answer.
 9. In which sports are athletes likely to incur injuries related to insuf-

fi cient joint fl exibility? Explain your answer.
 10. What exercises would you recommend for senior citizens interested 

in maintaining an appropriate level of joint fl exibility?
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Using a skeleton, an anatomical model, or the Dynamic Human CD, locate and provide a brief de-
scription for an example of each type of joint.

a. Synarthroses (immovable joints)

Suture:  _______________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Syndesmosis:  _________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

b. Amphiarthroses (slightly movable joints)

Synchondrosis:  _______________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Symphysis:  ___________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

c. Diarthroses (Freely movable joints)

Gliding:  _______________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Hinge:  ________________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Pivot:  _________________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Condyloid:  ____________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________
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Saddle:  _______________________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

Ball and socket:  ______________________________________________________________________________

Description:  ____________________________________________________________________________________

________________________________________________________________________________________________

 2. Using online resources or the Dynamic Human CD, review the histology of fi brocartilage and hyaline 
cartilage. List the locations in the body where each of these are found.

Fibrocartilage:  _________________________________________________________________________________

________________________________________________________________________________________________

Hyaline cartilage:  ______________________________________________________________________________

________________________________________________________________________________________________

 3. With a partner, use a goniometer to measure the range of motion for hip fl exion with the leg fully 
extended before and after a 30-second active static hamstring stretch. Explain your results.

ROM before stretch:  ________________________________ after stretch:  ______________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 4. With a partner, use a goniometer to measure the range of motion for hip fl exion with the leg fully 
extended before and after a 30-second passive static hamstring stretch. Explain your results.

ROM before stretch:  ________________________________ after stretch:  ______________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. With a partner, use a goniometer to measure the range of motion for hip fl exion, with the leg fully 
extended before and after stretching the hamstrings with one of the PNF techniques described in the 
chapter. Explain your results.

ROM before stretch:  ________________________________ after stretch:  ______________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

active stretching stretching of muscles, tendons, and ligaments produced by active development of tension in 
the antagonist muscles

articular capsule double-layered membrane that surrounds every synovial joint

articular cartilage protective layer of dense white connective tissue covering the articulating bone surfaces at 
diarthrodial joints

articular fi brocartilage soft tissue discs or menisci that intervene between articulating bones

ballistic stretching a series of quick, bouncing-type stretches

close-packed position joint orientation for which the contact between the articulating bone surfaces is maximum

Golgi tendon organ sensory receptor that inhibits tension development in a muscle and initiates tension devel-
opment in antagonist muscles

joint fl exibility a term representing the relative ranges of motion allowed at a joint

joint stability ability of a joint to resist abnormal displacement of the articulating bones

loose-packed position any joint orientation other than the close-packed position

muscle spindle sensory receptor that provokes refl ex contraction in a stretched muscle and inhibits ten-
sion development in antagonist muscles

passive stretching stretching of muscles, tendons, and ligaments produced by a stretching force other than ten-
sion in the antagonist muscles

proprioceptive neuromuscular  a group of stretching procedures involving alternating contraction and relaxation of the
facilitation muscles being stretched

range of motion angle through which a joint moves from anatomical position to the extreme limit of seg-
ment motion in a particular direction

reciprocal inhibition inhibition of tension development in the antagonist muscles resulting from activation of 
muscle spindles

static stretching maintaining a slow, controlled, sustained stretch over time, usually about 30 seconds

stretch refl ex monosynaptic refl ex initiated by stretching of muscle spindles and resulting in immediate 
development of muscle tension

synovial fl uid clear, slightly yellow liquid that provides lubrication inside the articular capsule at synovial 
joints
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C H A P T E R

6The Biomechanics of 
Human Skeletal Muscle

After completing this chapter, you will be able to:

Identify the basic behavioral properties of the musculotendinous unit.

Explain the relationships of fi ber types and fi ber architecture to muscle function.

Explain how skeletal muscles function to produce coordinated movement of the 
human body.

Discuss the effects of the force–velocity and length–tension relationships and 
electromechanical delay on muscle function.

Discuss the concepts of strength, power, and endurance from a biomechanical 
perspective.
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W hat enables some athletes to excel at endurance events such as the 
marathon and others to dominate in power events such as the shot 

put or sprinting? What characteristics of the neuromuscular system con-
tribute to quickness of movement? What exercises tend to cause muscular 
soreness? From a biomechanical perspective, what is muscular strength?

Muscle is the only tissue capable of actively developing tension. This 
characteristic enables skeletal, or striated, muscle to perform the im-
portant functions of maintaining upright body posture, moving the body 
limbs, and absorbing shock. Because muscle can only perform these func-
tions when appropriately stimulated, the human nervous system and the 
muscular system are often referred to collectively as the neuromuscular 
system. This chapter discusses the behavioral properties of muscle tissue, 
the functional organization of skeletal muscle, and the biomechanical as-
pects of muscle function.

BEHAVIORAL PROPERTIES OF THE 
MUSCULOTENDINOUS UNIT

The four behavioral properties of muscle tissue are extensibility, elastic-
ity, irritability, and the ability to develop tension. These properties are 
common to all muscle, including the cardiac, smooth, and skeletal muscle 
of human beings, as well as the muscles of other mammals, reptiles, am-
phibians, birds, and insects.

Extensibility and Elasticity

The properties of extensibility and elasticity are common to many bio-
logical tissues. As shown in Figure 6-1, extensibility is the ability to be 
stretched or to increase in length, and elasticity is the ability to return 
to normal length after a stretch. Muscle’s elasticity returns it to normal 
resting length following a stretch and provides for the smooth transmis-
sion of tension from muscle to bone.

The elastic behavior of muscle has been described as consisting of two 
major components (32, 57). The parallel elastic component (PEC), pro-
vided by the muscle membranes, supplies resistance when a muscle is 

•The characteristic behavioral 
properties of muscle are 
extensibility, elasticity, irritability, 
and the ability to develop tension.

parallel elastic 
component
passive elastic property of muscle 
derived from the muscle membranes

Normal
resting
length

Extended

After passive
elastic recoil

Contracted

FIGURE 6-1

The characteristic properties 
of muscle tissue enable it to 
extend, recoil, and contract.
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passively stretched. The series elastic component (SEC), residing in the 
tendons, acts as a spring to store elastic energy when a tensed muscle is 
stretched. These components of muscle elasticity are so named because 
the membranes and tendons are respectively parallel to and in series (or 
in line) with the muscle fi bers, which provide the contractile component 
(Figure 6-2). The elasticity of human skeletal muscle is believed to be due 
primarily to the SEC. Modeling studies show that the height of a jump in-
creases when a countermovement (knee fl exion) immediately precedes it 
due to increased elasticity of the SEC in the lower-extremity muscles (59). 
Other research supporting the increase in muscle force following stretch has 
shown that part of the force enhancement also comes from the PEC (66).

Both the SEC and the PEC have a viscous property that enables muscle 
to stretch and recoil in a time-dependent fashion. When a static stretch 
of a muscle group such as the hamstrings is maintained over time, the 
muscle progressively lengthens, increasing joint range of motion. Like-
wise, after a muscle group has been stretched, it does not recoil to resting 
length immediately, but shortens gradually over time. This viscoelastic 
response is independent of gender.

Irritability and the Ability to Develop Tension

Another of muscle’s characteristic properties, irritability, is the ability to 
respond to a stimulus. Stimuli affecting muscles are either electrochemi-
cal, such as an action potential from the attaching nerve, or mechanical, 
such as an external blow to a portion of a muscle. When activated by a 
stimulus, muscle responds by developing tension.

The ability to develop tension is the one behavioral characteristic unique 
to muscle tissue. Historically, the development of tension by muscle has been 
referred to as contraction, or the contractile component of muscle function. 
Contractility is the ability to shorten in length. However, as discussed in a 
later section, tension in a muscle may not result in the muscle’s shortening.

STRUCTURAL ORGANIZATION 
OF SKELETAL MUSCLE

There are approximately 434 muscles in the human body, making up 
40–45% of the body weight of most adults. Muscles are distributed in pairs 
on the right and left sides of the body. About 75 muscle pairs are respon-
sible for body movements and posture, with the remainder involved in ac-
tivities such as eye control and swallowing. When tension is developed in a 
muscle, biomechanical considerations such as the magnitude of the force 

FIGURE 6-2

From a mechanical 
perspective, the 
musculotendinous unit 
behaves as a contractile 
component (the muscle 
fi bers) in parallel with one 
elastic component (the 
muscle membranes) and in 
series with another elastic 
component (the tendons).

Parallel elastic
component

Series elastic
componentContractile

component

series elastic 
component
passive elastic property of muscle 
derived from the tendons

contractile component
muscle property enabling tension 
development by stimulated muscle 
fi bers

•Muscle’s viscoelastic property 
enables it to progressively lengthen 
over time when stretched.

viscoelastic
having the ability to stretch or shorten 
over time
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generated, the speed with which the force is developed, and the length 
of time that the force may be maintained are affected by the particular 
anatomical and physiological characteristics of the muscle.

Muscle Fibers

A single muscle cell is termed a muscle fi ber because of its threadlike 
shape. The membrane surrounding the muscle fi ber is sometimes called 
the sarcolemma, and the specialized cytoplasm is termed sarcoplasm. The 
sarcoplasm of each fi ber contains a number of nuclei and mitochondria, 
as well as numerous threadlike myofi brils that are aligned parallel to one 
another. The myofi brils contain two types of protein fi laments whose ar-
rangement produces the characteristic striated pattern after which skel-
etal, or striated, muscle is named.

Observations through the microscope of the changes in the visible bands 
and lines in skeletal muscle during muscle contraction have prompted the 
naming of these structures for purposes of reference (Figure 6-3). The 
sarcomere, compartmentalized between two Z lines, is the basic struc-
tural unit of the muscle fi ber (Figure 6-4). Each sarcomere is bisected 
by an M line. The A bands contain thick, rough myosin fi laments, each 
of which is surrounded by six thin, smooth actin fi laments. The I bands 
contain only thin actin fi laments. In both bands, the protein fi laments 
are held in place by attachment to Z lines, which adhere to the sarco-
lemma. In the center of the A bands are the H zones, which contain only 
the thick myosin fi laments. (See Table 6-1 for the origins of the names 
of these bands.)

During muscle contraction, the thin actin fi laments from either end of 
the sarcomere slide toward each other. As viewed through a microscope, 
the Z lines move toward the A bands, which maintain their original size, 
while the I bands narrow and the H zone disappears. Projections from 
the myosin fi laments called cross-bridges form physical linkages with the 
actin fi laments during muscle contraction, with the number of linkages 
proportional to both force production and energy expenditure.

Skeletal
muscle fiber

Myofibril

A bandI band I band A band

Z line Z line

Z line

Filaments
of actin

Filaments
of myosin

H zone M line

Myosin (thick)
filaments

Actin (thin)
filaments

A

B

C

Sarcomere

FIGURE 6-3

The sarcoplasm of a muscle 
fi ber contains parallel, 
threadlike myofi brils, each 
composed of myosin and actin 
fi laments. From Shier, Butler, 
and Lewis, Hole’s Human Anatomy 
and Physiology, © 1996. Reprinted 
by permission of The McGraw-Hill 
Companies, Inc.
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A network of membranous channels known as the sarcoplasmic reticulum 
is associated with each fi ber externally (Figure 6-5). Internally, the  fi bers 
are transected by tiny tunnels called transverse tubules that pass com-
pletely through the fi ber and open only externally. The sarcoplasmic re-
ticulum and transverse tubules provide the channels for transport of the 
electrochemical mediators of muscle activation.

Several layers of connective tissue provide the superstructure for mus-
cle fi ber organization (Figure 6-6). Each fi ber membrane, or sarcolemma, 
is surrounded by a thin connective tissue called the endomysium. Fibers 
are bundled into fascicles by connective tissue sheaths referred to as the 
perimysium. Groups of fascicles forming the whole muscles are then sur-
rounded by the epimysium, which is continuous with the muscle tendons.

Considerable variation in the length and diameter of muscle fi bers 
within muscles is seen in adults. Some fi bers may run the entire length of 
a muscle, whereas others are much shorter. Skeletal muscle fi bers grow 
in length and diameter from birth to adulthood. Fiber diameter can also 
be increased by resistance training with few repetitions of large loads in 
adults of all ages.

Sarcomere 

A band
I band

Z line

Actin
filament

Myosin
filament

Z line

I band

Thin
filament

Thick
filament

FIGURE 6-4

The sarcomere is composed 
of alternating dark and light 
bands that give muscle its 
striated appearance. From 
Shier, Butler, and Lewis, Hole’s 
Human Anatomy and Physiology, 
© 1996. Reprinted by permission of 
The McGraw-Hill Companies, Inc.

STRUCTURE HISTORICAL DERIVATION OF NAME

A bands Polarized light is anisotropic as it passes through this region.

I bands Polarized light is isotropic as it passes through this region.

Z lines The German word Zwischenscheibe means “intermediate disc.”

H zones Those were discovered by Hensen.

M band The German word Mittelscheibe means “intermediate band.”

TABLE 6-1

How the Structures 

within the Sarcomeres 

Got Their Names
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In animals such as amphibians, the number of muscle fi bers  present 
also increases with the age and size of the organism. However, this 
does not appear to occur in human beings. The number of muscle fi bers 
 present in humans is genetically determined and varies from person to 
person. The same number of fi bers present at birth is apparently main-
tained throughout life, except for the occasional loss from injury. The 
increase in muscle size after resistance training is generally believed to 
represent an increase in fi ber diameters rather than in the number of 
fi bers (50). 

Sarcoplasmic reticulum

Transverse tubules
(sarcolemmal invagination)

Openings into
transverse tubules

Mitochondria
Myofilaments

Sarcoplasm

Sarcolemma

Nucleus

Cisternae of
sarcoplasmic
reticulum

Myofibrils

Nucleus

FIGURE 6-5

The sarcoplasmic reticulum 
and transverse tubules 
provide channels for 
movement of electrolytes. 
From Shier, Butler, and Lewis, 
Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.
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Periosteum covering
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FIGURE 6-6

Muscle is compartmentalized 
by a series of connective 
tissue membranes. From 
Fox, Human Physiology, © 1999. 
Reprinted by permission of The 
McGraw-Hill Companies, Inc.
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Motor Units

Muscle fi bers are organized into functional groups of different sizes. 
Composed of a single motor neuron and all fi bers innervated by it, these 
groups are known as motor units (Figure 6-7). The axon of each motor 
neuron subdivides many times so that each individual fi ber is supplied 
with a motor end plate (Figure 6-8). Typically, there is only one end plate 
per fi ber, although multiple innervation of fi bers has been reported in 
vertebrates other than humans (27). The fi bers of a motor unit may be 
spread over a several-centimeter area and be interspersed with the fi bers 
of other motor units. Motor units are typically confi ned to a single muscle 
and are localized within that muscle. A single mammalian motor unit 
may contain from less than 100 to nearly 2000 fi bers, depending on the 
type of movements the muscle executes (9). Movements that are precisely 
controlled, such as those of the eyes or fi ngers, are produced by motor 
units with small numbers of fi bers. Gross, forceful movements, such as 
those produced by the gastrocnemius, are usually the result of the activ-
ity of large motor units.

Most skeletal motor units in mammals are composed of twitch-type 
cells that respond to a single stimulus by developing tension in a twitch-
like fashion. The tension in a twitch fi ber following the stimulus of a sin-
gle nerve impulse rises to a peak value in less than 100 msec and then 
immediately declines.

In the human body, however, motor units are generally activated by a 
volley of nerve impulses. When rapid, successive impulses activate a fi ber 

Motor neuron

Motor neuron

Spinal cord

Motor unit

Creek Motor unit

Motor
nerve

Motor
neuron
axon
Muscle
fiber

Motor
end
plate

FIGURE 6-7

A motor unit consists of a 
single neuron and all muscle 
fi bers innervated by that 
neuron. From Fox, Human 
Physiology, © 1999. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.

FIGURE 6-8

Each muscle fi ber in a motor 
unit receives a motor end 
plate from the motor neuron. 
From Fox, Human Physiology, © 
1999. Reprinted by permission of 
The McGraw-Hill Companies, Inc.

motor unit
a single motor neuron and all fi bers 
it innervates
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already in tension, summation occurs and tension is progressively ele-
vated until a maximum value for that fi ber is reached (Figure 6-9). A fi ber 
repetitively activated so that its maximum tension level is maintained for 
a time is in tetanus. The tension present during tetanus may be as much 
as four times peak tension during a single twitch (73). As tetanus is pro-
longed, fatigue causes a gradual decline in the level of tension produced.

Not all human skeletal motor units are of the twitch type. Motor 
units of the tonic type are found in the oculomotor apparatus. These 
motor units require more than a single stimulus before the initial de-
velopment of tension.

Fiber Types

Skeletal muscle fi bers exhibit many different structural, histochemical, 
and behavioral characteristics. Because these differences have direct 
implications for muscle function, they are of particular interest to many 
scientists. The fi bers of some motor units contract to reach maximum ten-
sion more quickly than do others after being stimulated. Based on this 
distinguishing characteristic, fi bers may be divided into the umbrella cat-
egories of fast twitch (FT) and slow twitch (ST). It takes FT fi bers only 
about one-seventh the time required by ST fi bers to reach peak tension 
(Figure 6-10) (18). This difference in time to peak tension is attributed 
to higher concentrations of myosin-ATPase in FT fi bers. The FT fi bers 
are also larger in diameter than ST fi bers. Because of these and other 
differences, FT fi bers usually fatigue more quickly than do ST fi bers. 
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Tension developed in a 
muscle fi ber (A) in response 
to a single stimulus, (B) 
in response to repetitive 
stimulation, and (C) in 
response to high-frequency 
stimulation (tetanus).

summation
building in an additive fashion

tetanus
state of muscle producing sustained 
maximal tension resulting from 
repetitive stimulation

fast-twitch fi ber
a fi ber that reaches peak tension 
relatively quickly

slow-twitch fi ber
a fi ber that reaches peak tension 
relatively slowly
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FIGURE 6-10

Fast-twitch fi bers both reach 
peak tension and relax more 
quickly than slow-twitch 
fi bers. Note that the twitch 
tension levels shown are 
relative to peak tension and 
not absolute, since FT fi bers 
tend to reach higher peak 
tensions than ST fi bers.
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Although intact FT and ST muscles generate approximately the same 
amount of peak isometric force per cross-sectional area of muscle, indi-
viduals with a high percentage of FT fi bers are able to generate higher 
magnitudes of torque and power during movement than are those with 
more ST fi bers (18).

FT fi bers are divided into two categories based on histochemical prop-
erties. The fi rst type of FT fi ber shares the resistance to fatigue that 
characterizes ST fi bers. The second type of FT fi ber is larger in diameter, 
contains fewer mitochondria, and fatigues more rapidly than the fi rst 
type (Table 6-2).

Researchers have categorized the three types of muscle fi bers using 
several different schemes. In one, ST fi bers are referred to as Type I, and 
the FT fi bers as Type IIa and Type IIb. Another system terms the ST fi -
bers as slow-twitch oxidative (SO), with FT fi bers divided into fast-twitch 
oxidative glycolytic (FOG) and fast-twitch glycolytic (FG) fi bers. Yet an-
other scheme includes ST fi bers and fast-twitch fatigue resistant (FFR) 
and fast-twitch fast-fatigue (FF) fi bers. These categorizations are not in-
terchangeable, as they are based on different fi ber properties. While three 
categories of muscle fi ber are useful for describing gross functional dif-
ferences, it is important to recognize that there is a continuum of fi ber 
characteristics (90).

Although all fi bers in a motor unit are the same type, most skeletal 
muscles contain both FT and ST fi bers, with the relative amounts varying 
from muscle to muscle and from individual to individual. For example, the 
soleus, which is generally used only for postural adjustments, contains 
primarily ST fi bers. In contrast, the overlying gastrocnemius may contain 
more FT than ST fi bers. Muscle fi ber composition is the same across gen-
ders in the normal population, although men tend to have larger fi bers 
than do women (79). 

FT fi bers are important contributors to a performer’s success in events 
requiring fast, powerful muscular contraction, such as sprinting and 
jumping. Endurance events such as distance running, cycling, and swim-
ming require effective functioning of the more fatigue-resistant ST fi bers. 
Using muscle biopsies, researchers have shown that highly successful 
athletes in events requiring strength and power tend to have unusu-
ally high proportions of FT fi bers (6), and that elite endurance athletes 
usually have abnormally high proportions of ST fi bers (51). As might be 

CHARACTERISTIC

TYPE I 
SLOW-TWITCH 
OXIDATIVE (SO)

TYPE IIA 
FAST-TWITCH 

OXIDATIVE 
GLYCOLYTIC 

(FOG)

TYPE IIB 
FAST-TWITCH 

GLYCOLYTIC (FG)

Contraction speed slow fast fast

Fatigue rate slow intermediate fast

Diameter small intermediate large

ATPase 
concentration

low high high

Mitochondrial 
concentration

high high low

Glycolytic enzyme 
concentration

low intermediate high

TABLE 6-2

Skeletal Muscle Fiber 

Characteristics

•A high percentage of FT fi bers 
is advantageous for generating 
fast movements, and a high 
percentage of ST fi bers is 
benefi cial for activities requiring 
endurance.
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 expected, in an event such as cycling, the most energetically optimal cy-
cling cadence has been shown to be related to lower-extremity fi ber type 
composition, with a faster pedaling frequency being better for athletes 
with a higher percentage of FT fi bers (82). 

As these fi ndings suggest, exercise training over time can result in 
changes in fi ber types within an individual. Today it is accepted that FT 
fi bers can be converted to ST fi bers with endurance training and that 
within the FT fi bers conversions from Type IIb to Type IIa fi bers can oc-
cur with heavy resistance (strength) training, endurance training, and 
concentric and eccentric isokinetic training (3, 12, 36).

Individuals genetically endowed with a high percentage of FT fi bers 
may gravitate to sports requiring strength, and those with a high per-
centage of ST fi bers may choose endurance sports. However, the fi ber type 
distributions of both elite strength-trained and elite endurance-trained 
athletes fall within the range of fi ber type compositions found in un-
trained individuals (21). Within the general population, a bell-shaped 
distribution of FT versus ST muscle composition exists, with most people 
having an approximate balance of FT and ST fi bers, and relatively small 
percentages having a much greater number of FT or ST fi bers.

Two factors known to affect muscle fi ber type composition are age and 
obesity. There is a progressive, age-related reduction in the number of 
motor units and muscle fi bers and in the size of Type II fi bers that is not 
related to gender or to training (71). A longitudinal study of 28 male dis-
tance runners showed a signifi cantly increased proportion of Type I fi bers 
over a 20-year period, presumably due to selective loss of Type II fi bers 
(80). However, there is good evidence that regular, lifelong, high-intensity 
exercise can reduce the loss of motor units typically associated with aging 
(64). These age-related changes may vary with the muscle, however, as the 
numbers of Type I and Type II fi bers have been found not to change with 
age in the biceps brachii (47). Infants and young children, on the other 
hand, also have signifi cantly smaller proportions of Type IIb fi bers than 
do adults, and signifi cantly lower proportions of Type IIb fi bers are found 
in obese than in nonobese adults (54).

Exciting new evidence underscores the role of genetic expression on 
fi ber type and suggests that skeletal muscle adapts to altered functional 
demands with changes in the genetic phenotype of individual fi bers (89). 
Myogenic stem cells called satellite cells are normally inactive but can be 
stimulated by a change in habitual muscle activity to proliferate and form 
new muscle fi bers (7). It has been hypothesized that muscle regeneration 
following exercise may provide a stimulus for satellite cell involvement in 
remodeling muscle by altering genetic expression in terms of muscle fi ber 
appearance and function within the muscle (89).

Fiber Architecture

Another variable infl uencing muscle function is the arrangement of fi bers 
within a muscle. The orientations of fi bers within a muscle and the ar-
rangements by which fi bers attach to muscle tendons vary considerably 
among the muscles of the human body. These structural considerations af-
fect the strength of muscular contraction and the range of motion through 
which a muscle group can move a body segment.

The two umbrella categories of muscle fi ber arrangement are termed 
parallel and pennate. Although numerous subcategories of parallel and 
pennate fi ber arrangements have been proposed, the distinction between 
these two broad categories is suffi cient for discussing biomechanical 
 features.

Elite sprint cyclists are likely 
to have muscles composed of a 
high percentage of FT fi bers.

parallel fi ber 
arrangement
pattern of fi bers within a muscle in 
which the fi bers are roughly parallel 
to the longitudinal axis of the muscle

pennate fi ber 
arrangement
pattern of fi bers within a muscle with 
short fi bers attaching to one or more 
tendons
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In a parallel fi ber arrangement, the fi bers are oriented largely in paral-
lel with the longitudinal axis of the muscle (Figure 6-11). The sartorius, 
rectus abdominis, and biceps brachii have parallel fi ber orientations. In 
most parallel-fi bered muscles, there are fi bers that do not extend the en-
tire length of the muscle, but terminate somewhere in the muscle belly. 
Such fi bers have structural specializations that provide interconnections 
with neighboring fi bers at many points along the fi ber’s surface to enable 
delivery of tension when the fi ber is stimulated (75).

A pennate fi ber arrangement is one in which the fi bers lie at an angle 
to the muscle’s longitudinal axis. Each fi ber in a pennate muscle attaches 
to one or more tendons, some of which extend the entire length of the 
muscle. The fi bers of a muscle may exhibit more than one angle of pen-
nation (angle of attachment) to a tendon. The tibialis posterior, rectus 
femoris, and deltoid muscles have pennate fi ber arrangements.

When tension is developed in a parallel-fi bered muscle, any shortening 
of the muscle is primarily the result of the shortening of its fi bers. When 
the fi bers of a pennate muscle shorten, they rotate about their tendon 
attachment or attachments, progressively increasing the angle of pen-
nation (74) (Figure 6-12). As demonstrated in Sample Problem 6.1, the 
greater the angle of pennation, the smaller the amount of effective force 
actually transmitted to the tendon or tendons to move the attached bones. 
Once the angle of pennation exceeds 60°, the amount of effective force 
transferred to the tendon is less than one-half of the force actually pro-
duced by the muscle fi bers. Sprinters have been found to have leg muscle 

Parallel fiber arrangements

Pennate fiber arrangements

FIGURE 6-11
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With tension developmentRelaxed

FIGURE 6-12

The angle of pennation 
increases as tension 
progressively increases in the 
muscle fi bers.

S A M P L E  P R O B L E M  6 . 1

How much force is exerted by the tendon of a pennate muscle when the ten-
sion in the fi bers is 100 N, given the following angles of pennation?

 1. 40°
 2. 60°
 3. 80°

Known

 Ffi bers 5 100 N

angle of pennation 5 40°, 60°, 80°

Solution
Wanted: Ftendon

The relationship between the tension in the fi bers and the tension in the 
tendon is

 Ftendon 5 Ffi bers cos �

 1. For � 5 40°, Ftendon 5 (100 N) (cos 40)

 Ftendon 5 76.6 N

 2. For � 5 60°, Ftendon 5 (100 N) (cos 60)

 Ftendon 5 50 N

 3. For � 5 80°, Ftendon 5 (100 N) (cos 80)

 Ftendon 5 17.4 N

a
Ff

Ft

Ff

Ft

a
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pennation angles less than those in distance runners, with the smaller 
pennation angle favoring greater shortening velocity for faster running 
speeds (77).

Although pennation reduces the effective force generated at a given 
level of fi ber tension, this arrangement allows the packing of more fi -
bers than can be packed into a longitudinal muscle occupying equal 
space. Because pennate muscles contain more fi bers per unit of muscle 
volume, they can generate more force than parallel-fi bered muscles of 
the same size. Interestingly, when muscle hypertrophies, there is a con-
comitant increase in the angulation of the constituent fi bers, and even 
in the absence of hypertrophy, thicker muscles have larger pennation 
angles (45).

The parallel fi ber arrangement, on the other hand, enables greater 
shortening of the entire muscle than is possible with a pennate ar-
rangement. Parallel-fi bered muscles can move body segments through 
larger ranges of motion than can comparably sized pennate-fi bered 
muscles. Increasing research fi ndings point to differences in regional 
structural organization and regional functional differences within a 
given muscle (23).

SKELETAL MUSCLE FUNCTION

When an activated muscle develops tension, the amount of tension 
present is constant throughout the length of the muscle, as well as 
in the tendons, and at the sites of the musculotendinous attachments 
to bone. The tensile force developed by the muscle pulls on the at-
tached bones and creates torque at the joints crossed by the muscle. As 
discussed in Chapter 3, the magnitude of the torque generated is the 
product of the muscle force and the force’s moment arm (Figure 6-13). 
In keeping with the laws of vector addition, the net torque present at a 
joint determines the direction of any resulting movement. The weight 
of the attached body segment, external forces acting on the body, and 
tension in any muscle crossing a joint can all generate torques at that 
joint (Figure 6-14).

•Pennate fi ber arrangement 
promotes muscle force 
production, and parallel fi ber 
arrangement facilitates muscle 
shortening.

•The net torque at a joint is the 
vector sum of the muscle torque 
and the resistive torque.

Center of
rotation

d T

d T

Fm

Tm = Fm × d

FIGURE 6-13

Torque (Tm) produced by a 
muscle at the joint center 
of rotation is the product of 
muscle force (Fm) and muscle 
moment arm (d�).
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Recruitment of Motor Units

The central nervous system exerts an elaborate system of control that 
enables matching of the speed and magnitude of muscle contraction to 
the requirements of the movement so that smooth, delicate, and precise 
movements can be executed. The neurons that innervate ST motor units 
generally have low thresholds and are relatively easy to activate, whereas 
FT motor units are supplied by nerves more diffi cult to activate. Conse-
quently, the ST fi bers are the fi rst to be activated, even when the resulting 
limb movement is rapid (13).

As the force requirement, speed requirement, or duration of the ac-
tivity increases, motor units with higher thresholds are progressively 
activated, with Type IIa, or FOG, fi bers added before the Type IIb, or FG, 
fi bers. Within each fi ber type, a continuum of ease of activation exists, 
and the central nervous system may selectively activate more or fewer 
motor units.

During low-intensity exercise, the central nervous system may recruit 
ST fi bers almost exclusively. As activity continues and fatigue sets in, 
Type IIa and then Type IIb motor units are activated until all motor units 
are involved (22).

Change in Muscle Length with Tension Development

When muscular tension produces a torque larger than the resistive torque 
at a joint, the muscle shortens, causing a change in the angle at the joint. 
When a muscle shortens, the contraction is concentric, and the resulting 
joint movement is in the same direction as the net torque generated by 
the muscles. A single muscle fi ber is capable of shortening to approxi-
mately one-half of its normal resting length.

Muscles can also develop tension without shortening. If the opposing 
torque at the joint crossed by the muscle is equal to the torque produced 
by the muscle (with zero net torque present), muscle length remains un-
changed, and no movement occurs at the joint. When muscular tension de-
velops but no change in muscle length occurs, the contraction is isometric. 
Because the development of tension increases the diameter of the muscle, 
body builders develop isometric tension to display their muscles when 
competing. Developing isometric tension simultaneously in muscles on 

Fb

Ft

wtf wts

FIGURE 6-14

The torque exerted by the 
biceps brachii (Fb) must 
counteract the torques created 
by the force developed in the 
triceps brachii (Ft), the weight 
of the forearm and hand (wtf), 
and the weight of the shot 
held in the hand (wts).

concentric
describing a contraction involving 
shortening of a muscle

isometric
describing a contraction involving no 
change in muscle length

•Slow-twitch motor units always 
produce tension fi rst, whether 
the resulting movement is slow 
or fast.
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opposite sides of a limb, such as in the triceps brachii and the biceps bra-
chii, enlarges the cross-sectional area of the tensed muscles, although no 
movement occurs at either the shoulder or the elbow joints.

When opposing joint torque exceeds that produced by tension in a mus-
cle, the muscle lengthens. When a muscle lengthens as it is being stimu-
lated to develop tension, the contraction is eccentric, and the direction of 
joint motion is opposite that of the net muscle torque. Eccentric tension 
occurs in the elbow fl exors during the elbow extension or weight-lowering 
phase of a curl exercise. The eccentric tension acts as a braking mechanism 
to control movement speed. Without the presence of eccentric tension in the 
muscles, the forearm, hand, and weight would drop in an uncontrolled way 
because of the force of gravity. Research indicates that enhanced ability to 
develop tension under concentric, isometric, and eccentric conditions is best 
achieved by training in the same respective exercise mode (88).

Roles Assumed by Muscles

An activated muscle can do only one thing: Develop tension. Because one 
muscle rarely acts in isolation, however, we sometimes speak in terms of 
the function or role that a given muscle is carrying out when it acts in 
concert with other muscles crossing the same joint (65).

When a muscle contracts and causes movement of a body segment at a 
joint, it is acting as an agonist, or mover. Because several different muscles 
often contribute to a movement, the distinction between primary and assis-
tant agonists is sometimes also made. For example, during the elbow fl exion 
phase of a forearm curl, the brachialis and the biceps brachii act as the pri-
mary agonists, with the brachioradialis, extensor carpi radialis longus, and 
pronator teres serving as assistant agonists. All one-joint muscles function-
ing as agonists either develop tension simultaneously or are quiescent (2).

Muscles with actions opposite those of the agonists can act as antago-
nists, or opposers, by developing eccentric tension at the same time that 
the agonists are causing movement. Agonists and antagonists are typically 
positioned on opposite sides of a joint. During elbow fl exion, when the bra-
chialis and the biceps brachii are primary agonists, the triceps could act as 
antagonists by developing resistive tension. Conversely, during elbow ex-
tension, when the triceps are the agonists, the brachialis and biceps brachii 
could perform as antagonists. Although skillful movement is not character-
ized by continuous tension in antagonist muscles, antagonists often pro-
vide controlling or braking actions, particularly at the end of fast, forceful 
movements. Whereas agonists are particularly active during acceleration 
of a body segment, antagonists are primarily active during deceleration, or 
negative acceleration (41). When a person runs down a hill, for example, 
the quadriceps function eccentrically as antagonists to control the amount 
of knee fl exion occurring. Co-contraction of agonist and antagonist muscles 
also enhances stability at the joint the muscles cross (19). Simultaneous 
tension development in the quadriceps and hamstrings helps stabilize the 
knee against potentially injurious rotational forces.

Another role assumed by muscles involves stabilizing a portion of the 
body against a particular force. The force may be internal, from tension 
in other muscles, or external, as provided by the weight of an object being 
lifted. The rhomboids act as stabilizers by developing tension to stabilize 
the scapulae against the pull of the tow rope during waterskiing.

A fourth role assumed by muscles is that of neutralizer. Neutralizers 
prevent unwanted accessory actions that normally occur when agonists de-
velop concentric tension. For example, if a muscle causes both fl exion and 
abduction at a joint but only fl exion is desired, the action of a neutralizer 

eccentric
describing a contraction involving 
lengthening of a muscle

Body builders commonly 
develop isometric tension 
in their muscles to display 
muscle size and defi nition.

agonist
role played by a muscle acting to 
cause a movement

antagonist
role played by a muscle acting to 
slow or stop a movement

stabilizer
role played by a muscle acting to 
stabilize a body part against some 
other force

neutralizer
role played by a muscle acting 
to eliminate an unwanted action 
produced by an agonist
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causing adduction can eliminate the unwanted abduction. When the biceps 
brachii develops concentric tension, it produces both fl exion at the elbow 
and supination of the forearm. If only elbow fl exion is desired, the pronator 
teres act as a neutralizer to counteract the supination of the forearm.

Performance of human movements typically involves the cooperative ac-
tions of many muscle groups acting sequentially and in concert. For example, 
even the simple task of lifting a glass of water from a table requires several 
different muscle groups to function in different ways. Stabilizing roles are 
performed by the scapular muscles and both fl exor and extensor muscles of 
the wrist. The agonist function is performed by the fl exor muscles of the fi n-
gers, elbow, and shoulder. Because the major shoulder fl exors, the anterior 
deltoid and pectoralis major, also produce horizontal adduction, horizontal 
abductors such as the middle deltoid and supraspinatus act as neutralizers. 
Movement speed during the motion may also be partially controlled by an-
tagonist activity in the elbow extensors. When the glass of water is returned 
to the table, gravity serves as the prime mover, with antagonist activity in 
the elbow and shoulder fl exors controlling movement speed.

Two-Joint and Multijoint Muscles

Many muscles in the human body cross two or more joints. Examples are the 
biceps brachii, the long head of the triceps brachii, the hamstrings, the rec-
tus femoris, and a number of muscles crossing the wrist and all fi nger joints. 
Since the amount of tension present in any muscle is essentially constant 
throughout its length, as well as at the sites of its tendinous attachments to 
bone, these muscles affect motion at both or all of the joints crossed simul-
taneously. The effectiveness of a two-joint or multijoint muscle in causing 
movement at any joint crossed depends on the location and orientation of 
the muscle’s attachment relative to the joint, the tightness or laxity present 
in the musculotendinous unit, and the actions of other muscles that cross 
the joint. Whereas one-joint muscles produce force directed primarily in line 
with a body segment, two-joint muscles can produce force with a signifi cant 
transverse component (34). During power-based activities such as jumping 
and sprinting, the biarticular muscles crossing the hip and knee have been 
shown to be particularly effective in converting body segment rotations into 
the desired translational motion of the total-body center of gravity (43).

During the elbow fl exion 
phase of a forearm curl, 
the brachialis and the 
biceps brachii act as the 
primary agonists, with the 
brachioradialis, fl exor carpi 
radialis, and pronator teres 
serving as assistant agonists.
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There are also, however, two disadvantages associated with the func-
tion of two-joint and multijoint muscles. They are incapable of shorten-
ing to the extent required to produce a full range of motion at all joints 
crossed simultaneously, a limitation that is termed active insuffi ciency. 
For example, the fi nger fl exors cannot produce as tight a fi st when the 
wrist is in fl exion as when it is in a neutral position (Figure 6-15). Some 
two-joint muscles are not able to produce force at all when the positions of 
both joints crossed place the muscles in a severely slackened state (31). A 
second problem is that for most people, two-joint and multijoint muscles 
cannot stretch to the extent required for full range of motion in the op-
posite direction at all joints crossed. This problem is referred to as passive 
insuffi ciency. For example, a larger range of hyperextension is possible at 
the wrist when the fi ngers are not fully extended (Figure 6-16). Likewise, 
a larger range of ankle dorsifl exion can be accomplished when the knee is in 
fl exion due to the change in the tightness of the gastrocnemius.

FACTORS AFFECTING MUSCULAR 
FORCE GENERATION

The magnitude of the force generated by muscle is also related to the 
velocity of muscle shortening, the length of the muscle when it is stimu-
lated, and the period of time since the muscle received a stimulus.  Because 
these factors are signifi cant determiners of muscle force, they have been 
extensively studied.

FIGURE 6-15

When the wrist is fully fl exed, 
the fi nger fl exors (that cross 
the wrist) are placed on slack 
and cannot develop suffi cient 
tension to form a fi st until the 
wrist is extended to a more 
neutral position. The inability 
to develop tension in a two- or 
multijoint muscle is referred 
to as active insuffi ciency.

FIGURE 6-16

When the fi nger fl exors are 
maximally stretched with 
both the wrist and the fi ngers 
in full extension, the range 
of motion for wrist extension 
is restricted. Flexion of 
the fi ngers enables further 
extension at the wrist. 
Restriction of range of motion 
at a joint because of tightness 
in a two- or multijoint muscle 
is referred to as passive 
insuffi ciency.

•Two-joint muscles can fail to 
produce force when slack (active 
insuffi ciency) and can restrict 
range of motion when fully 
stretched (passive insuffi ciency).

active insuffi ciency
limited ability of a two-joint muscle 
to produce force when joint position 
places the muscle on slack 

passive insuffi ciency
inability of a two-joint muscle to 
stretch to the extent required to 
allow full range of motion at all joints 
crossed
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Force–Velocity Relationship

The maximal force that a muscle can develop is governed by the velocity 
of the muscle’s shortening or lengthening, with the relationship respec-
tively shown in the concentric and eccentric zones of the graph in Figure 
6-17. This force–velocity relationship was fi rst described for concentric 
tension development in muscle by Hill in 1938 (32). Because the relation-
ship holds true only for maximally activated muscle, it does not apply to 
muscle actions during most daily activities.

Accordingly, the force–velocity relationship does not imply that it is im-
possible to move a heavy resistance at a fast speed. The stronger the mus-
cle is, the greater the magnitude of maximum isometric tension (shown 
in the center of Figure 6-17). This is the maximum amount of force that 
a muscle can generate before actually lengthening as the resistance is 
increased. However, the general shape of the force–velocity curve remains 
the same, regardless of the magnitude of maximum isometric tension.

The force–velocity relationship also does not imply that it is impossible 
to move a light load at a slow speed. Most activities of daily living require 
slow, controlled movements of submaximal loads. With submaximal loads, 
the velocity of muscle shortening is subject to volitional control. Only the 
number of motor units required are activated. For example, a pencil can 
be picked up from a desktop quickly or slowly, depending on the controlled 
pattern of motor unit recruitment in the muscle groups involved.

The force–velocity relationship has been tested for skeletal, smooth, 
and cardiac muscle in humans, as well as for muscle tissues from other 
species (33). The general pattern holds true for all types of muscle, even 
the tiny muscles responsible for the rapid fl uttering of insect wings. Maxi-
mum values of force at zero velocity and maximum values of velocity at a 
minimal load vary with the size and type of muscle. Although the physi-
ological basis for the force–velocity relationship is not completely under-
stood, the shape of the concentric portion of the curve corresponds to the 
rate of energy production in a muscle.

The force–velocity relationship for muscle loaded beyond the isometric 
maximum is shown in the top half of Figure 6-17 (44). Under eccentric 
conditions, the maximal force a muscle can produce exceeds the isometric 
maximum by a factor of 1.5–2.0 (30). Achievement of such a high force 
level, however, appears to require electrical stimulation of the motor neu-
ron (86). Maximal eccentric forces produced volitionally are similar to the 
isometric maximum (86). It is likely that this is true because the nervous 
system provides inhibition through refl ex pathways to protect against 
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FIGURE 6-17

The force–velocity 
relationship for muscle tissue. 
When the resistance (force) is 
negligible, muscle contracts 
with maximal velocity. As the 
load progressively increases, 
concentric contraction velocity 
slows to zero at isometric 
maximum. As the load 
increases further, the muscle 
lengthens eccentrically.

•The stronger a muscle, the 
greater the magnitude of its 
isometric maximum on the 
force–velocity curve.
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injury to muscles and tendons (86). Elevated force production under ec-
centric conditions with volitional muscle activation is not a function of 
greater neural activation of the muscle, but appears to represent the con-
tribution of the elastic components of muscle (46, 49).

Eccentric strength training involves the use of resistances that are 
greater than the athlete’s maximum isometric force generation capability. 
As soon as the load is assumed, the muscle begins to lengthen. Research 
shows this type of training to be more effective than concentric training 
in increasing muscle size and strength (36). As compared with concentric 
and isometric training, however, eccentric training is also associated with 
delayed onset muscle soreness (40).

Length–Tension Relationship

The amount of maximum isometric tension a muscle is capable of produc-
ing is partly dependent on the muscle’s length. In single muscle fi bers, 
isolated muscle preparations, and in vivo human muscles, force genera-
tion is at its peak when the muscle is slightly stretched (66). Conversely, 
muscle tension development capability is less following muscle shorten-
ing (70). Both the duration of muscle stretch or shortening and the time 
since stretch or shortening affect force generation capability (29, 67).

Within the human body, force generation capability increases when the 
muscle is slightly stretched. Parallel-fi bered muscles produce maximum 
tensions at just over resting length, and pennate-fi bered muscles gener-
ate maximum tensions at between 120% and 130% of resting length (25). 
This phenomenon is due to the contribution of the elastic components of 
muscle (primarily the SEC), which add to the tension present in the mus-
cle when the muscle is stretched. Figure 6-18 shows the pattern of maxi-
mum tension development as a function of muscle length, with the active 
contribution of the contractile component and the passive contribution of 
the SEC and PEC indicated. Research indicates that following eccentric 
exercise there may be a slight, transient increase in muscle length that 
impairs force development when joint angle does not place the muscle in 
suffi cient stretch (73).

Stretch-Shortening Cycle

When an actively tensed muscle is stretched just prior to contraction, 
the resulting contraction is more forceful than in the absence of the 
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FIGURE 6-18

The total tension present in a 
stretched muscle is the sum 
of the active tension provided 
by the muscle fi bers and the 
passive tension provided 
by the tendons and muscle 
membranes.
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 prestretch. This pattern of eccentric contraction followed immediately by 
concentric contraction is known as the stretch-shortening cycle (SSC). A 
muscle can perform substantially more work when it is actively stretched 
prior to shortening than when it simply contracts. In an experiment in-
volving forceful dorsifl exion followed by plantar fl exion at slow and fast 
frequencies, the SSC contributed an estimated 20.2% and 42.5%, respec-
tively, to the positive work done (56). The metabolic cost of performing a 
given amount of mechanical work is also less when the SSC is invoked 
than the cost without it.

The mechanisms responsible for the SSC are not fully understood. 
However, one contributor in at least some cases is likely to be the SEC, 
with the elastic recoil effect of the actively stretched muscle enhancing 
force production. It has been estimated that during running at a slow 
speed, the triceps surae complex stores 45 J of elastic energy in the fi rst 
half of stance, with 60 J produced during the second half (35). Eccentric 
training enhances the ability of the musculotendinous unit to store and 
return more elastic energy (68). Another potential contributor to the SSC 
is activation of the stretch refl ex provoked by the forced lengthening of 
the muscle. Muscle spindle activity has been shown to provide a brief but 
substantial facilitation of neural drive during volitional contraction fol-
lowing prestretch (81). Force potentiation has also been shown to be sig-
nifi cantly diminished following fatiguing exercise involving the SSC and 
following cooling-induced suppression of muscle spindle activity (48, 62).

Regardless of its cause, the SSC contributes to effective development 
of concentric muscular force in many sport activities. Quarterbacks and 
pitchers typically initiate a forceful stretch of the shoulder fl exors and 
horizontal adductors immediately before throwing the ball. The same ac-
tion occurs in muscle groups of the trunk and shoulders at the peak of the 
backswing of a golf club and a baseball bat. Competitive weight lifters 
use quick knee fl exion during the transition phase of the snatch to invoke 
the SSC and enhance performance (24). The SSC also promotes storage 
and use of elastic energy during running, particularly with the alternat-
ing eccentric and concentric tension present in the gastrocnemius (42). 
Researchers have found that the muscles, tendons, and ligaments in the 
lower extremity behave very much like a spring during running, with 
higher stride frequencies associated with increased spring stiffness (17). 

Electromechanical Delay

When a muscle is stimulated, a brief period elapses before the muscle be-
gins to develop tension (Figure 6-19). Referred to as electromechanical delay 
(EMD), this time is believed to be needed for the contractile component of 
the muscle to stretch the SEC. During this time, muscle laxity is eliminated. 
Once the SEC is suffi ciently stretched, tension development proceeds.

The length of EMD varies considerably among human muscles, with 
values of 20–100 msec reported (50). Researchers have found shorter 
EMDs produced by muscles with high percentages of FT fi bers as com-
pared to muscles with high percentages of ST fi bers (60). Development of 
higher contraction forces is also associated with shorter EMDs (85). Fac-
tors such as muscle length, contraction type, contraction velocity, and fa-
tigue, however, do not appear to affect EMD (85). EMD is longer under the 
following conditions: immediately following passive stretching, several 
days after eccentric exercise resulting in muscle damage, after a period of 
endurance training, and when contraction is initiated from a resting state 
as compared to an activated state (11, 26, 38, 84). EMD in children is also 
signifi cantly longer than in adults (16).

Baseball pitchers initiate a 
forceful stretch of the shoulder 
fl exors and horizontal 
adductors immediately before 
throwing the ball. The stretch 
refl ex then contributes to 
forceful tension development 
in these muscles. Photo courtesy 
of Donald Miralle/Getty Images.

electromechanical 
delay
time between the arrival of neural 
stimulus and tension development by 
the muscle

stretch-shortening cycle
eccentric contraction followed 
immediately by concentric contraction
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The time required for a muscle to develop maximum isometric tension 
may be a full second following EMD (36). Shorter maximum force devel-
opment times are associated with a high percentage of FT fi bers in the 
muscle and with a trained state (83).

MUSCULAR STRENGTH, POWER, 
AND ENDURANCE

In practical evaluations of muscular function, the force-generating charac-
teristics of muscle are discussed within the concepts of muscular strength, 
power, and endurance. These characteristics of muscle function have sig-
nifi cant implications for success in different forms of strenuous physical 
activity, such as splitting wood, throwing a javelin, or hiking up a mountain 
trail. Among senior citizens and individuals with neuromuscular disorders 
or injuries, maintaining adequate muscular strength and endurance is es-
sential for carrying out daily activities and avoiding injury.

Muscular Strength

When scientists excise a muscle from an experimental animal and elec-
trically stimulate it in a laboratory, they can directly measure the force 
generated by the muscle. It is largely from controlled experimental work 
of this kind that our understandings of the force–velocity and length–
tension relationships for muscle tissue are derived.

In the human body, however, it is not convenient to directly assess the 
force produced by a given muscle. The most direct assessment of  “muscular 
strength” commonly practiced is a measurement of the maximum torque 
generated by an entire muscle group at a joint. Muscular strength, then, 
is measured as a function of the collective force-generating capability of a 
given functional muscle group. More specifi cally, muscular strength is the 
ability of a given muscle group to generate torque at a particular joint.

As discussed in Chapter 3, torque is the product of force and the force’s 
moment arm, or the perpendicular distance at which the force acts from 
an axis of rotation. Resolving a muscle force into two orthogonal compo-
nents, perpendicular and parallel to the attached bone, provides a clear 
picture of the muscle’s torque-producing effect (Figure 6-20). Because the 
component of muscle force directed perpendicular to the attached bone 
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Myoelectric activity (EMG) 
in the vastus lateralis during 
isometric knee extension 
superimposed on a trace of 
the force output from the 
leg. Notice that the burst 
of EMG activity clearly 
precedes the onset of force 
production, demonstrating 
electromechanical delay 
(EMD). Graph courtesy of 
Dr. Chris Knight, University of 
Delaware.
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produces torque, or a rotary effect, this component is termed the rotary 
component of muscle force. The size of the rotary component is maximum 
when the muscle is oriented at 90° to the bone, with change in angle of 
orientation in either direction progressively diminishing it. Isokinetic re-
sistance machines are designed to match the size of the rotary component 
of muscle force throughout the joint range of motion. Sample Problem 6.2 
demonstrates how the torque generated by a given muscle force changes 
as the angle of the muscle’s attachment to the bone changes.

The component of muscle force acting parallel to the attached bone 
does not produce torque, since it is directed through the joint center and 
therefore has a moment arm of zero (Figure 6-21). This component, how-
ever, can provide either a stabilizing infl uence or a dislocating infl uence, 
depending on whether it is directed toward or away from the joint center. 
Actual dislocation of a joint rarely occurs from the tension developed 
by a muscle, but if a dislocating component of muscle force is present, 

•Muscular strength is most 
commonly measured as the 
amount of torque a muscle group 
can generate at a joint.

S A M P L E  P R O B L E M  6 . 2

How much torque is produced at the elbow by the biceps brachii inserting 
at an angle of 60° on the radius when the tension in the muscle is 400 N? 
(Assume that the muscle attachment to the radius is 3 cm from the center 
of rotation at the elbow joint.)

Known

 Fm 5 400 N
 � 5 60°
 d� 5 0.03 m

Solution
Wanted: Tm

Only the component of muscle force perpendicular to the bone generates 
torque at the joint. From the diagram, the perpendicular component of 
muscle force is

 Fp 5 Fm sin �
 Fp 5 (400 N) (sin 60)
 5 346.4 N

 Tm 5 Fpd�

 5 (346.4 N)(0.03 m)
 Tm 5 10.4 N-m

60�

Fm

Fm sin �Fm

�

Ft Ft

FIGURE 6-20

The component of muscular 
force that produces torque 
at the joint crossed (Ft) is 
directed perpendicular to the 
attached bone.
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a tendency for dislocation occurs. If the elbow is at an acute angle in 
greater than 90° of fl exion, for example, tension produced by the biceps 
tends to pull the radius away from its articulation with the humerus, 
thereby lessening the stability of the elbow in that particular position.

Therefore, muscular strength is derived both from the amount of ten-
sion the muscles can generate and from the moment arms of the contrib-
uting muscles with respect to the joint center. Both sources are affected 
by several factors.

The tension-generating capability of a muscle is related to its cross-
sectional area and its training state. The force generation capability per 
cross-sectional area of muscle is approximately 90 N/cm2 (61), as illus-
trated in Sample Problem 6.3. With both concentric and eccentric strength 

Stabilizing
component

Rotary
component

Rotary
component

Dislocating
component

FIGURE 6-21

Contraction of the biceps 
brachii produces a component 
of force at the elbow that 
may tend to be stabilizing or 
dislocating, depending on the 
angle present at the elbow 
when contraction occurs.

S A M P L E  P R O B L E M  6 . 3

How much tension may be developed in muscles with the following cross-
sectional areas?

 1. 4 cm2

 2. 10 cm2

 3. 12 cm2

Known

muscle cross-sectional areas 5 4 cm2, 10 cm2, and 12 cm2

Solution
Wanted: tension development capability
The tension-generating capability of muscle tissue is 90 N/cm2. The force 
produced by a muscle is the product of 90 N/cm2 and the muscle’s cross-
sectional area. So,

 1. F 5 (90 N/cm2) (4 cm2)

 F 5 360 N

 2. F 5 (90 N/cm2) (10 cm2)

 F 5 900 N

 3. F 5 (90 N/cm2) (12 cm2)

 F 5 1080 N

Cross-sectional area
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training, gains in strength over approximately the fi rst 12 weeks appear to 
be related more to improved innervation of the trained muscle than to the 
increase in its cross-sectional area (53). This notion is further strengthened 
by the fi nding that unilateral strength training also produces strength 
gains in the untrained contralateral limb (37). The neural adaptations 
that occur with resistance training may include increased neuronal fi r-
ing rates, increased motoneuron excitability and decreased presynaptic 
inhibition, lessening of inhibitory neural pathways, and increased levels 
of motor output from the central nervous system (1). Recent research fi nd-
ings suggest that muscle hypertrophy in response to resistance exercise 
is at least partially regulated by each individual’s genetic composition (8).

A muscle’s moment arm is affected by two equally important factors: 
(a) the distance between the muscle’s anatomical attachment to bone 
and the axis of rotation at the joint center, and (b) the angle of the mus-
cle’s attachment to bone, which is typically a function of relative joint 
angle. The greatest amount of torque is produced by maximum tension 
in a muscle that is oriented at a 90° angle to the bone, and anatomically 
attached as far from the joint center as possible.

Muscular Power

Mechanical power (discussed in Chapter 12) is the product of force and 
velocity. Muscular power is therefore the product of muscular force and 
the velocity of muscle shortening. Maximum power occurs at approxi-
mately one-third of maximum velocity (32) and at approximately one-
third of maximum concentric force (50) (Figure 6-22). Research indicates 
that training designed to increase muscular power over a range of re-
sistance occurs most effectively with loads of one-third of one maximum 
repetition (58).

Because neither muscular force nor the speed of muscle shortening can 
be directly measured in an intact human being, muscular power is more 
generally defi ned as the rate of torque production at a joint, or the product 

•Explosive movements require 
muscular power.
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The relationships among 
concentric tension, shortening 
velocity, and power for muscle.
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of the net torque and the angular velocity at the joint. Accordingly, mus-
cular power is affected by both muscular strength and movement speed.

Muscular power is an important contributor to activities requiring both 
strength and speed. The strongest shot-putter on a team is not  necessarily 
the best shot-putter, because the ability to accelerate the shot is a critical 
component of success in the event. Athletic endeavors that require explo-
sive movements, such as Olympic weight lifting, throwing, jumping, and 
sprinting, are based on the ability to generate muscular power.

Since FT fi bers develop tension more rapidly than do ST fi bers, a large 
percentage of FT fi bers in a muscle is an asset for an individual training 
for a muscular power–based event. Individuals with a predominance of 
FT fi bers generate more power at a given load than do individuals with 
a high percentage of ST compositions. Those with primarily FT composi-
tions also develop their maximum power at faster velocities of muscle 
shortening (78). The ratio for mean peak power production by Type IIb, 
Type IIa, and Type I fi bers in human skeletal muscle is 10:5:1 (18).

Muscular Endurance

Muscular endurance is the ability of the muscle to exert tension over 
time. The tension may be constant, as when a gymnast performs an iron 
cross, or may vary cyclically, as during rowing, running, and cycling. The 
longer the time tension is exerted, the greater the endurance. Although 
maximum muscular strength and maximum muscular power are rela-
tively specifi c concepts, muscular endurance is less well understood be-
cause the force and speed requirements of the activity dramatically affect 
the length of time it can be maintained.

Training for muscular endurance typically involves large numbers of 
repetitions against relatively light resistance. This type of training does 
not increase muscle fi ber diameter.

Muscle Fatigue

Muscle fatigue has been defi ned as an exercise-induced reduction in the 
maximal force capacity of muscle (20). Fatigability is also the opposite of 
endurance. The more rapidly a muscle fatigues, the less endurance it has. 
A complex array of factors affects the rate at which a muscle fatigues, 
including the type and intensity of exercise, the specifi c muscle groups 
involved, and the physical environment in which the activity occurs (39). 
Moreover, within a given muscle, fi ber type composition and the pattern 
of motor unit activation play a role in determining the rate at which a 
muscle fatigues. However, this is an evolving area of understanding, with 
a considerable amount of related research in progress (10).

Characteristics of muscle fatigue include reduction in muscle force 
production capability and shortening velocity, as well as prolonged relax-
ation of motor units between recruitment (4). High-intensity muscle ac-
tivity over time also results in prolonged twitch duration and a prolonged 
sarcolemma action potential of reduced amplitude (18).

A muscle fi ber reaches absolute fatigue once it is unable to develop 
tension when stimulated by its motor axon. Fatigue may also occur in the 
motor neuron itself, rendering it unable to generate an action potential. 
FG fi bers fatigue more rapidly than FOG fi bers, and SO fi bers are the 
most resistant to fatigue. Research has shown that the proportion of ST 
fi bers in the vastus lateralis is directly related to the length of time that a 
level of 50% of maximum isometric tension can be maintained (52).

The specifi c causes of muscle fatigue are not well understood. How-
ever, a growing body of evidence indicates that reduction in the rate of 

Sprinting requires muscular 
power, particularly in 
the hamstrings and the 
gastrocnemius. Photo courtesy of 
Digital Vision/Getty Images.
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intracellular calcium release and uptake by the sarcoplasmic reticulum 
is involved (87). As many as three different mechanisms of reduced cal-
cium release have been identifi ed but are incompletely understood (4). 
Some experimental evidence suggests that sliding of the actin and myo-
sin fi laments during repeated muscle contraction reduces the affi nity for 
calcium at uptake sites on the thin actin fi laments (15). A variety of other 
factors have also been implicated in the development of fatigue, including 
increases in muscle acidity and intracellular potassium (5) and decreases 
in muscle energy supplies and intracellular oxygen (63).

Effect of Muscle Temperature

As body temperature elevates, the speeds of nerve and muscle functions 
increase. This causes a shift in the force–velocity curve, with a higher 
value of maximum isometric tension and a higher maximum velocity of 
shortening possible at any given load (Figure 6-23). At an elevated tem-
perature, the activation of fewer motor units is needed to sustain a given 
load (69). The metabolic processes supplying oxygen and removing waste 
products for the working muscle also quicken with higher body tempera-
tures. These benefi ts result in increased muscular strength, power, and 
endurance, and provide the rationale for warming up before an athletic 
endeavor. Notably, these benefi ts are independent of any change in the 
elasticity of the musculotendinous units, as research has demonstrated 
that the mechanical properties of muscle and tendon are not altered with 
either heating or cooling over the physiological range (55). 

Muscle function is most effi cient at 38.5°C (101°F) (6). Elevation of 
body temperature beyond this point may occur during strenuous exercise 
under conditions of high ambient temperature and/or humidity and can 
be extremely dangerous, possibly resulting in heat exhaustion or heat 
stroke. Organizers of long-distance events involving running or cycling 
should be particularly cognizant of the potential hazards associated with 
competition in such environments.

COMMON MUSCLE INJURIES

Muscle injuries are common, with most being relatively minor. Fortunately, 
healthy skeletal muscle has considerable ability to self-repair.

Normal body temperature

Elevated body temperature

Force
V
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FIGURE 6-23

When muscle temperature is 
slightly elevated, the force–
velocity curve is shifted. This 
is one benefi t of warming up 
before an athletic endeavor.
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Strains

Muscular strains result from overstretching of muscle tissue. Most typi-
cally, an active muscle is overloaded, with the magnitude of the injury 
related to the size of the overload and the rate of overloading. Strains 
can be mild, moderate, or severe. Mild strains involve minimal structural 
damage and are characterized by a feeling of tightness or tension in the 
muscle. Second-degree strains involve a partial tear in the muscle tissue, 
with symptoms of pain, weakness, and some loss of function. With third-
degree sprains, there is severe tearing of the muscle, functional loss, and 
accompanying hemorrhage and swelling. The hamstrings are the most 
frequently strained muscles in the human body. Hamstring strains are 
particularly problematic for athletes because they are slow to heal and 
have nearly a one-third incidence of recurrence within the fi rst year fol-
lowing a return to sport participation (28).

Contusions

Contusions, or muscle bruises, are caused by compressive forces sustained 
during impacts. They consist of hematomas within the muscle tissue. A 
serious muscle contusion, or a contusion that is repeatedly impacted, can 
lead to the development of a much more serious condition known as myo-
sitis ossifi cans. Myositis ossifi cans consists of the presence of a calcifi ed 
mass within the muscle. Apparently, the fi broblasts recruited during the 
healing process begin to differentiate into osteoblasts, with calcifi cation 
becoming visible on a radiograph after three or four weeks (72). After six 
or seven weeks, resorption of the calcifi ed mass usually begins, although 
sometimes a bony lesion in the muscle remains.

Cramps

The etiology of muscle cramps is not well understood, with possible caus-
ative factors including electrolyte imbalances, defi ciencies in calcium and 
magnesium, and dehydration. Cramps can also occur secondary to direct 
impacts. Cramps may involve moderate to severe muscle spasms, with 
proportional levels of accompanying pain.

Delayed-Onset Muscle Soreness

Muscle soreness often occurs after some period of time following unac-
customed exercise. Delayed-onset muscle soreness (DOMS) arises 24–72 
hours after participation in a long or strenuous bout of exercise and is 
characterized by pain, swelling, and the same kinds of histological changes 
that accompany acute infl ammation (76). Microtearing of the muscle tis-
sue is involved, with symptoms of pain, stiffness, and restricted range of 
motion. Researchers have hypothesized that the increase in joint stiffness 
may serve as a protective mechanism that helps prevent added damage 
and pain (14). 

Compartment Syndrome

Hemorrhage or edema within a muscle compartment can result from 
injury or excessive muscular exertion. Pressure increases within the 
compartment, and severe damage to the neural and vascular structures 
within the compartment follows in the absence of pressure release. Swell-
ing, discoloration, diminished distal pulse, loss of sensation, and loss of 
motor function are all progressively apparent symptoms.



SUMMARY

Muscle is elastic and extensible and responds to stimulation. Most impor-
tantly, however, it is the only biological tissue capable of developing tension.

The functional unit of the neuromuscular system is the motor unit, 
consisting of a single motor neuron and all the fi bers it innervates. The 
fi bers of a given motor unit are either slow twitch, fast-twitch fatigue-
resistant, or fast-twitch fast-fatigue. Both ST and FT fi bers are typically 
found in all human muscles, although the proportional fi ber composition 
varies. The number and distribution of fi bers within muscles appear to be 
genetically determined and related to age. Within human skeletal muscles, 
fi ber arrangements are parallel or pennate. Pennate fi ber arrangements 
promote force production, whereas parallel fi ber arrangement enables 
greater shortening of the muscle.

Muscle responds to stimulation by developing tension. Depending on 
what other forces act, however, the resulting action can be concentric, 
eccentric, or isometric, for muscle shortening, lengthening, or remaining 
unchanged in length. The central nervous system directs the recruit-
ment of motor units such that the speed and magnitude of muscle ten-
sion development are well matched to the requirements of the activity.

There are well-defi ned relationships between muscle force output and 
the velocity of muscle shortening, the length of the muscle at the time of 
stimulation, and the time since the onset of the stimulus. Because of the 
added contribution of the elastic components of muscle and neural facilita-
tion, force production is enhanced when a muscle is actively prestretched.

Muscle performance is typically described in terms of muscular strength, 
power, and endurance. From a biomechanical perspective, strength is the 
ability of a muscle group to generate torque at a joint, power is the rate of 
torque production at a joint, and endurance is resistance to fatigue.

INTRODUCTORY PROBLEMS

 1. List three examples of activities requiring concentric muscle action 
and three examples of activities requiring eccentric muscle action, 
and identify the specifi c muscles or muscle groups involved.

 2. List fi ve movement skills for which a high percentage of fast-twitch 
muscle fi bers is an asset and fi ve movement skills for which a high 
percentage of slow-twitch fi bers is an asset. Provide brief statements 
of rationale for each of your lists.

 3. Hypothesize about the pattern of recruitment of motor units in the 
major muscle group or groups involved during each of the following 
activities:

 a. Walking up a fl ight of stairs
 b. Sprinting up a fl ight of stairs
 c. Throwing a ball
 d. Cycling in a 100 km race
 e. Threading a needle
 4. Identify three muscles that have parallel fi ber arrangements, and ex-

plain the ways in which the muscles’ functions are enhanced by this 
arrangement.

 5. Answer Problem 4 for pennate fi ber arrangement.
 6. How is the force–velocity curve affected by muscular strength  training?
 7. Write a paragraph describing the biomechanical factors determining 

muscular strength.
 8. List fi ve activities in which the production of muscular force is en-

hanced by the series elastic component and the stretch refl ex.
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 9. Muscle can generate approximately 90 N of force per square centi-
meter of cross-sectional area. If a biceps brachii has a cross-sectional 
area of 10 cm2, how much force can it exert? (Answer: 900 N)

 10. Using the same force/cross-sectional area estimate as in Problem 9, 
and estimating the cross-sectional area of your own biceps brachii, 
how much force should the muscle be able to produce?

ADDITIONAL PROBLEMS

 1. Identify the direction of motion (fl exion, extension, etc.) at the hip, 
knee, and ankle, and the source of the force(s) causing motion at each 
joint for each of the following activities:

 a. Sitting down in a chair
 b. Taking a step up on a fl ight of stairs
 c. Kicking a ball
 2. Considering both the force–length relationship and the rotary com-

ponent of muscle force, sketch what you would hypothesize to be the 
shape of a force versus joint angle curve for the elbow fl exors. Write a 
brief rationale in support of the shape of your graph.

 3. Certain animals, such as kangaroos and cats, are well known for their 
jumping abilities. What would you hypothesize about the biomechan-
ical characteristics of their muscles?

 4. Identify the functional roles played by the muscle groups that con-
tribute to each of the following activities:

 a. Carrying a suitcase
 b. Throwing a ball
 c. Rising from a seated position
 5. If the fi bers of a pennate muscle are oriented at a 45° angle to a cen-

tral tendon, how much tension is produced in the tendon when the 
muscle fi bers contract with 150 N of force? (Answer: 106 N)

 6. How much force must be produced by the fi bers of a pennate muscle 
aligned at a 60° angle to a central tendon to create a tensile force of 
200 N in the tendon? (Answer: 400 N)

 7. What must be the effective minimal cross-sectional areas of the mus-
cles in Problems 5 and 6, given an estimated 90 N of force-producing 
capacity per square centimeter of muscle cross-sectional area? (An-
swer: 1.2 cm2; 4.4 cm2)

 8. If the biceps brachii, attaching to the radius 2.5 cm from the elbow 
joint, produces 250 N of tension perpendicular to the bone, and the 
triceps brachii, attaching 3 cm away from the elbow joint, exerts 200 N 
of tension perpendicular to the bone, how much net torque is present 
at the joint? Will there be fl exion, extension, or no movement at the 
joint? (Answer: 0.25 N-m; fl exion)

 9. Calculate the amount of torque generated at a joint when a muscle 
attaching to a bone 3 cm from the joint center exerts 100 N of tension 
at the following angles of attachment:

 a. 30°
 b. 60°
 c. 90°
 d. 120°
 e. 150°
 (Answers: a. 1.5 N-m; b. 2.6 N-m; c. 3 N-m; d. 2.6 N-m; e. 1.5 N-m)
 10. Write a quantitative problem of your own involving the following 

variables: muscle tension, angle of muscle attachment to bone, dis-
tance of the attachment from the joint center, and torque at the joint. 
Provide a solution for your problem.
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. With a partner, use a goniometer to measure the ankle range of motion for dorsifl exion and plantar 
fl exion both when the knee is fully extended and when it is comfortably fl exed. Explain your results.

Dorsifl exion ROM with full knee extension:  _________________ with knee fl exion:  ____________________

Plantar fl exion ROM with full knee extension:  ______________ with knee fl exion:  ____________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 2. Using a series of dumbbells, determine your maximum weight for the forearm curl exercise when the 
elbow is at angles of 5°, 90°, and 140°. Explain your fi ndings.

Max at 5°:  ______________________  at 90°:  ________________________  at 140°:  ____________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Using electromyography apparatus with surface electrodes positioned over the biceps brachii, 
perform a forearm curl exercise with light and heavy weights. Explain the changes evident in the 
electromyogram.

Comparison of traces:  ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 4. Using electromyography apparatus with surface electrodes positioned over the pectoralis major and 
triceps brachii, perform bench presses with wide, medium, and narrow grip widths on the bar. Ex-
plain the differences in muscle contributions evident.

Comparison of traces:  ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. Using electromyography apparatus with surface electrodes positioned over the biceps brachii, 
perform a forearm curl exercise to fatigue. What changes are evident in the electromyogram with 
fatigue? Explain your results.

Comparison of pre- and postfatigue traces:  ________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

active insuffi ciency limited ability of a two-joint muscle to produce force when joint position places the muscle 
on slack

agonist role played by a muscle acting to cause a movement

antagonist role played by a muscle acting to slow or stop a movement

concentric describing a contraction involving shortening of a muscle

contractile component muscle property enabling tension development by stimulated muscle fi bers

eccentric describing a contraction involving lengthening of a muscle

electromechanical delay time between the arrival of a neural stimulus and tension development by the muscle

fast-twitch fi ber a fi ber that reaches peak tension relatively quickly

isometric describing a contraction involving no change in muscle length

motor unit a single motor neuron and all fi bers it innervates

neutralizer role played by a muscle acting to eliminate an unwanted action produced by an agonist

parallel elastic component passive elastic property of muscle derived from the muscle membranes

parallel fi ber arrangement pattern of fi bers within a muscle in which the fi bers are roughly parallel to the longitudinal 
axis of the muscle

passive insuffi ciency inability of a two-joint muscle to stretch to the extent required to allow full range of mo-
tion at all joints crossed

pennate fi ber arrangement pattern of fi bers within a muscle with short fi bers attaching to one or more tendons

series elastic component passive elastic property of muscle derived from the tendons

slow-twitch fi ber a fi ber that reaches peak tension relatively slowly

stabilizer role played by a muscle acting to stabilize a body part against some other force

stretch-shortening cycle eccentric contraction followed immediately by concentric contraction

summation building in an additive fashion

tetanus state of muscle producing sustained maximal tension resulting from repetitive stimulation

viscoelastic having the ability to stretch or shorten over time
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C H A P T E R

7The Biomechanics of the 
Human Upper Extremity

After completing this chapter, you will be able to:

Explain how anatomical structure affects movement capabilities of upper-extremity 
articulations.

Identify factors infl uencing the relative mobility and stability of upper-extremity 
articulations.

Identify muscles that are active during specifi c upper-extremity movements.

Describe the biomechanical contributions to common injuries of the upper 
extremity.
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• Self-scoring chapter quiz
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• Web links for study and exploration of chapter-related topics
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T he capabilities of the upper extremity are varied and impressive. 
With the same basic anatomical structure of the arm, forearm, hand, 

and fi ngers, major league baseball pitchers hurl fastballs at 40 m/s, swim-
mers cross the English Channel, gymnasts perform the iron cross, travel-
ers carry briefcases, seamstresses thread needles, and students type on 
computer keyboards. This chapter reviews the anatomical structures en-
abling these different types of movement and examines the ways in which 
the muscles cooperate to achieve the diversity of movement of which the 
upper extremity is capable.

STRUCTURE OF THE SHOULDER

The shoulder is the most complex joint in the human body, largely be-
cause it includes fi ve separate articulations: the glenohumeral joint, the 
sternoclavicular joint, the acromioclavicular joint, the coracoclavicular 
joint, and the scapulothoracic joint. The glenohumeral joint is the articu-
lation between the head of the humerus and the glenoid fossa of the scap-
ula, which is the ball-and-socket joint typically considered to be the major 
shoulder joint. The sternoclavicular and acromioclavicular joints provide 
mobility for the clavicle and the scapula—the bones of the shoulder girdle.

Sternoclavicular Joint

The proximal end of the clavicle articulates with the clavicular notch of the 
manubrium of the sternum and with the cartilage of the fi rst rib to form 
the sternoclavicular joint. This joint provides the major axis of rotation for 
movements of the clavicle and scapula (Figure 7-1). The sternoclavicular 
(SC) joint is a modifi ed ball and socket, with frontal and transverse plane 
motion freely permitted and some forward and backward sagittal plane ro-
tation allowed. A fi brocartilaginous articular disc improves the fi t of the ar-
ticulating bone surfaces and serves as a shock absorber. Rotation occurs at 
the SC joint during motions such as shrugging the shoulders, elevating the 
arms above the head, and swimming. The close-packed position for the SC 
joint occurs with maximal shoulder elevation.

Acromioclavicular Joint

The articulation of the acromion process of the scapula with the distal end 
of the clavicle is known as the acromioclavicular joint. It is classifi ed as an 

Pitching a ball requires the 
coordination of the muscles of 
the entire upper extremity.

•The glenohumeral joint is 
considered to be the shoulder joint.

Front view of the shoulder. 
From Shier, Butler, and Lewis, 
Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.

sternoclavicular joint
modifi ed ball-and-socket joint 
between the proximal clavicle and 
the manubrium of the sternum

•The clavicles and the scapulae 
make up the shoulder girdle.

•Most of the motion of the 
shoulder girdle takes place at the 
sternoclavicular joints.

acromioclavicular joint
irregular joint between the acromion 
process of the scapula and the distal 
clavicle
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irregular diarthrodial joint, although the joint’s structure allows limited 
motion in all three planes. There is a signifi cant amount of anatomical 
variation in the acromioclavicular (AC) joint from individual to individ-
ual, with as many as fi ve different morphological types identifi ed (60). 
Rotation occurs at the AC joint during arm elevation. The close-packed 
position of the AC joint occurs when the humerus is abducted to 90°.

Coracoclavicular Joint

The coracoclavicular joint is a syndesmosis, formed where the coracoid pro-
cess of the scapula and the inferior surface of the clavicle are bound to-
gether by the coracoclavicular ligament. This joint permits little movement. 
The coracoclavicular and acromioclavicular joints are shown in Figure 7-2.

Glenohumeral Joint

The glenohumeral joint is the most freely moving joint in the human body, 
enabling fl exion, extension, hyperextension, abduction, adduction, hori-
zontal abduction and adduction, and medial and lateral rotation of the 
humerus (Figure 7-3). The almost hemispherical head of the humerus 
has three to four times the amount of surface area as the shallow glenoid 
fossa of the scapula with which it articulates. The glenoid fossa is also 
less curved than the surface of the humeral head, enabling the humerus 
to move linearly across the surface of the glenoid fossa in addition to 
its extensive rotational capability (61). There are anatomical variations 
in the shape of the glenoid fossa from person to person, with an oval or 

Clavicle
Clavicle

Sternoclavicular
ligament

Costoclavicular
ligament

Sternum

Articular
disk

Costal
cartilage
(1st rib)

Interclavicular ligament FIGURE 7-1

The sternoclavicular joint.

coracoclavicular joint
syndesmosis with the coracoid 
process of the scapula bound to the 
inferior clavicle by the coracoclavicular 
ligament

glenohumeral joint
ball-and-socket joint in which the 
head of the humerus articulates with 
the glenoid fossa of the scapula
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 egg-shaped cavity in about 45% of the population and a pear-shaped cav-
ity in the remaining 55% (63). With passive rotation of the arm, large 
translations of the humeral head on the glenoid fossa are present at the 
extremes of the range of motion (38). The muscle forces during active ro-
tation tend to limit ranges of motion at the shoulder, thereby limiting the 
humeral translation that occurs (38).

The glenoid fossa is encircled by the glenoid labrum, a lip composed of 
part of the joint capsule, the tendon of the long head of the biceps brachii, 
and the glenohumeral ligaments. This rim of dense collagenous tissue is 
triangular in cross-section and is attached to the periphery of the fossa. 
The labrum deepens the fossa and adds stability to the joint. The capsule 
surrounding the glenohumeral joint is shown in Figure 7-4. Several liga-
ments merge with the glenohumeral joint capsule, including the superior, 
middle, and inferior glenohumeral ligaments on the anterior side of the 
joint and the coracohumeral ligament on the superior side.

The tendons of four muscles also join the joint capsule. These are 
known as the rotator cuff muscles because they contribute to rotation of 
the humerus and because their tendons form a collagenous cuff around 
the glenohumeral joint. These include supraspinatus, infraspinatus, teres 
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Coracoclavicular
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Coracoclavicular
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Acromioclavicular
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FIGURE 7-2

The acromioclavicular and 
coracoclavicular joints.
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FIGURE 7-3

The glenohumeral joint.

•The extreme mobility of the 
glenohumeral joint is achieved at 
the expense of joint stability.

glenoid labrum
rim of soft tissue located on the 
periphery of the glenoid fossa that 
adds stability to the glenohumeral joint

rotator cuff
band of tendons of the subscapularis, 
supraspinatus, infraspinatus, and 
teres minor, which attach to the 
humeral head
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minor, and subscapularis, and are also sometimes referred to as the SITS 
muscles after the fi rst letter of the muscles’ names. Supraspinatus, infra-
spinatus, and teres minor participate in lateral rotation, and subscapu-
laris contributes to medial rotation. The muscles of the lateral rotator 
group exchange muscle bundles with one another, which increases their 
ability to quickly develop tension and functional power (28). The rota-
tor cuff surrounds the shoulder on the posterior, superior, and anterior 
sides. Tension in the rotator cuff muscles pulls the head of the humerus 
toward the glenoid fossa, contributing signifi cantly to the joint’s minimal 
stability. It has been shown that the rotator cuff muscles and the biceps 
are activated to provide shoulder stability prior to motion of the humerus 
(13). Negative pressure within the capsule of the glenohumeral joint also 
helps to stabilize the joint (31). The joint is most stable in its close-packed 
position, when the humerus is abducted and laterally rotated.

Scapulothoracic Joint

Because the scapula can move in both sagittal and frontal planes with re-
spect to the trunk, the region between the anterior scapula and the thoracic 
wall is sometimes referred to as the scapulothoracic joint. The muscles at-
taching to the scapula perform two functions. First, they can contract to 
stabilize the shoulder region. For example, when a suitcase is lifted from 
the fl oor, the levator scapula, trapezius, and rhomboids develop tension to 
support the scapula, and in turn the entire shoulder, through the acromio-
clavicular joint. Second, the scapular muscles can facilitate movements of 
the upper extremity through appropriate positioning of the glenohumeral 
joint. During an overhand throw, for example, the rhomboids contract 
to move the entire shoulder posteriorly as the humerus is horizontally 
 abducted and externally rotated during the preparatory phase. As the arm 
and hand then move forward to execute the throw, tension in the rhomboids 
is released to permit forward movement of the glenohumeral joint.

Bursae

Several small, fi brous sacs that secrete synovial fl uid internally in a fash-
ion similar to that of a joint capsule are located in the shoulder region. 

Coracoid process

Acromion
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Coracohumeral
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Articular
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FIGURE 7-4

The capsule surrounding 
the glenohumeral joint 
contributes to joint stability.
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These sacs, known as bursae, cushion and reduce friction between layers 
of collagenous tissues. The shoulder is surrounded by several bursae, in-
cluding the subscapularis, subcoracoid, and subacromial.

The subscapularis and subcoracoid bursae are responsible for manag-
ing friction of the superfi cial fi bers of the subscapularis muscle against 
the neck of the scapula, the head of the humerus, and the coracoid pro-
cess. In 28% of studied cases, these two bursae physically merge into a 
single wide bursa (11). Given that the subscapularis undergoes signifi -
cant changes in orientation during movements of the arm at the glenohu-
meral joint, especially where the upper portion of the muscle coils around 
the coracoid process, the role of these bursae is important.

The subacromial bursa lies in the subacromial space, between the ac-
romion process of the scapula and the coracoacromial ligament (above) 
and the glenohumeral joint (below). This bursa cushions the rotator cuff 
muscles, particularly the supraspinatus, from the overlying bony acro-
mion (Figure 7-5). The subacromial bursa may become irritated when re-
peatedly compressed during overhead arm action.

MOVEMENTS OF THE SHOULDER COMPLEX

Although some amount of glenohumeral motion may occur while the 
other shoulder articulations remain stabilized, movement of the humerus 
more commonly involves some movement at all three shoulder joints (Fig-
ure 7-6). Elevation of the humerus in all planes is accompanied by ap-
proximately 55° of lateral rotation (71). As the arm is elevated in both 
abduction and fl exion, rotation of the scapula accounts for part of the 
total humeral range of motion. Although the absolute positions of the hu-
merus and scapula vary due to anatomical variations among individuals, 
a general pattern persists (27). During about the fi rst 30° of humeral el-
evation, the contribution of the scapula is only about one-fi fth that of the 
glenohumeral joint (61). As elevation proceeds beyond 30°, the scapula 
rotates approximately 1° for every 2° of movement of the humerus (18, 
33, 67). This important coordination of scapular and humeral movements, 
known as scapulohumeral rhythm, enables a much greater range of mo-
tion at the shoulder than if the scapula were fi xed. During the fi rst 90° of 
arm elevation (in sagittal, frontal, or diagonal planes), the clavicle is also 
elevated through approximately 35–45° of motion at the sternoclavicular 
joint (61). Rotation at the acromioclavicular joint occurs during the fi rst 30° 
of humeral elevation and again as the arm is moved from 135° to maximum 
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elevation (40). Positioning of the humerus is further facilitated by motions 
of the spine. When the hands support an external load, the orientation of 
the scapula and the scapulohumeral rhythm are altered, with muscular 
stabilization of the scapula reducing scapulothoracic motion as dynamic 
scapular stabilization provides a platform for upper extremity movements 
(41). Generally, scapulohumeral relationships are more fi xed when the arm 
is loaded and engaged in purposeful movement as compared to when the 
arm is moving in an unloaded condition (12).

The movement patterns of the scapula are also different in children and 
in the elderly. As compared to adults, children receive a greater contribu-
tion from the scapulothoracic joint during humeral elevation (15). With ag-
ing, there is a lessening of scapular rotation, as well as posterior tilt, with 
glenohumeral abduction (21). Abnormal motion of the scapula may con-
tribute to a variety of shoulder pathologies, including shoulder impinge-
ment, rotator cuff tears, glenohumeral instability, and stiff shoulders (48).

Muscles of the Scapula

The muscles that attach to the scapula are the levator scapula, rhomboids, 
serratus anterior, pectoralis minor, and subclavius, and the four parts of 
the trapezius. Figures 7-7 and 7-8 show the directions in which these mus-
cles exert force on the scapula when contracting. Scapular muscles have 
two general functions. First, they stabilize the scapula so that it forms a 
rigid base for muscles of the shoulder during the development of tension. 
For example, when a person carries a briefcase, the levator scapula, tra-
pezius, and rhomboids stabilize the shoulder against the added weight. 
Second, scapular muscles facilitate movements of the upper extremity 
by positioning the glenohumeral joint appropriately. For example, during 
an overhand throw, the rhomboids contract to move the entire shoulder 
posteriorly as the arm and hand move posteriorly during the preparatory 
phase. As the arm and hand move anteriorly to deliver the throw, tension 
in the rhomboids subsides to permit forward movement of the shoulder, 
facilitating outward rotation of the humerus.

FIGURE 7-6

Elevation of the arm is 
accompanied by rotation of 
the clavicle and scapula.

•The scapular muscles perform 
two functions: (a) stabilizing 
the scapula when the shoulder 
complex is loaded, and (b) 
moving and positioning the 
scapula to facilitate movement 
at the glenohumeral joint.
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Muscles of the Glenohumeral Joint

Many muscles cross the glenohumeral joint. Because of their attachment 
sites and lines of pull, some muscles contribute to more than one action 
of the humerus. A further complication is that the action produced by the 
development of tension in a muscle may change with the orientation of 
the humerus because of the shoulder’s large range of motion. With the 
basic instability of the structure of the glenohumeral joint, a signifi cant 
portion of the joint’s stability is derived from tension in the muscles and 
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in one shoulder muscle must 
frequently be accompanied by 
the development of tension in an 
antagonist to prevent dislocation 
of the humeral head.
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tendons crossing the joint. However, when one of these muscles develops 
tension, tension development in an antagonist may be required to pre-
vent dislocation of the joint. A review of the muscles of the shoulder is 
presented in Table 7-1.

TABLE 7-1

Muscles of the Shoulder

MUSCLE PROXIMAL ATTACHMENT DISTAL ATTACHMENT PRIMARY ACTION(S) INNERVATION

Deltoid Outer third of clavicle, top of 
acromion, scapular spine

Deltoid tuberosity of 
humerus

Axillary (C5, C6)

(Anterior) Flexion, horizontal 
adduction, medial rotation

(Middle) Abduction, horizontal 
abduction

(Posterior) Extension, horizontal 
abduction, lateral rotation

Pectoralis major Lateral aspect of 
humerus just below 

head

(Clavicular) Medial two-thirds of clavicle Flexion, horizontal 
adduction, medial rotation

Lateral pectoral 
(C5–T1)

(Sternal) Anterior sternum and cartilage of 
fi rst six ribs

Extension, adduction, 
horizontal adduction, 

medial rotation

Medial pectoral 
(C5–T1)

Supraspinatus Supraspinous fossa Greater tuberosity of 
humerus

Abduction, assists with 
lateral rotation

Suprascapular 
(C5, C6)

Coracobrachialis Coracoid process of scapula Medial anterior 
humerus

Flexion, adduction, 
horizontal adduction

Musculocutaneous 
(C5–C7)

Latissimus dorsi Lower six thoracic and all lumbar 
vertebrae, posterior sacrum, iliac 

crest, lower three ribs

Anterior humerus Extension, adduction, 
medial rotation, horizontal 

abduction

Thoracodorsal 
(C6–C8)

Teres major Lower, lateral, dorsal scapula Anterior humerus Extension, adduction, 
medial rotation

Subscapular 
(C5, C6)

Infraspinatus Infraspinous fossa Greater tubercle of 
humerus

Lateral rotation, 
horizontal abduction

Subscapular 
(C5, C6)

Teres minor Posterior, lateral border of 
scapula

Greater tubercle, 
adjacent shaft of 

humerus

Lateral rotation, 
horizontal abduction

Axillary 
(C5, C6)

Subscapularis Entire anterior surface of scapula Lesser tubercle of 
humerus

Medial rotation Subscapular 
(C5, C6)

Biceps brachii Radial tuberosity Musculocutaneous 
(C5–C7)

(Long head) Upper rim of glenoid fossa Assists with abduction

(Short head) Coracoid process of scapula Assists with fl exion, 
adduction, medial rotation, 

horizontal adduction

Triceps brachii 
(Long head)

Just inferior to glenoid fossa Olecranon process 
of ulna

Assists with extension, 
adduction

Radial (C5–T1)
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Flexion at the Glenohumeral Joint

The muscles crossing the glenohumeral joint anteriorly participate in 
fl exion at the shoulder (Figure 7-9). The prime fl exors are the anterior 
deltoid and the clavicular portion of the pectoralis major. The small cora-
cobrachialis assists with fl exion, as does the short head of the biceps bra-
chii. Although the long head of the biceps also crosses the shoulder, it is 
not active in isolated shoulder motion when the elbow and forearm do not 
move (43).

Extension at the Glenohumeral Joint

When shoulder extension is unresisted, gravitational force is the primary 
mover, with eccentric contraction of the fl exor muscles controlling or brak-
ing the movement. When resistance is present, contraction of the muscles 
posterior to the glenohumeral joint, particularly the sternocostal pectoralis, 
latissimus dorsi, and teres major, extend the humerus. The posterior del-
toid assists in extension, especially when the humerus is externally rotated. 
The long head of the triceps brachii also assists, and because the muscle 
crosses the elbow, its contribution is slightly more effective when the elbow 
is in fl exion. The shoulder extensors are illustrated in Figure 7-10.

Abduction at the Glenohumeral Joint

The middle deltoid and supraspinatus are the major abductors of the hu-
merus. Both muscles cross the shoulder superior to the glenohumeral joint 
(Figure 7-11). The supraspinatus, which is active through approximately 
the fi rst 110° of motion, initiates abduction. During the contribution of the 
middle deltoid (occurring from approximately 90° to 180° of abduction), the 
infraspinatus, subscapularis, and teres minor neutralize the superiorly dis-
locating component of force produced by the middle deltoid.

Adduction at the Glenohumeral Joint

As with extension at the shoulder, adduction in the absence of resis-
tance results from gravitational force, with the abductors controlling 
the speed of motion. With resistance added, the primary adductors are 

Clavicular pectoralis major Anterior deltoid Coracobrachialis

FIGURE 7-9  \The major fl exor muscles of the shoulder.
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the latissimus dorsi, teres major, and sternocostal pectoralis, which are 
located on the inferior side of the joint (Figure 7-12). The short head of 
the biceps and the long head of the triceps contribute minor assistance, 
and when the arm is elevated above 90°, the coracobrachialis and sub-
scapularis also assist.

Medial and Lateral Rotation of the Humerus

Medial, or inward, rotation of the humerus results primarily from the ac-
tion of the subscapularis and teres major, both attaching to the anterior 
side of the humerus, with the subscapularis having the greatest mechan-
ical advantage for medial rotation (42). Both portions of the pectoralis 
major, the anterior deltoid, the latissimus dorsi, and the short head of 
the biceps brachii assist, with the pectoralis major being the primary 
assistant (8). Muscles attaching to the posterior aspect of the humerus, 

Sternal pectoralis major Latissimus dorsi Teres major

FIGURE 7-10   The major extensor muscles of the shoulder.

Middle deltoid Supraspinatus

FIGURE 7-11

The major abductor muscles 
of the shoulder.
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particularly infraspinatus and teres minor, produce lateral, or outward, 
rotation, with some assistance from the posterior deltoid.

Horizontal Adduction and Abduction at 
the Glenohumeral Joint

The muscles anterior to the joint, including both heads of the pectoralis 
major, the anterior deltoid, and the coracobrachialis, produce horizontal 
adduction, with the short head of the biceps brachii assisting. Muscles 
posterior to the joint axis affect horizontal abduction. The major horizon-
tal abductors are the middle and posterior portions of the deltoid, infra-
spinatus, and teres minor, with assistance provided by the teres major 
and the latissimus dorsi. The major horizontal adductors and abductors 
are shown in Figures 7-13 and 7-14.

Sternal pectoralis major Latissimus dorsi Teres major

FIGURE 7-12  The major adductor muscles of the shoulder.

Pectoralis major Anterior deltoid Coracobrachialis

FIGURE 7-13  The major horizontal adductors of the shoulder.
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LOADS ON THE SHOULDER

Because the articulations of the shoulder girdle are interconnected, they 
function to some extent as a unit in bearing loads and absorbing shock. How-
ever, because the glenohumeral joint provides direct mechanical support for 
the arm, it sustains much greater loads than the other shoulder joints.

As indicated in Chapter 3, when analyzing the effect of body position, 
we may assume that body weight acts at the body’s center of gravity. Like-
wise, when analyzing the effect of the positions of body segments on a 
joint such as the shoulder, we assume that the weight of each body seg-
ment acts at the segmental center of mass. The moment arm for the entire 
arm segment with respect to the shoulder is therefore the perpendicular 
distance between the weight vector (acting at the arm’s center of gravity) 
and the shoulder (Figure 7-15). When the elbow is in fl exion, the  effects 

Middle and posterior deltoid Infraspinatus Teres minor

FIGURE 7-14  The major horizontal abductors of the shoulder.
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FIGURE 7-15

The torque created at the 
shoulder by the weight of the 
arm is the product of arm 
weight and the perpendicular 
distance between the arm’s 
center of gravity and the 
shoulder (the arm’s moment 
arm). Adapted from Chaffi n DB 
and Andersson GBJ, Occupational 
Biomechanics (2nd ed), New York, 
1991, John Wiley & Sons.
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of the upper arm and the forearm/hand segments must be analyzed sepa-
rately (Figure 7-16). Sample Problem 7.1 illustrates the effect of arm posi-
tion on shoulder loading.

Although the weight of the arm is only approximately 5% of body 
weight, the length of the horizontally extended arm creates large segment 
moment arms and therefore large torques that must be countered by the 
shoulder muscles. When these muscles contract to support the extended 
arm, the glenohumeral joint sustains compressive forces estimated to 
reach 50% of body weight (61). Although this load is reduced by about half 
when the elbow is maximally fl exed due to the shortened moment arms of 
the forearm and hand, this can place a rotational torque on the humerus 
that requires the activation of additional shoulder muscles (Figure 7-17).

Because of the effect of arm position on shoulder loading, ergonomists 
recommend that workers seated at a desk or a table attempt to position 
the arms with 20° or less of abduction and 25° or less of fl exion (7). Work-
ers who are required to hold the arms in a sustained position overhead 
are particularly susceptible to degenerative tendinitis in the biceps and 
supraspinatus (25).

Upper arm weight = 20 N
Forearm/hand weight = 15 N

15 cm

30 cm

Shoulder torqueA = (20 N)(15 cm) + (15 N)(30 cm)
= 750 Ncm
= (20 N)(15 cm) + (15 N)(15 cm)
= 525 Ncm

Shoulder torqueB

B

A

A B

FIGURE 7-16

The torque created at 
the shoulder by each arm 
segment is the product of 
the segment’s weight and 
the segment’s moment arm. 
Adapted from Chaffi n DB and 
Andersson GBJ, Occupational 
Biomechanics (2nd ed), New York, 
1991, John Wiley & Sons.

FIGURE 7-17  A. The weight of the arm segments creates a 
frontal plane torque at the shoulder, with moment arms as shown. 
B. The weight of the upper arm segment creates a frontal plane torque at the 
shoulder. The weight of the forearm/hand creates both frontal plane and sagit-
tal plane torques at the shoulder, with moment arms as shown. Adapted from 
Chaffi n DB and Andersson GBJ, Occupational Biomechanics (2nd ed), New York, 1991, John 
Wiley & Sons.
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Muscles that attach to the humerus at small angles with respect to 
the glenoid fossa contribute primarily to shear as opposed to compres-
sion at the joint. These muscles serve the important role of stabilizing 
the humerus in the glenoid fossa against the contractions of powerful 
muscles that might otherwise dislocate the joint. For example, when the 
arm is elevated, the deltoid and rotator cuff muscles act in tandem, with 
the deltoid producing an upward shear force that is counteracted by the 
downward shear produced by the rotator cuff (58) (Figure 7-18). Maxi-
mum shear force has been found to be present at the glenohumeral joint 
when the arm is elevated approximately 60° (79).

S A M P L E  P R O B L E M  7 . 1

Using the simplifying assumptions of Poppen and Walker (38), a free body 
diagram of the arm and shoulder can be constructed as shown below. If 
the weight of the arm is 33 N, the moment arm for the total arm segment 
is 30 cm, and the moment arm for the deltoid muscle (Fm) is 3 cm, how 
much force must be supplied by the deltoid to maintain the arm in this 
position? What is the magnitude of the horizontal component of the joint 
reaction force (Rh)?

Known

 wt 5 33 N
 dwt 5 30 cm
 dm 5 3 cm

Solution
The torque at the shoulder cre-
ated by the muscle force must 
equal the torque at the shoulder 
created by arm weight, yielding a 
net shoulder torque of zero.

 a Ts 5 0 

 a Ts  5 (Fm) (dm) � (wt) (dwt)
 0 5 (Fm) (3 cm) � (33 N) (30 cm)
 0 5 (Fm) (3 cm) � (33 N) (30 cm)

 Fm 5
133 N2 130 cm2

3 cm
 

Fm 5 330 N

Since the horizontal component of joint reaction force (Rh) and Fm are the 
only two horizontal forces present, and since the arm is stationary, these 
forces must be equal and opposite. The magnitude of Rh is therefore the 
same as the magnitude of Fm.

Rh 5 330 N

Note: Both components of the joint reaction force are directed through the 
joint center, and so have a moment arm of zero with respect to the center 
of rotation.

Fm Rv

Rh wt

dwt
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COMMON INJURIES OF THE SHOULDER

The shoulder is susceptible to both traumatic and overuse types of inju-
ries, including 8–13% of all sport-related injuries (25, 50).

Dislocations

The glenohumeral joint is the most commonly dislocated joint in the body 
(6). The loose structure of the glenohumeral joint enables extreme mobil-
ity but provides little stability, and dislocations may occur in anterior, pos-
terior, and inferior directions. The strong coracohumeral ligament usually 
prevents displacement in the superior direction. Glenohumeral dislocations 
typically occur when the humerus is abducted and externally rotated, with 
anterior-inferior dislocations more common than those in other directions. 
Factors that predispose the joint to dislocations include inadequate size of 
the glenoid fossa, anterior tilt of the glenoid fossa, inadequate retroversion 
of the humeral head, and defi cits in the rotator cuff muscles (67).

Glenohumeral dislocation may result from sustaining a large external 
force during an accident, such as in cycling, or during participation in a 
contact sport such as wrestling or football. Unfortunately, once the joint 
has been dislocated, the stretching of the surrounding collagenous tissues 
beyond their elastic limits commonly predisposes it to subsequent dislo-
cations. Glenohumeral capsular laxity may also be present due to genetic 
factors. Individuals with this condition should strengthen their shoulder 
muscles before athletic participation (24).

Dislocations or separations of the acromioclavicular joint are also com-
mon among wrestlers and football players. When a rigidly outstretched 
arm sustains the force of a full-body fall, either acromioclavicular separa-
tion or fracture of the clavicle is likely to result.

Rotator Cuff Damage

A common injury among workers and athletes who engage in forceful 
overhead movements typically involving abduction or fl exion along with 
medial rotation is rotator cuff impingement syndrome, also known as sub-
acromial impingement syndrome, or shoulder impingement syndrome. 
This is the most common disorder of the shoulder, with progressive loss 
of function and disability (52). The cause is progressive pressure on the 
rotator cuff tendons by the surrounding bone and soft tissue structures. 
Symptoms include hypermobility of the anterior shoulder capsule, hypo-
mobility of the posterior capsule, excessive external rotation coupled with 

Deltoid

Front view of right
humeral head during
humeral abduction

Rotator
cuff

FIGURE 7-18

Abduction of the humerus 
requires the cooperative 
action of the deltoid and 
the rotator cuff muscles. 
Because the vertical 
components of muscle force 
largely cancel each other, the 
oppositely directed horizontal 
components produce rotation 
of the humerus.

•When a glenohumeral joint 
dislocation occurs, the supporting 
soft tissues are often stretched 
beyond their elastic limits, 
thus predisposing the joint to 
subsequent dislocations.
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limited internal rotation of the humerus, and general ligamentous laxity of 
the glenohumeral joint (80). This can result in infl ammation of the underly-
ing tendons and bursae or, in severe cases, rupture of one of the rotator cuff 
tendons. The muscle most commonly affected is the supraspinatus, possibly 
because its blood supply is the most susceptible to pressure (68). This condi-
tion is accompanied by pain and tenderness in the superior and anterior 
shoulder regions, and sometimes by associated shoulder weakness. The 
symptoms are exacerbated by rotary movements of the humerus, especially 
those involving elevation and internal rotation.

Activities that may promote the development of shoulder impinge-
ment syndrome include throwing (particularly an implement like the 
javelin), serving in tennis, and swimming (especially the freestyle, back-
stroke, and butterfl y) (3, 59, 72). Among competitive swimmers, the syn-
drome is known as swimmer’s shoulder. Reports indicate shoulder pain 
complaints in up to 50% of competitive swimmers (40). Older golfers 
also frequently develop impaired rotator cuff function secondary to de-
generative changes such as osteophyte formation that impinges upon 
the subacromial space (4).

Anatomical factors believed to predispose a person to impingement syn-
drome include a fl at acromion with only a small inclination, bony spurs 
at the acromioclavicular joint secondary to osteoarthritis, and a superiorly 
positioned humeral head (20, 63, 77). A number of theories have been pro-
posed regarding the biomechanical causes of rotator cuff problems. The im-
pingement theory suggests that a genetic factor results in the formation of 
too narrow a space between the acromion process of the scapula and the 
head of the humerus. In this situation, the rotator cuff and associated bur-
sae are pinched between the acromion, the acromioclavicular ligament, and 
the humeral head each time the arm is elevated, with the resulting friction 
causing irritation and wear. An alternative theory proposes that the ma-
jor factor is infl ammation of the supraspinatus tendon caused by repeated 
overstretching of the muscle–tendon unit. When the rotator cuff tendons 
become stretched and weakened, they cannot perform their normal func-
tion of holding the humeral head in the glenoid fossa. Consequently, the 
deltoid muscles pull the humeral head up too high during abduction, re-
sulting in impingement and subsequent wear and tear on the rotator cuff.

The problem is relatively common among swimmers. Research has shown 
that during the recovery phase of swimming, when the arm is elevated 
above the shoulder while being medially rotated, the serratus anterior ro-
tates the scapula so that the supraspinatus, infraspinatus, and middle del-
toid may freely abduct the humerus (56). Each arm is in this position during 
an average of approximately 12% of the stroke cycle among collegiate male 
swimmers (81). It has been hypothesized that if the serratus, which devel-
ops nearly maximum tension to accomplish this task, becomes fatigued, the 
scapula may not be rotated suffi ciently to abduct the humerus freely, and 
impingement may develop (56). Swimming technique appears to be related 
to the likelihood of developing shoulder impingement in swimmers, with a 
large amount of medial rotation of the arm during the pull phase, late initia-
tion of lateral rotation of the arm during the overhead phase, and breathing 
exclusively on one side all implicated as contributing factors (65, 82).

Rotational Injuries

Tears of the labrum, the rotator cuff muscles, and the biceps brachii tendon 
are among the injuries that may result from repeated, forceful rotation at 
the shoulder. Throwing, serving in tennis, and spiking in volleyball are 
examples of forceful rotational movements. If the attaching muscles do 
not suffi ciently stabilize the humerus, it can articulate with the  glenoid 

Overarm sport activities such 
as pitching in baseball often 
result in overuse injuries of 
the shoulder.
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labrum rather than with the glenoid fossa, contributing to wear on the la-
brum. Most tears are located in the anterior-superior region of the labrum. 
Tears of the rotator cuff, primarily of the supraspinatus, have been attrib-
uted to the extreme tension requirements placed on the muscle group 
during the deceleration phase of a vigorous rotational activity. There is a 
region of low vascularity near the insertion of the supraspinatus tendon, 
which is the most common site of rotator cuff infl ammation and tears (49). 
The fact that vascularization diminishes with aging may explain why ro-
tator cuff problems occur more frequently in individuals over 40 years of 
age (49). Tears of the biceps brachii tendon at the site of its attachment 
to the glenoid fossa may result from the forceful development of tension 
in the biceps when it negatively accelerates the rate of elbow extension 
during throwing (51).

Other pathologies of the shoulder attributed to throwing movements 
are calcifi cations of the soft tissues of the joint and degenerative changes 
in the articular surfaces (62). Bursitis, the infl ammation of one or more 
bursae, is another overuse syndrome, generally caused by friction within 
the bursa (64).

Subscapular Neuropathy

Subscapular neuropathy, or subscapular nerve palsy, most commonly oc-
curs in athletes involved in overhead activities and weight lifting (16). It 
has been reported in volleyball, baseball, football, and racquetball players, 
as well as backpackers, gymnasts, and dancers. The condition arises from 
compression of the subscapular nerve, which occurs most commonly at the 
suprascapular notch. In volleyball players, it has been attributed to the 
repeated stretching of the nerve during extreme shoulder abduction and 
lateral rotation, such as occurs during the serving motion (23).

STRUCTURE OF THE ELBOW

Although the elbow is generally considered a simple hinge joint, it is ac-
tually categorized as a trochoginglymus joint that encompasses three 
articulations: the humeroulnar, humeroradial, and proximal radioulnar 
joints (2). All are enclosed in the same joint capsule, which is reinforced 
by the anterior and posterior radial collateral and ulnar collateral liga-
ments. Bony structure provides about half of the elbow’s stability, with 
the remaining stability provided by the joint capsule and the ulnar and 
radial ligament complexes (53).

Humeroulnar Joint

The hinge joint at the elbow is the humeroulnar joint, where the ovular 
trochlea of the humerus articulates with the reciprocally shaped trochlear 
fossa of the ulna (Figure 7-19). Flexion and extension are the primary move-
ments, although in some individuals, a small amount of hyperextension is 
allowed. The joint is most stable in the close-packed position of extension.

Humeroradial Joint

The humeroradial joint is immediately lateral to the humeroulnar joint 
and is formed between the spherical capitellum of the humerus and the 
proximal end of the radius (Figure 7-19). Although the humeroradial artic-
ulation is classifi ed as a gliding joint, the immediately adjacent humeroul-
nar joint restricts motion to the sagittal plane. In the close-packed position, 
the elbow is fl exed at 90° and the forearm is supinated about 5°.

humeroulnar joint
hinge joint in which the humeral 
trochlea articulates with the trochlear 
fossa of the ulna

•The humeroulnar hinge joint is 
considered to be the elbow joint.

humeroradial joint
gliding joint in which the capitellum 
of the humerus articulates with the 
proximal end of the radius
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Proximal Radioulnar Joint

The annular ligament binds the head of the radius to the radial notch of 
the ulna, forming the proximal radioulnar joint. This is a pivot joint, with 
forearm pronation and supination occurring as the radius rolls medially 
and laterally over the ulna (Figure 7-20). The close-packed position is at 
5° of forearm supination.

Carrying Angle

The angle between the longitudinal axes of the humerus and the ulna 
when the arm is in anatomical position is referred to as the carrying an-
gle. The size of the carrying angle ranges from 10° to 15° in adults and 
tends to be larger in females than in males. The carrying angle changes 
with skeletal growth and is always greater on the side of the dominant 

FIGURE 7-19

The major ligaments of the 
elbow.
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•When pronation and supination 
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FIGURE 7-20

Bones of the elbow, forearm, 
wrist, and hand. From Shier, 
Butler, and Lewis, Hole’s Human 
Anatomy and Physiology, © 1996. 
Reprinted by permission of The 
McGraw-Hill Companies, Inc.



204 BASIC BIOMECHANICS

hand (57). No particular functional signifi cance has been associated with 
the carrying angle.

MOVEMENTS AT THE ELBOW

Muscles Crossing the Elbow

Numerous muscles cross the elbow, including those that also cross the 
shoulder or extend into the hands and fi ngers. The muscles classifi ed as 
primary movers of the elbow are summarized in Table 7-2.

Flexion and Extension

The muscles crossing the anterior side of the elbow are the elbow fl exors 
(Figure 7-21). The strongest of the elbow fl exors is the brachialis. Since 

TABLE 7-2

Muscles of the Elbow

MUSCLE PROXIMAL ATTACHMENT DISTAL ATTACHMENT PRIMARY ACTION(S) INNERVATION

Biceps brachii Radial tuberosity Flexion, assists with 
supination

Musculocutaneous 
(C5–C7)

(Long head) Upper rim of glenoid fossa

(Short head) Coracoid process of scapula

Brachioradialis Upper two-thirds of lateral 
supracondylar ridge of 

humerus

Styloid process of 
radius

Flexion, pronation from 
supinated position to 

neutral, supination from 
pronated position to neutral

Radial (C5, C6)

Brachialis Anterior lower half of 
humerus

Anterior coronoid 
process of ulna

Flexion Musculocutaneous 
(C5, C6)

Pronator teres Lateral midpoint of 
radius

Pronation, assists with 
fl exion

Median (C6, C7)

(Humeral head) Medial epicondyle of 
humerus

(Ulnar head) Coronoid process of ulna

Pronator 
quadratus

Lower fourth of 
anterior ulna

Lower fourth of 
anterior radius

Pronation Anterior interosseous 
(C8, T1)

Triceps brachii Olecranon process 
of ulna

Extension Radial (C6–C8)

(Long head) Just inferior to glenoid fossa

(Lateral head) Upper half of posterior 
humerus

(Medial head) Lower two-thirds of 
posterior humerus

Anconeus Posterior, lateral epicondyle 
of humerus

Lateral olecranon and 
posterior ulna

Assists with extension Radial (C7, C8)

Supinator Lateral epicondyle of 
humerus and adjacent ulna

Lateral upper third of 
radius

Supination Posterior interosseou 
(C5, C6)
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the distal attachment of the brachialis is the coronoid process of the 
ulna, the muscle is equally effective when the forearm is in supination or 
 pronation.

Another elbow fl exor is the biceps brachii, with both long and short 
heads attached to the radial tuberosity by a single common tendon. The 
muscle contributes effectively to fl exion when the forearm is supinated, 
because it is slightly stretched. When the forearm is pronated, the muscle 
is less taut and consequently less effective.

The brachioradialis is a third contributor to fl exion at the elbow. This 
muscle is most effective when the forearm is in a neutral position (mid-
way between full pronation and full supination) because of its distal at-
tachment to the base of the styloid process on the lateral radius. In this 
position, the muscle is in slight stretch, and the radial attachment is cen-
tered in front of the elbow joint.

The major extensor of the elbow is the triceps, which crosses the poste-
rior aspect of the joint (Figure 7-22). Although the three heads have sepa-
rate proximal attachments, they attach to the olecranon process of the 
ulna through a common distal tendon. Even though the distal attachment 
is relatively close to the axis of rotation at the elbow, the size and strength 
of the muscle make it effective as an elbow extensor. The relatively small 
anconeus muscle, which courses from the posterior surface of the lateral 
epicondyle of the humerus to the lateral olecranon and posterior proximal 
ulna, also assists with extension. Research has shown that the lateral and 
medial heads of the triceps contribute 70–90% of the extension moment, 
with approximately 15% contributed by the anconeus (83). The long head 
of the triceps, crossing both the elbow and the shoulder, was found to 
 contribute signifi cantly less than the other muscles (83).

Pronation and Supination

Pronation and supination of the forearm involve rotation of the radius 
around the ulna. There are three radioulnar articulations: the proximal, 
middle, and distal radioulnar joints. Both the proximal and the distal 

FIGURE 7-21

The major fl exor muscles of 
the elbow.
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joints are pivot joints, and the middle radioulnar joint is a syndesmosis 
at which an elastic, interconnecting membrane permits supination and 
pronation but prevents longitudinal displacement of the bones.

The major pronator is the pronator quadratus, which attaches to the 
distal ulna and radius (Figure 7-23). When pronation is resisted or rapid, 
the pronator teres crossing the proximal radioulnar joint assists.

As the name suggests, the supinator is the muscle primarily respon-
sible for supination (Figure 7-24). It is attached to the lateral epicondyle 
of the humerus and to the lateral proximal third of the radius. When the 
elbow is in fl exion, tension in the supinator lessens, and the biceps assists 
with supination. When the elbow is fl exed to 90° or less, the biceps is po-
sitioned to serve as a supinator.

FIGURE 7-22

The major extensor muscles 
of the elbow.
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FIGURE 7-23

The major pronator muscle is 
the pronator quadratus.
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LOADS ON THE ELBOW

Although the elbow is not considered to be a weight-bearing joint, it 
regularly sustains large loads during daily activities. For example, re-
search shows that the compressive load at the elbow reaches an es-
timated 300 N (67 lb) during activities such as dressing and eating, 
1700 N (382 lb) when the body is supported by the arms when rising 
from a chair, and 1900 N (427 lb) when the individual is pulling a table 
across the fl oor (34). Even greater loads are present during the execu-
tion of selected sport skills. During baseball pitching, the elbow under-
goes a valgus torque of as much as 64 N-m, with muscle force as large 
as 1000 N required to prevent dislocation (47). The amount of valgus 
torque generated is most closely related to the pitcher’s body weight 
(66). During the execution of gymnastic skills such as the handspring 
and the vault, the elbow functions as a weight-bearing joint. Research 
indicates that maximal isometric fl exion when the elbow is fully ex-
tended can produce joint compression forces of as much as two times 
body weight (29).

Since the attachment of the triceps tendon to the ulna is closer to 
the elbow joint center than the attachments of the brachialis on the 
ulna and the biceps on the radius, the extensor moment arm is shorter 
than the fl exor moment arm. This means that the elbow extensors 
must generate more force than the elbow fl exors to produce the same 
amount of joint torque. This translates to larger compression forces at 
the elbow during extension than during fl exion when movements of 
comparable speed and force requirements are executed. Sample Prob-
lem 7.2 illustrates the relationship between moment arm and torque 
at the elbow.

Because of the shape of the olecranon process, the triceps moment arm 
also varies with the position of the elbow. As shown in Figure 7-25, the 
triceps moment arm is larger when the arm is fully extended than when 
it is fl exed past 90°.

Humerus

Supinator

Radius

Ulna

FIGURE 7-24

The major supinator muscle 
is the supinator.
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S A M P L E  P R O B L E M  7 . 2

How much force must be produced by the brachioradialis and biceps (Fm) 
to maintain the 15 N forearm and hand in the position shown below, given 
moment arms of 5 cm for the muscles and 15 cm for the forearm/hand 
weight? What is the magnitude of the joint reaction force?

Known

 wt 5 15 N
 dwt 5 15 cm
 dm 5 5 cm

Solution
The torque at the elbow created by the mus-
cle force must equal the torque at the elbow 
created by forearm/hand weight, yielding a 
net elbow torque of zero.

 a Te 5 0  

 a Te 5  (Fm) (dm) � (wt) (dwt)
 0 5 (Fm) (5 cm) � (15 N) (15 cm)

 Fm 5
115 N2 115 cm2

5 cm
 Fm 5 45 N

Since the arm is stationary, the sum of all of the acting vertical forces 
must be equal to zero. In writing the force equation, it is convenient to 
regard upward as the positive direction.

  a Fv 5 0 

  a Fv 5  Fm � wt � R

  a Fv 5  45 N � 15 N � R

 R 5 30 N

FIGURE 7-25

Because of the shape of the 
olecranon process of the 
ulna, the moment arm for 
the triceps tendon is shorter 
when the elbow is in fl exion.
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COMMON INJURIES OF THE ELBOW

Although the elbow is a stable joint reinforced by large, strong ligaments, 
the large loads placed on the joint during daily activities and sport par-
ticipation render it susceptible to dislocations and overuse injuries.

Sprains and Dislocations

Forced hyperextension of the elbow can cause posterior displacement of 
the coronoid process of the ulna with respect to the trochlea of the hu-
merus. Such displacement stretches the ulnar collateral ligament, which 
may rupture (sprain) anteriorly.

Continued hyperextension of the elbow can cause the distal humerus 
to slide over the coronoid process of the ulna, resulting in dislocation. 
Although dislocations of the elbow do not occur as frequently as disloca-
tions of the glenohumeral joint, elbow dislocations occurring in individu-
als under age 30 are most likely to arise during participation in sports 
(37). The mechanism involved typically is a fall on an outstretched hand 
or a forceful, twisting blow. The subsequent stability of a once-dislocated 
elbow is impaired, particularly if the dislocation was accompanied by hu-
meral fracture or rupture of the ulnar collateral ligament (37). Because of 
the large number of nerves and blood vessels passing through the elbow, 
elbow dislocations are of particular concern.

Elbow dislocations in young children age 1–3 are sometimes referred 
to as “nursemaid’s elbow” or “pulled elbow.” Adults should avoid lifting or 
swinging young children by the hands, wrists, or forearms, as this type of 
injury can result.

Overuse Injuries

With the exception of the knee, the elbow is the joint most commonly 
affected by overuse injuries (35). Stress injuries to the collagenous tis-
sues at the elbow are progressive. The fi rst symptoms are infl ammation 
and swelling, followed by scarring of the soft tissues. If the condition 
progresses further, calcium deposits accumulate and ossifi cation of the 
ligaments ensues.

Lateral epicondylitis involves infl ammation or microdamage to the tis-
sues on the lateral side of the distal humerus, including the tendinous 
attachment of the extensor carpi radialis brevis and possibly that of the 
extensor digitorum. Although a host of factors may contribute to the de-
velopment of the condition, overuse of the wrist extensors is cited as a 
major culprit (26).

Because of the relatively high incidence of lateral epicondylitis among 
tennis players, the injury is commonly referred to as tennis elbow. A re-
ported 30–40% of tennis players develop lateral epicondylitis, with onset 
typically in players age 35–50 (35). The amount of force to which the lat-
eral aspect of the elbow is subjected during tennis play increases with 
poor technique and improper equipment. For example, hitting off-center 
shots and using an overstrung racquet increase the amount of force trans-
mitted to the elbow (26). Activities such as swimming, fencing, and ham-
mering can contribute to lateral epicondylitis as well.

Medial epicondylitis, which has been called Little Leaguer’s elbow, is 
the same type of injury to the tissues on the medial aspect of the distal hu-
merus. During pitching, the valgus strain imparted to the medial aspect 
of the elbow during the initial stage, when the trunk and shoulder are 

epicondylitis
infl ammation and sometimes 
microrupturing of the collagenous 
tissues on either the lateral or the 
medial side of the distal humerus; 
believed to be an overuse injury
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brought forward ahead of the forearm and hand, contributes to develop-
ment of the condition. Valgus torque increases with late trunk rotation, 
reduced external rotation of the throwing shoulder, and increased elbow 
fl exion (1). Medial epicondyle avulsion fractures have also been attrib-
uted to forceful terminal wrist fl exion during the follow-through phase of 
the pitch (35). More commonly, however, throwing injuries to the elbow 
are chronic rather than acute. Injury or stretching of the ulnar collat-
eral ligament can result in valgus instability, which, with repeated valgus 
overload during repetitive throwing, can provoke the development of bony 
changes that further exacerbate the problem (9, 19). Although uncom-
mon among athletes in general, valgus instability is seen with a higher 
incidence in individuals who throw repetitively (32). Proper pitching me-
chanics in young pitchers can help prevent shoulder and elbow injuries 
by lowering internal rotation torque on the humerus and reducing the 
valgus load on the elbow (14).

Medial and lateral epicondylitis occur with about equal frequency in 
golfers, particularly amateurs (4, 70). Among right-handed golfers, lateral 
epicondylitis occurs more often on the left side, and medial epicondylitis 
is found more often on the right side (4). Lateral epicondylitis may be 
related to gripping the club with excessive pronation of the right hand, 
while medial epicondylitis appears to be associated with repeatedly strik-
ing the ground with the club (4).

STRUCTURE OF THE WRIST

The wrist is composed of radiocarpal and intercarpal articulations (Fig-
ure 7-26). Most wrist motion occurs at the radiocarpal joint, a condyloid 
joint where the radius articulates with the scaphoid, the lunate, and the 
triquetrum. The joint allows sagittal plane motions (fl exion, extension, 
and hyperextension) and frontal plane motions (radial deviation and 
 ulnar deviation), as well as circumduction. Its close-packed position is 

radiocarpal joints
condyloid articulations between the 
radius and the three carpal bones

•The radiocarpal joints make up 
the wrist.
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FIGURE 7-26

The bones of the wrist.
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in extension with radial deviation. A cartilaginous disc separates the 
distal head of the ulna from the lunate and triquetral bones and the 
radius. Although this articular disc is common to both the radiocarpal 
joint and the distal radioulnar joint, the two articulations have separate 
joint capsules. The radiocarpal joint capsule is reinforced by the volar 
radiocarpal, dorsal radiocarpal, radial collateral, and ulnar collateral 
ligaments. The intercarpal joints are gliding joints that contribute little 
to wrist motion.

The fascia around the wrist is thickened into strong fi brous bands 
called retinacula, which form protective passageways through which 
tendons, nerves, and blood vessels pass. The fl exor retinaculum pro-
tects the extrinsic fl exor tendons and the median nerves where they 
cross the palmar side of the wrist. On the dorsal side of the wrist, the 
extensor retinaculum provides a passageway for the extrinsic extensor 
tendons.

MOVEMENTS OF THE WRIST

The wrist is capable of sagittal and frontal plane movements, as well as 
rotary motion (Figure 7-27). Flexion is motion of the palmar surface of the 
hand toward the anterior forearm. Extension is the return of the hand 
to anatomical position, and in hyperextension, the dorsal surface of the 
hand approaches the posterior forearm. Movement of the hand toward the 
thumb side of the arm is radial deviation, with movement in the opposite 
direction designated as ulnar deviation. Movement of the hand through 
all four directions produces circumduction. Because of the complex struc-
ture of the wrist, rotational movements at the wrist are also complex, 
with different axes of rotation and different mechanisms through which 
wrist motions occur (55).

Flexion

The muscles responsible for fl exion at the wrist are the fl exor carpi ra-
dialis and the powerful fl exor carpi ulnaris (Figure 7-28). The palmaris 
longus, which is often absent in one or both forearms, contributes to 
fl exion when present. All three muscles have proximal attachments on 
the medial epicondyle of the humerus. The fl exor digitorum superfi cia-
lis and fl exor digitorum profundus can assist with fl exion at the wrist 
when the fi ngers are completely extended, but when the fi ngers are in 
fl exion, these muscles cannot develop suffi cient tension due to active 
insuffi ciency.

retinacula
fi brous bands of fascia

Hyperextension Flexion Radial deviation Ulnar deviation
FIGURE 7-27

Movements occurring at the 
wrist.
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Extension and Hyperextension

Extension and hyperextension at the wrist result from contraction of the 
extensor carpi radialis longus, extensor carpi radialis brevis, and exten-
sor carpi ulnaris (Figure 7-29). These muscles originate on the lateral 
epicondyle of the humerus. The other posterior wrist muscles may also as-
sist with extension, particularly when the fi ngers are in fl exion. Included 
in this group are the extensor pollicis longus, extensor indicis, extensor 
digiti minimi, and extensor digitorum (Figure 7-30).

Radial and Ulnar Deviation

Cooperative action of both fl exor and extensor muscles produces lateral 
deviation of the hand at the wrist. The fl exor carpi radialis and extensor 
carpi radialis longus and brevis contract to produce radial deviation, and 
the fl exor carpi ulnaris and extensor carpi ulnaris cause ulnar deviation.
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superficialis

Flexor
digitorum
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FIGURE 7-28

The major fl exor muscles of 
the wrist.
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The major extensor muscles 
of the wrist.
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STRUCTURE OF THE JOINTS OF THE HAND

A large number of joints are required to provide the extensive motion 
capabilities of the hand. Included are the carpometacarpal (CM), inter-
metacarpal, metacarpophalangeal (MP), and interphalangeal (IP) joints 
(Figure 7-31). The fi ngers are referred to as digits one through fi ve, with 
the fi rst digit being the thumb.

Humerus

Ulna

Extensor
pollicis
longus

Radius Extensor
digiti
minimi

Extensor
indicis

Extensor
digitorum

FIGURE 7-30

Muscles that assist with 
extension of the wrist.
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Metacarpophalangeal

Interphalangeal

FIGURE 7-31

The bones of the hand.
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Carpometacarpal and Intermetacarpal Joints

The carpometacarpal (CM) joint of the thumb, the articulation between 
the trapezium and the fi rst metacarpal, is a classic saddle joint. The other 
CM joints are generally regarded as gliding joints. All carpometacarpal 
joints are surrounded by joint capsules, which are reinforced by the dor-
sal, volar, and interosseous CM ligaments. The irregular intermetacarpal 
joints share these joint capsules.

Metacarpophalangeal Joints

The metacarpophalangeal (MP) joints are the condyloid joints between 
the rounded distal heads of the metacarpals and the concave proximal 
ends of the phalanges. These joints form the knuckles of the hand. Each 
joint is enclosed in a capsule that is reinforced by strong collateral liga-
ments. A dorsal ligament also merges with the MP joint of the thumb. 
Close-packed positions of the MP joints in the fi ngers and thumb are full 
fl exion and opposition, respectively.

Abduction Hyperadduction

Extension Flexion

Hyperflexion Opposition

FIGURE 7-32

Movements of the thumb.
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Interphalangeal Joints

The proximal and distal interphalangeal (IP) joints of the fi ngers and the 
single interphalangeal joint of the thumb are all hinge joints. An  articular 
capsule joined by volar and collateral ligaments surrounds each IP joint. 
These joints are most stable in the close-packed position of full extension.

MOVEMENTS OF THE HAND

The carpometacarpal (CM) joint of the thumb allows a large range of 
movement similar to that of a ball-and-socket joint (Figure 7-32). Motion 
at CM joints two through four is slight due to constraining ligaments, 
with somewhat more motion permitted at the fi fth CM joint.

The metacarpophalangeal (MP) joints of the fi ngers allow fl exion, ex-
tension, abduction, adduction, and circumduction for digits two through 
fi ve, with abduction defi ned as movement away from the middle fi nger 
and adduction being movement toward the middle fi nger (Figure 7-33). 
Because the articulating bone surfaces at the metacarpophalangeal joint 
of the thumb are relatively fl at, the joint functions more as a hinge joint, 
allowing only fl exion and extension.

The interphalangeal (IP) joints permit fl exion and extension, and in 
some individuals, slight hyperextension. These are classic hinge joints. 
Due to passive tension in the extrinsic muscles, when the hand is relaxed 
and the wrist moves from full fl exion to full extension, the distal inter-
phalangeal joints go from approximately 12° to 31° of fl exion, and the 
proximal IP joints go from about 19° to 70° of fl exion (73).

A relatively large number of muscles are responsible for the many 
 pre cise movements performed by the hand and fi ngers (Table 7-3). There 

Flexion Extension

Abduction Adduction

FIGURE 7-33

Movements of the fi ngers.

•The large range of movement 
of the thumb compared to that 
of the fi ngers is derived from 
the structure of the thumb’s 
carpometacarpal joint.



 TABLE 7-3

Major Muscles of the Hand and Fingers

MUSCLE
PROXIMAL 

ATTACHMENT DISTAL ATTACHMENT PRIMARY ACTION(S) INNERVATION

EXTRINSIC MUSCLES

Extensor pollicis 
longus

Middle dorsal ulna Dorsal distal phalanx 
of thumb

Extension at MP and IP joints of 
thumb, adduction at MP joint of thumb

Radial (C7, C8)

Extensor pollicis 
brevis

Middle dorsal radius Dorsal proximal phalanx 
of thumb

Extension at MP and CM joints 
of thumb

Radial (C7, C8)

Flexor pollicis 
longus

Middle palmar 
radius

Palmar distal phalanx of 
thumb

Flexion at IP and MP joints of thumb Median (C8, T1)

Abductor 
pollicis longus

Middle dorsal ulna 
and radius

Radial base of 1st metacarpal Abduction at CM joint of thumb Radial (C7, C8)

Extensor indicis Distal dorsal ulna Ulnar side of extensor 
digitorum tendon

Extension at MP joint of 2nd digit Radial (C7, C8)

Extensor 
digitorum

Lateral epicondyle 
of humerus

Base of 2nd and 3rd phalanges, 
digits 2–5

Extension at MP, proximal and distal 
IP joints, digits 2–5

Radial (C7, C8)

Extensor digiti 
minimi

Proximal tendon of 
extensor digitorum

Tendon of extensor digitorum 
distal to 5th MP joint

Extension at 5th MP joint Radial (C7, C8)   

Flexor digitorum 
profundus

Proximal three-
fourths of ulna

Base of distal phalanx, 
digits 2–5

Flexion at distal and proximal IP 
joints and MP joints, digits 2–5

Ulnar and 
median (C8, T1)

Flexor digitorum 
superfi cialis

Medial epicondyle of 
humerus

Base of middle phalanx, 
digits 2–5

Flexion at proximal IP and MP joints, 
digits 2–5

Median 
(C7, C8, T1)

INTRINSIC MUSCLES

Flexor pollicis 
brevis

Ulnar side, 1st 
metacarpal

Ulnar, palmar base of proximal 
phalanx of thumb

Flexion and adduction at MP joint 
of thumb

Median (C8, T1)

Abductor 
pollicis brevis

Trapezium and 
schaphoid bones

Radial base of 1st phalanx 
of thumb

Abduction at 1st CM joint Median (C8, T1)

Opponens 
pollicis

Schaphoid bone Radial side of 1st metacarpal Flexion and abduction at CM joint 
of thumb

Median (C8, T1)

Adductor 
pollicis

Capitate, distal 2nd 
and 3rd metacarpals

Ulnar proximal phalanx 
of thumb

Adduction and fl exion at CM joint 
of thumb

Ulnar (C8, T1)

Abductor digiti 
minimi

Pisiform bone Ulnar base of proximal 
phalanx, 5th digit

Abduction and fl exion at 5th MP joint Ulnar (C8, T1)

Flexor digiti 
minimi brevis

Hamate bone Ulnar base of proximal 
phalanx, 5th digit

Flexion at 5th MP joint Ulnar (C8, T1)

Opponens digiti 
minimi

Hamate bone Ulnar metacarpal of 
5th metacarpal

Opposition at 5th CM joint Ulnar (C8, T1)

Dorsal 
interossei (four 

muscles)

Sides of metacarpals, 
all digits

Base of proximal phalanx, 
all digits

Abduction at 2nd and 4th MP joints, 
radial and ulnar deviation at 3rd MP 

joint, fl exion at MP joints 2–4

Ulnar (C8, T1)

Palmar 
interossei 

(three muscles)

2nd, 4th, and 5th 
metacarpals

Base of proximal phalanx, 
digits 2, 4, and 5

Adduction and fl exion at MP joints, 
digits 2, 4, and 5

Ulnar (C8, T1)

Lumbricales 
(four muscles)

Tendons of fl exor 
digitorum profundus, 

digits 2–5

Tendons of extensor 
digitorum, digits 2–5

Flexion at MP joints of digits 2–5 Median and 
ulnar (C8, T1)
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are 9 extrinsic muscles that cross the wrist and 10 intrinsic muscles with 
both of their attachments distal to the wrist.

The extrinsic fl exor muscles of the hand are more than twice as strong 
as the strongest of the extrinsic extensor muscles (78). This should come 
as little surprise, given that the fl exor muscles of the hand are used ex-
tensively in everyday activities involving gripping, grasping, or pinching 
movements, while the extensor muscles rarely exert much force. Multidi-
rectional force measurement for the index fi nger shows the highest force 
production in fl exion with forces generated in extension, abduction, and 
adduction being about 38%, 98%, and 79%, respectively, of the fl exion force 
(45). The strongest of the extrinsic fl exor muscles are the fl exor digitorum 
profundus and the fl exor digitorum superfi cialis, collectively contributing 
over 80% of all fl exion force (46).

COMMON INJURIES OF THE WRIST 
AND HAND

The hand is used almost continuously in daily activities and in many 
sports. Wrist sprains or strains are fairly common and are occasionally 
accompanied by dislocation of a carpal bone or the distal radius. These 
types of injuries often result from the natural tendency to sustain the 
force of a fall on the hyperextended wrist. It has been shown that falls 
from heights greater than 0.6 m can readily result in wrist fracture, since 
the peak force sustained exceeds the average fracture force for the dis-
tal radius (10). Fracture of the distal radius is the most common type 
of fracture in the population under 75 years of age and is second only to 
vertebral fractures among the elderly (10). Fractures of the scaphoid and 
lunate bones are relatively common for the same reason.

Certain hand/wrist injuries are characteristic of participation in a 
given sport. Examples are metacarpal (boxer’s) fractures and mallet or 
drop fi nger deformity resulting from injury at the distal interphalangeal 
joints among football receivers and baseball catchers. Forced abduction of 
the thumb leading to ulnar collateral ligament injury often results from 
wrestling, football, hockey, and skiing (36). The most common injuries en-
countered in skateboarding and snowboarding are fractures of or close to 
the wrist (17). In sport rock climbing, 62% of all injuries are to the elbow, 
forearm, wrist, and hand, with many injuries specifi c to the handholds 
employed (30).

The wrist is the most frequently injured joint among golfers, with right-
handed golfers tending to injure the left wrist (4). Both overuse injuries 
such as De Quervains disease (tendinitis of the extensor pollicis brevis 
and the abductor pollicis longus) and impact-related injuries are common 
(54). According to one study, golfers with overuse injuries of the wrist use 
a larger-than-average range of motion of the wrists during the swing (5).

Carpal tunnel syndrome is a fairly common disorder. The carpal tun-
nel is a passageway between the carpal bones and the fl exor retinacu-
lum on the palmar side of the wrist. Although the cause of this disorder 
in a given individual is often unknown, any swelling caused by acute 
or chronic trauma in the region can compress the median nerve, which 
passes through the carpal tunnel, thus bringing on the syndrome. Ten-
don and nerve movement during prolonged repetitive hand movement 
and incursion of the fl exor muscles into the carpal tunnel during wrist 
extension have been hypothesized as causes for carpal tunnel syndrome 
(39, 75). Symptoms include pain and numbness along the median nerve, 
clumsiness of fi nger function, and eventually weakness and atrophy of 

extrinsic muscles
muscles with proximal attachments 
located proximal to the wrist and 
distal attachments located distal to 
the wrist

intrinsic muscles
muscles with both attachments distal 
to the wrist
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the muscles supplied by the median nerve. Workers at tasks requiring 
large handgrip forces, repetitive movements, or use of vibrating tools are 
particularly susceptible to carpal tunnel syndrome (69, 76). Likewise, of-
fi ce workers who repeatedly rest the arms on the palmar surface of the 
wrists are vulnerable. Research indicates that modifi cations in keyboard 
design can dramatically affect tendon motion at the wrist, with promis-
ing implications for reducing the incidence of overuse injuries (74). The 
goal of workstation modifi cations in preventing carpal tunnel syndrome 
is enabling work with the wrist in neutral position (22, 44). Carpal tunnel 
syndrome has also been reported among athletes in badminton, baseball, 
cycling, gymnastics, fi eld hockey, racquetball, rowing, skiing, squash, ten-
nis, and rock climbing (16).

SUMMARY

The shoulder is the most complex joint in the human body, with four dif-
ferent articulations contributing to movement. The glenohumeral joint is 
a loosely structured ball-and-socket joint in which range of movement is 
substantial and stability is minimal. The sternoclavicular joint enables 
some movement of the bones of the shoulder girdle, clavicle, and scapula. 
Movements of the shoulder girdle contribute to optimal positioning of the 
glenohumeral joint for different humeral movements. Small movements 
are also provided by the acromioclavicular and coracoclavicular joints.

The humeroulnar articulation controls fl exion and extension at the el-
bow. Pronation and supination of the forearm occur at the proximal and 
distal radioulnar joints.

The structure of the condyloid joint between the radius and the three 
carpal bones controls motion at the wrist. Flexion, extension, radial fl exion, 
and ulnar fl exion are permitted. The joints of the hand at which most move-
ments occur are the carpometacarpal joint of the thumb, the metacarpo-
phalangeal joints, and the hinges at the interphalangeal  articulations.

INTRODUCTORY PROBLEMS

 1. Construct a chart listing all muscles crossing the glenohumeral joint 
according to whether they are superior, inferior, anterior, or posterior 
to the joint center. Note that some muscles may fall into more than one 
category. Identify the action or actions performed by muscles in each of 
the four categories.

 2. Construct a chart listing all muscles crossing the elbow joint according 
to whether they are medial, lateral, anterior, or posterior to the joint 
center with the arm in anatomical position. Note that some muscles 
may fall into more than one category. Identify the action or actions 
performed by muscles in each of the four categories.

 3. Construct a chart listing all muscles crossing the wrist joint according 
to whether they are medial, lateral, anterior, or posterior to the joint 
center with the arm in anatomical position. Note that some muscles 
may fall into more than one category. Identify the action or actions 
performed by muscles in each of the four categories.

 4. List the muscles that develop tension to stabilize the scapula during 
each of the following activities:

 a. Carrying a suitcase
 b. Water-skiing
 c. Performing a push-up
 d. Performing a pull-up



 5. List the muscles used as agonists, antagonists, stabilizers, and neu-
tralizers during the performance of a push-up.

 6. Explain how the use of an overhand as compared to an underhand 
grip affects an individual’s ability to perform a pull-up.

 7. Select a familiar activity and identify the muscles of the upper ex-
tremity that are used as agonists during the activity.

 8. Using the diagram in Sample Problem 7.1 as a model, calculate the 
tension required in the deltoid with a moment arm of 3 cm from the 
shoulder, given the following weights and moment arms for the upper 
arm (u), forearm (f), and hand (h) segments: wtu 5 19 N, wtf 5 11 N, 
wth 5 4 N, du 5 12 cm, df 5 40 cm, dh 5 64 cm. (Answer: 308 N)

 9. Which of the three segments in Problem 8 creates the largest torque 
about the shoulder when the arm is horizontally extended? Explain 
your answer and discuss the implications for positioning the arm for 
shoulder-level tasks.

 10. Solve Sample Problem 7.2 with the addition of a 10 kg bowling ball 
held in the hand at a distance of 35 cm from the elbow. (Remember 
that kg is a unit of mass, not weight!) (Answer: Fm 5 732 N, R5619 N)

ADDITIONAL PROBLEMS

 1. Identify the sequence of movements that occur at the scapulothoracic, 
shoulder, elbow, and wrist joints during the performance of an over-
hand throw.

 2. Which muscles are most likely to serve as agonists to produce the 
movements identifi ed in your answer to Problem 1?

 3. Select a familiar racket sport and identify the sequence of movements 
that occur at the shoulder, elbow, and wrist joints during the execution 
of forehand and backhand strokes.

 4. Which muscles are most likely to serve as agonists to produce the 
movements identifi ed in your answer to Problem 3?

 5. Select fi ve resistance-based exercises for the upper extremity, and 
identify which muscles are the primary movers and which muscles 
 assist during the performance of each exercise.

 6. Discuss the importance of the rotator cuff muscles as stabilizers of the 
glenohumeral joint and movers of the humerus.

 7. Discuss possible mechanisms of rotator cuff injury. Include in your dis-
cussion the implications of the force–length relationship for muscle 
(described in Chapter 6).

 8. How much tension (Fm) must be supplied by the triceps to stabilize the 
arm against an external force (Fe) of 200 N, given dm 5 2 cm and de 5 
25 cm? What is the magnitude of the joint reaction force (R)? (Since the 
forearm is vertical, its weight does not produce torque at the elbow.) 
(Answer: Fm 5 2500 N, R 5 2700 N)

Fe
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 10. The medial deltoid attaches to the humerus at an angle of 15°. What 
are the sizes of the rotary and stabilizing components of muscle force 
when the total muscle force is 500 N? (Answer: rotary component 5 
129 N, stabilizing component 5 483 N)

15°

 9. What is the length of the moment arm between the dumbbell and the 
shoulder when the extended 50 cm arm is positioned at a 60° angle? 
(Answer: 43.3 cm)

60°
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Study anatomical models of the shoulder, elbow, and wrist. Be able to locate and identify the major 
bones, muscle attachments, and ligaments. (The bones are also viewable on the Dynamic Human CD, 
Skeletal System, 3-D Viewer: Thoracic.)

Bones articulating at the glenohumeral joint:  _____________________________________________________

________________________________________________________________________________________________

Bones articulating at the sternoclavicular joint:  ___________________________________________________

________________________________________________________________________________________________

Bones articulating at the acromioclavicular joint:  __________________________________________________

________________________________________________________________________________________________

Bones articulating at the coracoclavicular joint:  ___________________________________________________

________________________________________________________________________________________________

Ligaments crossing the glenohumeral joint:  _______________________________________________________

________________________________________________________________________________________________

Ligaments crossing the sternoclavicular joint:  _____________________________________________________

________________________________________________________________________________________________

Ligaments crossing the acromioclavicular joint:  ___________________________________________________

________________________________________________________________________________________________

Ligaments crossing the coracoclavicular joint:  _____________________________________________________

________________________________________________________________________________________________

Muscles crossing the glenohumeral joint:  _________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 2. With a partner, use a goniometer to measure wrist range of motion (ROM) in fl exion and hyperexten-
sion, with the fi ngers both completely fl exed and completely extended. Explain your results.

Flexion ROM with fi ngers in full fl exion:  __________________________________________________________

Hyperextension ROM with fi ngers in full fl exion:  __________________________________________________

Flexion ROM with fi ngers in full extension:  _______________________________________________________

Hyperextension ROM with fi ngers in full extension:  _______________________________________________
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Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Perform pull-ups using an overhand grip and an underhand grip. Explain which is easier in terms of 
muscle function.

Which is easier?  ________________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 4. Perform push-ups using wide, medium, and narrow hand placements. Explain which is easiest and 
which is hardest in terms of muscle function.

Which is easiest?  _______________________________________________________________________________

Which is hardest?  ______________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. With a partner, use a goniometer to measure both active and passive ROM at the shoulders of the 
dominant and nondominant arms in fl exion, hyperextension, abduction, and horizontal abduction. 
Explain your results.

Dominant arm active ROM in fl exion:  ____________________________________________________________

Dominant arm active ROM in hyperextension:  ____________________________________________________

Dominant arm active ROM in abduction:  _________________________________________________________

Dominant arm active ROM in horizontal abduction:  _______________________________________________
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Dominant arm passive ROM in fl exion:  ___________________________________________________________

Dominant arm passive ROM in hyperextension:  ___________________________________________________

Dominant arm passive ROM in abduction:  ________________________________________________________

Dominant arm passive ROM in horizontal abduction:  ______________________________________________

Nondominant arm active ROM in fl exion:  _________________________________________________________

Nondominant arm active ROM in hyperextension:  _________________________________________________

Nondominant arm active ROM in abduction:  ______________________________________________________

Nondominant arm active ROM in horizontal abduction:  ____________________________________________

Nondominant arm passive ROM in fl exion:  _______________________________________________________

Nondominant arm passive ROM in hyperextension:  _______________________________________________

Nondominant arm passive ROM in abduction: _____________________________________________________

Nondominant arm passive ROM in horizontal abduction: ___________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

acromioclavicular joint irregular joint between the acromion process of the scapula and the distal clavicle

bursae sacs secreting synovial fl uid internally that lessen friction between soft tissues around joints

coracoclavicular joint syndesmosis with the coracoid process of the scapula bound to the inferior clavicle by the 
coracoclavicular ligament

epicondylitis infl ammation and sometimes microrupturing of the collagenous tissues on either the lateral 
or the medial side of the distal humerus; believed to be an overuse injury

extrinsic muscles muscles with proximal attachments located proximal to the wrist and distal attachments 
located distal to the wrist

glenohumeral joint ball-and-socket joint in which the head of the humerus articulates with the glenoid fossa of 
the scapula

glenoid labrum rim of soft tissue located on the periphery of the glenoid fossa that adds stability to the 
glenohumeral joint

humeroradial joint gliding joint in which the capitellum of the humerus articulates with the proximal end of the 
radius

humeroulnar joint hinge joint in which the humeral trochlea articulates with the trochlear fossa of the ulna

intrinsic muscles muscles with both attachments distal to the wrist

radiocarpal joints condyloid articulations between the radius and the three carpal bones

radioulnar joints the proximal and distal radioulnar joints are pivot joints; the middle radioulnar joint is a 
syndesmosis

retinacula fi brous bands of fascia

rotator cuff band of tendons of the subscapularis, supraspinatus, infraspinatus, and teres minor, which 
attach to the humeral head

scapulohumeral rhythm a regular pattern of scapular rotation that accompanies and facilitates humeral abduction

sternoclavicular joint modifi ed ball-and-socket joint between the proximal clavicle and the manubrium of the 
sternum
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8The Biomechanics of the 
Human Lower Extremity

After completing this chapter, you will be able to:

Explain how anatomical structure affects movement capabilities of 
lower-extremity articulations.

Identify factors infl uencing the relative mobility and stability of lower-extremity 
articulations.

Explain the ways in which the lower extremity is adapted to its weight-bearing 
function.

Identify muscles that are active during specifi c lower-extremity movements.

Describe the biomechanical contributions to common injuries of the lower 
 extremity.
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A lthough there are some similarities between the joints of the upper 
and the lower extremities, the upper extremity is more specialized 

for activities requiring large ranges of motion. In contrast, the lower 
extremity is well equipped for its functions of weight bearing and locomo-
tion. Beyond these basic functions, activities such as kicking a fi eld goal 
in football, performing a long jump or a high jump, and maintaining bal-
ance en pointe in ballet reveal some of the more specialized capabilities 
of the lower extremity. This chapter examines the joint and muscle func-
tions that enable lower-extremity movements.

STRUCTURE OF THE HIP

The hip is a ball-and-socket joint (Figure 8-1). The ball is the head of the 
femur, which forms approximately two-thirds of a sphere. The socket is 
the concave acetabulum, which is angled obliquely in an anterior, lateral, 
and inferior direction. Joint cartilage covers both articulating surfaces. 
The cartilage on the acetabulum is thicker around its periphery, where it 
merges with a rim, or labrum, of fi brocartilage that contributes to the sta-
bility of the joint. Hydrostatic pressure is greater within the labrum than 
outside of it, contributing to lubrication of the joint (31). The acetabu-
lum provides a much deeper socket than the glenoid fossa of the shoulder 
joint, and the bony structure of the hip is therefore much more stable or 
less likely to dislocate than that of the shoulder.

Several large, strong ligaments also contribute to the stability of the 
hip (Figure 8-2). The extremely strong iliofemoral or Y ligament and the 
pubofemoral ligament strengthen the joint capsule anteriorly, with 
posterior reinforcement from the ischiofemoral ligament. Tension in these 
major ligaments acts to twist the head of the femur into the acetabulum 
during hip extension, as when a person moves from a sitting to a standing 
position. Inside the joint capsule, the ligamentum teres supplies a direct 
attachment from the rim of the acetabulum to the head of the femur.

As with the shoulder joint, several bursae are present in the surround-
ing tissues to assist with lubrication. The most prominent are the iliopsoas 

The lower extremity is well 
structured for its functions 
of weight bearing and 
locomotion.

Femur

Femoral
head

Acetabulum

Sacrum

Ilium

Pubis

Ischium

•The hip is inherently more 
stable than the shoulder because 
of bone structure and the 
number and strength of the 
muscles and ligaments crossing 
the joint.

FIGURE 8-1

The bony structure of the hip.
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bursa and the deep trochanteric bursa. The iliopsoas bursa is positioned 
between the iliopsoas and the articular capsule, serving to reduce the 
friction between these structures. The deep trochanteric bursa provides a 
cushion between the greater trochanter of the femur and the gluteus 
maximus at the site of its attachment to the iliotibial tract. The trochan-
teric bursae vary in number, position, and appearance among older 
individuals, suggesting that these bursae are formed to lessen friction 
between the greater trochanter and the gluteus maximus (24). 

The femur is a major weight-bearing bone and is the longest, largest, 
and strongest bone in the body. Its weakest component is the femoral 
neck, which is smaller in diameter than the rest of the bone, and weak 
internally because it is primarily composed of trabecular bone. The femur 
angles medially downward from the hip during the support phase of 
walking and running, enabling single-leg support beneath the body’s 
center of gravity.

MOVEMENTS AT THE HIP

Although movements of the femur are due primarily to rotation occur-
ring at the hip joint, the pelvic girdle has a function similar to that of the 
shoulder girdle in positioning the hip joint for effective limb movement. 
Unlike the shoulder girdle, the pelvis is a single nonjointed structure, 
but it can rotate in all three planes of movement. The pelvis facilitates 
movement of the femur by rotating so that the acetabulum is positioned 
toward the direction of impending femoral movement. For example, poste-
rior pelvic tilt, with the anterior superior iliac spine tilted backward with 
respect to the acetabulum, positions the head of the femur in front of the 
hipbone to enable ease of fl exion. Likewise, anterior pelvic tilt promotes 
femoral extension, and lateral pelvic tilt toward the opposite side facili-
tates lateral movements of the femur. Movement of the pelvic girdle also 
coordinates with certain movements of the spine (see Chapter 9).

Muscles of the Hip

A number of large muscles cross the hip, further contributing to its stabil-
ity. The locations and functions of the muscles of the hip are summarized 
in Table 8-1.

Iliofemoral (Y)
ligament

Iliofemoral
ligament

Pubofemoral
ligament

Femur
Femur

Anterior view

Ischium Ischium

Posterior view

Ischiofemoral
ligament

FIGURE 8-2

The ligaments of the hip.

pelvic girdle
the two hip bones plus the sacrum, 
which can be rotated forward, 
backward, and laterally to optimize 
positioning of the hip joint
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Flexion

The six muscles primarily responsible for fl exion at the hip are those cross-
ing the joint anteriorly: the iliacus, psoas major, pectineus, rectus femoris, 
sartorius, and tensor fascia latae. Of these, the large iliacus and psoas 
major—often referred to jointly as the iliopsoas because of their common 
attachment to the femur—are the major hip fl exors (Figure 8-3). Other 
 major hip fl exors are shown in Figure 8-4. Because the rectus femoris is 

TABLE 8-1

Muscles of the Hip

MUSCLE PROXIMAL ATTACHMENT
DISTAL 

ATTACHMENT
PRIMARY ACTION(S) 

ABOUT THE HIP INNERVATION

Rectus femoris Anterior inferior iliac spine (ASIS) Patella Flexion Femoral (L2–L4)

Iliopsoas Lesser trochanter 
of femur

Flexion L1 and femoral

(Iliacus) Iliac fossa and adjacent sacrum (L2–L4)

(Psoas) 12th thoracic and all lumbar 
vertebrae and lumbar discs

(L1–L3)

Sartorius Anterior superior iliac spine Upper medial tibia Assists with fl exion, 
abduction, lateral rotation

Femoral (L2, L3)

Pectineus Pectineal crest of pubic ramus Medial, proximal femur Flexion, adduction, medial 
rotation

Femoral (L2, L3)

Tensor fascia latae Anterior crest of ilium and ASIS Iliotibial band Assists with fl exion, 
abduction, medial rotation

Superior gluteal 
(L4–S1)

Gluteus maximus Posterior ilium, iliac crest, sacrum, 
coccyx

Gluteal tuberosity of 
femur and iliotibial band

Extension, lateral rotation Inferior gluteal 
(L5–S2)

Gluteus medius Between posterior and anterior 
gluteal lines on posterior ilium

Superior, lateral greater 
trochanter

Abduction, medial 
rotation

Superior gluteal 
(L4–S1)

Gluteus minimus Between anterior and inferior 
gluteal lines on posterior ilium

Anterior surface of 
greater trochanter

Abduction, medial 
rotation

Superior gluteal 
(L4–S1)

Gracilis Anterior, inferior pubic symphysis Medial, proximal tibia Adduction Obturator (L3, L4)

Adductor magnus Inferior ramus of pubis and 
ischium

Entire linea aspera Adduction, lateral 
rotation

Obturator (L3, L4)

Adductor longus Anterior pubis Middle linea aspera Adduction, assists with 
fl exion

Obturator (L3, L4)

Adductor brevis Inferior ramus of the pubis Upper linea aspera Adduction, lateral 
rotation

Obturator (L3, L4)

Semitendinosus Medial ischial tuberosity Proximal, medial tibia Extension Tibial (L5–S1)

Semimembranosus Lateral ischial tuberosity Proximal, medial tibia Extension Tibial (L5–S1)

Biceps femoris 
(long head)

Lateral ischial tuberosity Posterior lateral 
condyle of tibia, head 

of fi bula

Extension Tibial (L5–S2)

The six outward 
rotators

Sacrum, ilium, ischium Posterior greater 
trochanter

Outward rotation (L5–S2)

iliopsoas
the psoas major and iliacus muscles 
with a common insertion on the 
lesser trochanter of the femur
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a  two-joint muscle active during both hip fl exion and knee extension, it 
functions more effectively as a hip fl exor when the knee is in fl exion, as 
when a person kicks a ball. The thin, straplike sartorius, or tailor’s muscle, 
is also a two-joint muscle. Crossing from the superior anterior iliac spine 
to the medial tibia just below the tuberosity, the sartorius is the longest 
muscle in the body.

Extension

The hip extensors are the gluteus maximus and the three hamstrings—the 
biceps femoris, semitendinosus, and semimembranosus (Figure 8-5). The 
gluteus maximus is a massive, powerful muscle that is usually active only 
when the hip is in fl exion, as during stair climbing or cycling, or when 
extension at the hip is resisted (Figure 8-6). The hamstrings derive their 
name from their prominent tendons, which can readily be palpated on 
the posterior aspect of the knee. These two-joint muscles contribute to 
both extension at the hip and fl exion at the knee, and are active during 
standing, walking, and running.

FIGURE 8-3

The iliopsoas complex is the 
major fl exor of the hip.

Iliac
crest

Iliacus

Ilium

Femur Femur

Ischium
Ischium

Sacrum
SacrumPsoas

major

Psoas
minor

Anterior view

Rectus
femoris

Tensor
fasciae

latae
Sartorius

Pectineus

Anterior view

FIGURE 8-4

Assistant fl exor muscles of 
the hip.

hamstrings
the biceps femoris, 
semimembranosus, and 
semitendinosus

•Two-joint muscles function more 
effectively at one joint when 
the position of the other joint 
stretches the muscle slightly.
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Abduction

The gluteus medius is the major abductor acting at the hip, with the glu-
teus minimus assisting. These muscles stabilize the pelvis during the 
support phase of walking and running and when an individual stands on 
one leg. For example, when body weight is supported by the right foot dur-
ing walking, the right hip abductors contract isometrically and eccentri-
cally to prevent the left side of the pelvis from being pulled downward by 
the weight of the swinging left leg. This allows the left leg to move freely 
through the swing phase. If the hip abductors are too weak to perform 
this function, then lateral pelvic tilt and dragging of the swing foot occurs 
with every step during gait. The hip abductors are also active during the 
performance of dance movements such as the grande ronde jambe.

Adduction

The hip adductors are those muscles that cross the joint medially and 
include the adductor longus, adductor brevis, adductor magnus, and grac-
ilis (Figure 8-7). The hip adductors are regularly active during the swing 
phase of the gait cycle to bring the foot beneath the body’s center of grav-
ity for placement during the support phase. The gracilis is a long, rela-
tively weak strap muscle that also contributes to fl exion of the leg at the 

Semitendinosus

Posterior view

Semimembranosus
Biceps
femoris

FIGURE 8-5

The hamstrings are major hip 
extensors and knee fl exors.

FIGURE 8-6

The three gluteal muscles.

Gluteus
maximus

Gluteus
minimus

Gluteus
medius

Posterior view

•Contraction of the hip 
abductors is required during the 
swing phase of gait to prevent 
the swinging foot from dragging.
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knee. The other three adductor muscles also contribute to fl exion and lat-
eral rotation at the hip, particularly when the femur is medially rotated.

Medial and Lateral Rotation of the Femur

Although a number of muscles contribute to lateral rotation of the femur, 
six muscles function solely as lateral rotators. These are the piriformis, 
gemellus superior, gemellus inferior, obturator internus, obturator exter-
nus, and quadratus femoris (Figure 8-8). Although we tend to think of 
walking and running as involving strictly sagittal plane movement at the 
joints of the lower extremity, outward rotation of the femur also occurs 
with every step to accommodate the rotation of the pelvis.

The major medial rotator of the femur is the gluteus minimus, with 
assistance from the tensor fascia latae, semitendinosus, semimembrano-
sus, and gluteus medius. Medial rotation of the femur is usually not a 
resisted motion requiring a substantial amount of muscular force. The 
medial rotators are weak in comparison to the lateral rotators, with the 
estimated strength of the medial rotators only approximately one-third 
that of the lateral rotators (57).

Horizontal Abduction and Adduction

Horizontal abduction and adduction of the femur occur when the hip is 
in 90° of fl exion while the femur is either abducted or adducted. These 
actions require the simultaneous, coordinated actions of several muscles. 
Tension is required in the hip fl exors for elevation of the femur. The hip 
abductors can then produce horizontal abduction and, from a horizontally 
abducted position, the hip adductors can produce horizontal adduction. 
The muscles located on the posterior aspect of the hip are more effective 

FIGURE 8-7

Adductor muscles of the hip.

Adductor
magnus

Adductor
longus

Adductor
brevis

Gracilis
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Gemelli superior
inferior

Piriformis

Obturator
internus

Quadratus
femoris

FIGURE 8-8

The lateral rotator muscles of 
the femur.

•During the gait cycle, lateral 
and medial rotation of the femur 
occur in coordination with pelvic 
rotation.
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as horizontal abductors and adductors than the muscles on the anterior 
aspect, because the former are stretched when the femur is in 90° of fl ex-
ion, whereas tension in the anterior muscles is usually reduced with the 
femur in this position.

LOADS ON THE HIP

The hip is a major weight-bearing joint that is never fully unloaded dur-
ing daily activities (31). When body weight is evenly distributed across 
both legs during upright standing, the weight supported at each hip is 
one-half the weight of the body segments above the hip, or about one-
third of total body weight. However, the total load on each hip in this situ-
ation is greater than the weight supported, because tension in the large, 
strong hip muscles further adds to compression at the joint (Figure 8-9).

Because of muscle tension, compression on the hip is approximately 
the same as body weight during the swing phase of walking (85). Data 
from instrumented femoral implants show hip joint loading to range 
around 238% of body weight (BW) during the support phase of walking, 
with values of approximately 251% BW and 260% BW during climbing 
and descending stairs, respectively (9). Calculated hip contact forces for 
running at 3.5 m/s, Alpine skiing on a fl at slope, Alpine skiing on a steep 
slope, cross-country skiing with classical technique, and cross-country 
skiing with skating technique, are around 520% BW, 410% BW, 780% 
BW, 400% BW, and 460% BW, respectively (113). During side diving by 
the goalkeeper in soccer, forces acting on the hip range from 4.2 to 8.6 
times body weight (100). Hip loading increases with the wearing of 
hard-soled as compared to soft-soled shoes (8). Carrying a load such as a 
suitcase of 25% body weight on one side produces a 167% increase in 
loading on the contralateral hip as compared to the hip on the loaded 
side (7).

As gait speed increases, the load on the hip increases during both swing 
and support phases. Hip loads during jogging can be reduced with a 
smooth gait pattern and soft heel strikes (8). In summary, body weight, 
impact forces translated upward through the skeleton from the foot, and 
muscle tension all contribute to this large compressive load on the hip, as 
demonstrated in Sample Problem 8.1.

Fortunately, the hip joint is well designed to bear the large loads it 
habitually sustains. Because the diameter of the humeral head is 

Fm

wt

R

•During the support phase of 
walking, compression force at the 
hip reaches a magnitude of three 
to four times body weight.

FIGURE 8-9

The major forces on the hip 
during static stance are the 
weight of the body segments 
above the hip (with one-half 
of the weight on each hip), 
tension in the hip abductor 
muscles (Fm), and the joint 
reaction force (R).
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somewhat larger than the articulating surface of the acetabulum, contact 
between the two bones during initiation of weight bearing begins around 
the periphery. As loading increases, the contact area at the joint also 
increases, such that stress levels remain approximately constant (83).

Use of a crutch or cane on the side opposite an injured or painful hip is 
benefi cial in that it serves to more evenly distribute the load between the 
legs throughout the gait cycle. During stance, a support opposite the 
painful hip reduces the amount of tension required of the powerful 
abductor muscles, thereby reducing the load on the painful hip. This 
reduction in load on the painful hip, however, increases the stress on the 
opposite hip.

COMMON INJURIES OF THE HIP

Fractures

Although the pelvis and the femur are large, strong bones, the hip is subjected 
to high, repetitive loads ranging from four to seven times body weight dur-
ing locomotion (57). Fractures of the femoral neck frequently occur during 
the support phase of walking among elderly individuals with osteoporosis, a 

S A M P L E  P R O B L E M  8 . 1

How much compression acts on the hip during two-legged standing, given 
that the joint supports 250 N of body weight and the abductor muscles are 
producing 600 N of tension?

Known

 wt 5 250 N
 Fm 5 600 N

Graphic Solution
Since the body is motionless, all vertical force com-
ponents must sum to zero and all horizontal force 
components must sum to zero. Graphically, this 
means that all acting forces can be transposed to 
form a closed force polygon (in this case, a triangle). 
The forces from the diagram of the hip above can be 
reconfi gured to form a triangle.

If the triangle is drawn to scale (perhaps 1 cm 5 
100 N), the amount of joint compression can be approx-
imated by measuring the length of the joint reaction 
force (R).

R � 840 N

Mathematical Solution
The law of cosines can be used with the same triangle 
to calculate the length of R.

 R2 5 Fm
2 � wt2 � 2(Fm) (wt) cos 160°

 R2 5 600 N2 � 250 N2 � 2(600 N) (250 N) cos 160°
 R 5 839.3 N

758Fm

wt

708

R

Fm

R

708

wt

758

•Fracture of the femoral neck 
(broken hip) is a seriously 
debilitating injury that occurs 
frequently among elderly 
individuals with osteoporosis.
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condition of reduced bone mineralization and strength (see Chapter 4). These 
femoral neck fractures often result in loss of balance and a fall. A common mis-
conception is that the fall always causes the fracture rather than the reverse, 
which may also be true. Hip fractures in the elderly are a serious health issue, 
with increased risk of death increasing fi ve- to eight-fold during the fi rst three 
months following the fracture (41). A high percentage of cortical bone in the 
proximal femur is protective against hip fractures (17). When the hipbones 
have good health and mineralization, they can sustain tremendous loads, as 
illustrated during many weight-lifting events. Research demonstrates that 
regular physical activity helps protect against the risk of hip fracture (52).

Contusions

The muscles on the anterior aspect of the thigh are in a prime location 
for sustaining blows during participation in contact sports. The resulting 
internal hemorrhaging and appearance of bruises vary from mild to severe. 
A relatively uncommon but potentially serious complication secondary to 
thigh contusions is acute compartment syndrome, in which internal bleed-
ing causes a build-up of pressure in the muscle compartment causing com-
pression of nerves, blood vessels, and muscle (55). If not treated, this can 
lead to tissue death due to lack of oxygenation as the blood vessels are 
compressed by the raised pressure within the compartment.

Strains

Since most daily activities do not require simultaneous hip fl exion and 
knee extension, the hamstrings are rarely stretched unless exercises are 
performed for that specifi c purpose. The resulting loss of extensibility 
makes the hamstrings particularly susceptible to strain. Strains to these 
muscles most commonly occur during sprinting, particularly if the individ-
ual is fatigued and neuromuscular coordination is impaired. Researchers 
believe that hamstring strains typically occur during the late stance or late 
swing phases of gait as a result of an eccentric contraction (99, 122). These 
injuries are troubling for athletes, given their high incidence rate and slow-
ness of healing, and with a recurrence rate of nearly one-third during the 
fi rst year following return to athletic participation (45). Strains to the groin 
area are also relatively common among athletes in sports in which forceful 
thigh abduction movements may overstretch the adductor muscles. A study 
of professional ice hockey players showed that players were 17 times more 
likely to sustain adduction sprains if adductor strength was less than 80% 
of abduction strength (112). This strongly suggests that strengthening of 
the hip adductors can reduce the likelihood of adduction sprains.

STRUCTURE OF THE KNEE

The structure of the knee permits the bearing of tremendous loads, as 
well as the mobility required for locomotor activities. The knee is a large 
synovial joint, including three articulations within the joint capsule. The 
weight-bearing joints are the two condylar articulations of the tibiofemoral 
joint, with the third articulation being the patellofemoral joint. Although 
not a part of the knee, the proximal tibiofi bular joint has soft-tissue connec-
tions that also slightly infl uence knee motion.

Tibiofemoral Joint

The medial and lateral condyles of the tibia and the femur articulate to 
form two side-by-side condyloid joints (Figure 8-10). These joints function 

tibiofemoral joint
dual condyloid articulations between 
the medial and lateral condyles of the 
tibia and the femur, composing the 
main hinge joint of the knee

patellofemoral joints
articulation between the patella and 
the femur
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together primarily as a modifi ed hinge joint because of the restricting 
ligaments, with some lateral and rotational motions allowed. The con-
dyles of the tibia, known as the tibial plateaus, form slight depressions 
separated by a region known as the intercondylar eminence. Because the 
medial and lateral condyles of the femur differ somewhat in size, shape, 
and orientation, the tibia rotates laterally on the femur during the last 
few degrees of extension to produce “locking” of the knee. This phenom-
enon, known as the “screw-home” mechanism, brings the knee into the 
close-packed position of full extension. Because the curvatures of the 
tibial plateau are complex, asymmetric, and vary signifi cantly from indi-
vidual to individual, some knees are much more stable and resistant to 
injury than others (43).

Menisci

The menisci, also known as semilunar cartilages after their half-moon 
shapes, are discs of fi brocartilage fi rmly attached to the superior plateaus 
of the tibia by the coronary ligaments and joint capsule (Figure 8-11). 
They are also joined to each other by the transverse ligament. The menisci 
are thickest at their peripheral borders, where fi bers from the joint cap-
sule solidly anchor them to the tibia (5). The medial semilunar disc is 
also directly attached to the medial collateral ligament. Medially, both 
menisci taper down to paper thinness, with the inner edges unattached 
to the bone.

•The bony anatomy of the 
knee requires a small amount 
of lateral rotation of the tibia to 
accompany full extension.
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The bony structure of the 
tibiofemoral joint.
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The menisci of the knee.
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The menisci receive a rich supply of both blood vessels and nerves. The 
blood supply reaches the outer 10–33% of each meniscus, enabling infl am-
mation, repair, and remodeling (39). The outer 66% of each meniscus is 
innervated, providing proprioceptive information regarding knee position, 
as well as the velocity and acceleration of knee movements (39).

The menisci deepen the articulating depressions of the tibial plateaus 
and assist with load transmission and shock absorption at the knee. The 
internal structure of the medial two-thirds of each meniscus is particu-
larly well suited to resisting compression (5). The stress on the tibiofemo-
ral joint can be an estimated three times higher during load bearing if 
the menisci have been removed (101). Injured knees, in which part or all 
of the menisci have been removed, may still function adequately but 
undergo increased wear on the articulating surfaces, signifi cantly 
increasing the likelihood of the development of degenerative conditions 
at the joint. Knee osteoarthritis is frequently accompanied by meniscal 
tears. Whereas a meniscal tear can lead to the development of osteoar-
thritis over time, having osteoarthritis can also cause a spontaneous 
meniscal tear (26).

Ligaments

Many ligaments cross the knee, signifi cantly enhancing its stability (Fig-
ure 8-12). The location of each ligament determines the direction in which 
it is capable of resisting the dislocation of the knee.

The medial and lateral collateral ligaments prevent lateral motion 
at the knee, as do the collateral ligaments at the elbow. They are also 
respectively referred to as the tibial and fi bular collateral ligaments, 
after their distal attachments. Fibers of the medial collateral ligament 
complex merge with the joint capsule and the medial meniscus to 
connect the medial epicondyle of the femur to the medial tibia (92). The 
attachment is just below the pes anserinus, the common attachment of 
the semitendinosus, semimembranosus, and gracilis to the tibia, thereby 
positioning the ligament to resist medially directed shear (valgus) and 
rotational forces acting on the knee. The lateral collateral ligament 
courses from a few millimeters posterior to the ridge of the lateral 
epicondyle of the femur to the head of the fi bula, contributing to lateral 
stability of the knee (73).

The anterior and posterior cruciate ligaments limit the forward and 
backward sliding of the femur on the tibial plateaus during knee fl exion 

•The menisci distribute the load 
at the knee over a larger surface 
area and also help absorb shock.
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and extension, and also limit knee hyperextension. The name cruciate is 
derived from the fact that these ligaments cross each other; anterior and 
posterior refer to their respective tibial attachments. The anterior cruciate 
ligament stretches from the anterior aspect of the intercondyloid fossa of 
the tibia just medial and posterior to the anterior tibial spine in a superior, 
posterior direction to the posterior medial surface of the lateral condyle of 
the femur. The shorter and stronger posterior cruciate ligament runs from 
the posterior aspect of the tibial intercondyloid fossa in a superior, anterior 
direction to the lateral anterior medial condyle of the femur. These 
ligaments restrict the anterior and posterior sliding of the femur on the 
tibial plateaus during knee fl exion and extension, and limit knee 
hyperextension.

Several other ligaments contribute to the integrity of the knee. The 
oblique and arcuate popliteal ligaments cross the knee posteriorly, and 
the transverse ligament connects the two semilunar discs internally. 
Another restricting tissue is the iliotibial band or tract, a broad, thickened 
band of the fascia lata with attachments to the lateral condyle of the 
femur and the lateral tubercle of the tibia.

Patellofemoral Joint

The patellofemoral joint consists of the articulation of the triangularly 
shaped patella, encased in the patellar tendon, with the trochlear groove 
between the femoral condyles. The posterior surface of the patella is 
covered with articular cartilage, which reduces the friction between the 
patella and the femur.

The patella serves several biomechanical functions. Most notably, it 
increases the angle of pull of the quadriceps tendon on the tibia, thereby 
improving the mechanical advantage of the quadriceps muscles for 
producing knee extension by as much as 50% (38). It also centralizes the 
divergent tension from the quadriceps muscles that is transmitted to the 
patellar tendon. The patella also increases the area of contact between 
the patellar tendon and the femur, thereby decreasing patellofemoral 
joint contact stress. Finally, it also provides some protection for the 
anterior aspect of the knee and helps protect the quadriceps tendon from 
friction against the adjacent bones.

Joint Capsule and Bursae

The thin articular capsule at the knee is large and lax, encompassing both 
the tibiofemoral and the patellofemoral joints. A number of bursae are 
located in and around the capsule to reduce friction during knee move-
ments. The suprapatellar bursa, positioned between the femur and the 
quadriceps femoris tendon, is the largest bursa in the body. Other impor-
tant bursae are the subpopliteal bursa, located between the lateral con-
dyle of the femur and the popliteal muscle, and the semimembranosus 
bursa, situated between the medial head of the gastrocnemius and semi-
membranosus tendons.

Three other key bursae associated with the knee, but not contained 
in the joint capsule, are the prepatellar, superfi cial infrapatellar, and deep 
infrapatellar bursae. The prepatellar bursa is located between the skin 
and the anterior surface of the patella, allowing free movement of the 
skin over the patella during fl exion and extension. The superfi cial infrapa-
tellar bursa provides cushioning between the skin and the patellar 
tendon, and the deep infrapatellar bursa reduces friction between the 
tibial tuberosity and the patellar tendon.

iliotibial band
thick, strong band of tissue connecting 
the tensor fascia lata to the lateral 
condyle of the femur and the lateral 
tuberosity of the tibia

•The patella improves the 
mechanical advantage of the 
knee extensors by as much 
as 50%.
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MOVEMENTS AT THE KNEE

Muscles Crossing the Knee

Like the elbow, the knee is crossed by a number of two-joint muscles. 
The primary actions of the muscles crossing the knee are summarized in 
Table 8-2.

Flexion and Extension

Flexion and extension are the primary movements permitted at the tibio-
femoral joint. For fl exion to be initiated from a position of full extension, 
however, the knee must fi rst be “unlocked.” In full extension, the articu-
lating surface of the medial condyle of the femur is longer than that of 
the lateral condyle, rendering motion almost impossible. The service of 
locksmith is provided by the popliteus, which acts to medially rotate the 
tibia with respect to the femur, enabling fl exion to occur (Figure 8-13). As 
fl exion proceeds, the femur must slide forward on the tibia to prevent roll-
ing off the tibial plateaus. Likewise, the femur must slide backwards on 
the tibia during extension. Medial rotation of the tibia and anterior trans-
lation of the fi bia on the tibial plateau have been shown to be coupled to 

TABLE 8-2

Muscles of the Knee

MUSCLE PROXIMAL ATTACHMENT
DISTAL 

ATTACHMENT
PRIMARY ACTION(S) 
ABOUT THE KNEE INNERVATION

Rectus femoris Anterior inferior iliac spine (ASIS) Patella Extension Femoral (L2–L4)

Vastus lateralis Greater trochanter and lateral 
linea aspera

Patella Extension Femoral (L2–L4)

Vastus intermedius Anterior femur Patella Extension Femoral (L2–L4)

Vastus medialis Medial linea aspera Patella Extension Femoral (L2–L4)

Semitendinosus Medial ischial tuberosity Proximal medial tibia 
at pes

Flexion, medial rotation Sciatic (L5–S2)

Semimembranosus Lateral ischial tuberosity Proximal medial tibia Flexion, medial rotation Sciatic (L5–S2)

Biceps femoris Posterior lateral 
condyle of tibia, head 

of fi bula

Flexion, lateral rotation Sciatic (L5–S2)

(Long head) Ischial tuberosity

(Short head) Lateral linea aspera

Sartorius Anterior superior iliac spine Proximal medial tibia 
at pes

Assists with fl exion and 
lateral rotation of thigh

Femoral (L2, L3)

Gracilis Anterior, inferior symphysis pubis Proximal medial tibia 
at pes

Adduction of thigh, 
fl exion of lower leg

Obturator (L2, L3)

Popliteus Lateral condyle of the femur Posterior medial tibia Medial rotation, fl exion Tibial (L4, L5)

Gastrocnemius Posterior medial and lateral 
femoral condyles 

Tuberosity of calcaneus 
via Achilles tendon 

Flexion Tibial (S1, S2)

Plantaris Distal posterior femur Tuberosity of calcaneus Flexion Tibial (S1, S2)

popliteus
muscle known as the unlocker of 
the knee because its action is lateral 
rotation of the femur with respect to 
the tibia
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fl exion at the knee, even when fl exion is passive (22, 36, 56, 120). The exact 
nature of this coupling can vary between the knees of a given individual 
and is also infl uenced by loading at the knee (117). Both the ligaments of 
the knee and the shapes of the articular surfaces infl uence the patterns 
of these coupled motions at the knee (117).

The three hamstring muscles are the primary fl exors acting at the 
knee. Muscles that assist with knee fl exion are the gracilis, sartorius, 
popliteus, and gastrocnemius.

The quadriceps muscles, consisting of the rectus femoris, vastus latera-
lis, vastus medialis, and vastus intermedius, are the extensors of the knee 
(Figure 8-14). The rectus femoris is the only one of these muscles that also 
crosses the hip joint. All four muscles attach distally to the patellar 
tendon, which inserts on the tibia.

Rotation and Passive Abduction and Adduction

Rotation of the tibia relative to the femur is possible when the knee is 
in fl exion and not bearing weight, with rotational capability greatest at 
approximately 90° of fl exion. Tension development in the semimembrano-
sus, semitendinosus, and popliteus produces medial rotation of the tibia, 

FIGURE 8-13

The popliteus muscle is the 
locksmith of the knee.Oblique
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The quadriceps muscles 
extend the knee.
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with the gracilis and sartorius assisting. The biceps femoris is solely 
responsible for lateral rotation of the tibia.

A few degrees of passive abduction and adduction are permitted at the 
knee. Abduction and adduction moments at the knee can also be actively 
generated by co-contraction of the muscles crossing the medial and 
lateral aspects of the knee to resist externally applied adduction and 
abduction moments (123). The primary contribution to these resistive 
moments comes from the co-contraction of the hamstrings and the 
quadriceps, with secondary contributions from the gracilis and the tensor 
fascia lata (67). The ability to resist abduction/adduction moments is 
relatively small, however, with only 11–14% of the experimentally 
applied moments resisted (67).

Patellofemoral Joint Motion

During fl exion and extension at the tibiofemoral joint, the patella glides 
inferiorly and superiorly against the distal end of the femur with an 
excursion of approximately 7 cm. The path of the center of the patella is 
circular and uniplanar (51). Tracking of the patella against the femur 
is dependent on the direction of the net force produced by the attached 
quadriceps. The vastus lateralis tends to pull the patella laterally, 
while the vastus medialis oblique opposes the lateral pull of the vastus 
lateralis, keeping the patella centered in the patellofemoral groove. The 
medial and lateral quadriceps force components also tilt the patella in 
the sagittal and transverse planes (65). The iliotibial band also infl u-
ences knee mechanics, and excessive tightness can cause maltracking 
of the patella (74).

LOADS ON THE KNEE

Because the knee is positioned between the body’s two longest bony levers 
(the femur and the tibia), the potential for torque development at the joint 
is large. The knee is also a major weight-bearing joint.

Forces at the Tibiofemoral Joint

The tibiofemoral joint is loaded in both compression and shear during 
daily activities. Weight bearing and tension development in the muscles 
crossing the knee contribute to these forces, with compression dominating 
when the knee is fully extended.

Compressive force at the tibiofemoral joint has been reported to be 
slightly greater than three times body weight during the stance phase 
of gait, increasing up to approximately four times body weight during 
stair climbing (58). The medial tibial plateau bears most of this load 
during stance when the knee is extended, with the lateral tibial plateau 
bearing more of the much smaller loads imposed during the swing 
phase (121). Since the medial tibial plateau has a surface area roughly 
60% larger than that of the lateral tibial plateau, the stress acting on 
the joint is less than if peak loads were distributed medially (58). The 
fact that the articular cartilage on the medial plateau is three times 
thicker than that on the lateral plateau also helps protect the joint 
from wear.

The menisci act to distribute loads at the tibiofemoral joint over a 
broader area, thus reducing the magnitude of joint stress. The menisci 
also directly assist with force absorption at the knee, bearing as much as 
an estimated 45% of the total load (104). Since the menisci help protect 

•The medial tibial plateau is well 
adapted for its weight-bearing 
function during stance, with 
greater surface area and thicker 
articular cartilage than the lateral 
plateau.
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the articulating bone surfaces from wear, knees that have undergone 
meniscectomies are more likely to develop degenerative conditions.

Measurements of articular cartilage deformation on the tibial 
plateau during weight bearing show that stress at the joint is maximal 
from 180 to 120 degrees of fl exion, with minimal stress at approxi-
mately 30 degrees of fl exion (11). Comparison of front and back squat 
exercises shows no difference in overall muscle recruitment, but signif-
icantly less compressive force acting on the knee during the front squat 
(40). Among runners larger loads on the knee are related to reduced 
hamstring fl exibility, greater body weight, greater weekly mileage, and 
greater muscular strength (75). Other general risk factors for develop-
ment of knee osteoarthritis include a high body mass index and meniscal 
damage (93).

Forces at the Patellofemoral Joint

Compressive force at the patellofemoral joint has been found to be one-half 
of body weight during normal walking gait, increasing up to over three 
times body weight during stair climbing (89). As shown in Figure 8-15, 
patellofemoral compression increases with knee fl exion during weight 
bearing. There are two reasons for this. First, the increase in knee fl exion 
increases the compressive component of force acting at the joint. Second, 
as fl exion increases, a larger amount of quadriceps tension is required to 
prevent the knee from buckling against gravity.

The squat exercise, known for being particularly stressful to the knee 
complex, produces a patellofemoral joint reaction force on the order of 7.6 
times body weight (89). Patellofemoral joint reaction forces increase with 
the depth of the squat, although the variations in the magnitudes of these 
forces are not signifi cantly different among shallow, medium, and deep 
squats (96). Training within the 0–50° knee fl exion range is recommended 
for those who wish to minimize knee forces, however (28). The squat 
has been shown to be an effective exercise for use during rehabilita-
tion following cruciate ligament or patellofemoral surgery (27). Sample 
Problem 8.2 illustrates the relationship between quadriceps force and 
patellofemoral joint compression.

Fm

Fm

Fm
Fm

Ft Ft

C
C
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FIGURE 8-15

Compression at the 
patellofemoral joint is the 
vector sum of tension in the 
quadriceps and the patellar 
tendon. A. In extension, 
the compressive force is 
small because tension in the 
muscle group and tendon 
act nearly perpendicular 
to the joint. B. As fl exion 
increases, compression 
increases because of changed 
orientation of the force 
vectors and increased tension 
requirement in the quadriceps 
to maintain body position.
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COMMON INJURIES OF THE KNEE 
AND LOWER LEG

The location of the knee between the long bones of the lower extrem-
ity, combined with its weight-bearing and locomotion functions, makes it 
susceptible to injury, particularly during participation in contact sports. 
A common injury mechanism involves the stretching or tearing of soft 

S A M P L E  P R O B L E M  8 . 2

How much compression acts on the patellofemoral joint when the quad-
riceps exerts 300 N of tension and the angle between the quadriceps and 
the patellar tendon is (a) 160° and (b) 90°?

Known
 Fm 5 300 N

Angle between Fm and Ft:

 1. 160°
 2. 90°

Graphic Solution
Vectors for Fm and Ft are drawn to scale (perhaps 1 cm: 
100 N), with the angle between them fi rst at 160° and 
then at 90°. The tip-to-tail method of vector composition 
is then used (see Chapter 3) to translate one of the vec-
tors so that its tail is positioned on the tip of the other 
vector. The compression force is the resultant of Fm and 
Ft and is constructed with its tail on the tail of the origi-
nal vector and its tip on the tip of the transposed vector.

The amount of joint compression can be approximated 
by measuring the length of vector C.

 1. C � 100 N
 2. C � 420 N

Mathematical Solution
The angle between Ft and transposed vector Fm is 1808 minus the size of 
the angle between the two original vectors, or (a) 20° and (b) 90°. The law 
of cosines can be used to calculate the length of C.

 1. C2 5 Fm
2 � Ft

2 � 2(Fm) (Ft) cos 20
  C2 5 300 N2 � 300 N2 � 2(300 N) (300 N) cos 20

  C 5 104 N

 2. C2 5 Fm
2 � Ft

2 � 2(Fm) (Ft) cos 90
  C2 5 300 N2 � 300 N2 � 2(300 N) (300 N) cos 90

  C 5 424 N

Note: This problem illustrates the extent to which patellofemoral com-
pression can increase due solely to changes in knee fl exion.

Normally, there is also increased quadriceps force with increased knee 
fl exion.
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a
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Ft Fm
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 tissues on one side of the joint when a blow is sustained from the opposite 
side during weight bearing.

Anterior Cruciate Ligament Injuries

Injuries to the anterior cruciate ligament (ACL) are common in sports 
such as basketball and team handball, which involve pivoting and cut-
ting, as well as in Alpine skiing, where a common mechanism involves 
catching a ski tip in the snow, with the skier simultaneously twisting 
and falling. Approximately 70% of ACL injuries are noncontact, with 
most of these being sustained when the femur is rotated on the planted 
leg with the knee close to full extension during cutting, landing, or 
stopping (13, 60). These kinds of activities involving sudden changes 
in direction combined with acceleration or deceleration of the body pro-
duce large rotational moments and varus/valgus forces at the knee, par-
ticularly when such movements are inadequately planned. The ACL is 
loaded when the net shear force at the knee is directed anteriorly (102). 
So, for ACL rupture to occur, there must be excess anterior translation 
or rotation of the femur on the tibia.

There is a striking gender disparity in the incidence of ACL injuries, 
with women sustaining signifi cantly more than men. A number of hypoth-
eses related to anatomical or neuromuscular factors have been advanced, 
but the reason for this disparity remains unknown. Research has shown 
that during running, cutting, and landing, women, as compared to men, 
tend to have less knee fl exion, greater knee valgus angles, more hip 
abduction, greater quadriceps activation, less hamstring activation, and 
generally less variability in lower-extremity coordination patterns (32, 33, 
49, 69, 72, 86). Some have advocated strengthening or stiffening of the 
hamstrings to protect the ACL, since female athletes tend to have greater 
quadriceps-to-hamstrings strength ratios than do male athletes (12). 
Research on the notion that tension in the hamstrings can reduce forces on 
the ACL has produced confl icting results, however (64, 105). Others have 
advocated strengthening the quadriceps to protect against ACL injuries, 
since the quadriceps provide the primary muscular restraint to anterior 
tibial translation during activities such as running and jumping (14). Yet 
other research has shown that women, as compared to men, have increased 
coactivation of the quadriceps during knee fl exion, which may increase 
anterior tibial loads under dynamic conditions and increase the risk of 
ACL injury (116). Still others have encouraged training programs for 
female athletes focusing on landing and pivoting with increased knee 
fl exion and not allowing medial or lateral sagging of the knees during 
cutting maneuvers to protect the ACL from excessive strain (25, 79). It has 
been demonstrated that sagittal plane knee forces cannot rupture the ACL 
during sidestep cutting, so during this maneuver, valgus loading is a more 
likely injury mechanism (71).

Following unrepaired ACL rupture, most individuals have diffi culty 
with movements involving lateral or rotational loads at the knee, and 
70–80% experience knee instability or “giving way” (103). There is also a 
notable lessening of fl exion–extension range of motion at the knee during 
walking, which has been attributed to “quadriceps avoidance” (4). This 
does not appear to be related to a defi cit in quadriceps strength, but 
instead may be attributed to the fact that quadriceps tension produces an 
anteriorly directed force on the tibia when the knee is near full extension. 
Individuals seem to adapt to the absence of the ACL by minimizing 
 activation of the quadriceps when the knee is near full extension (4). 
There is also evidence of general impairment of neuromuscular control of 
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the quadriceps, with the muscles remaining active during tasks not 
requiring quadriceps activation (119). Although some ACL-defi cient individ-
uals are able to stabilize their knees even during cutting and pivoting, for 
most, the absence of the ACL results in local instability of the knee, a 
change in the location of the center of rotation at the knee, a change in the 
area of tibiofemoral contact during gait, and altered joint kinetics, with 
subsequent onset of osteoarthritis (3, 22, 98, 107).

Surgical repair of ACL rupture involves reconstruction of the ligament 
using either the middle third of the patellar tendon, the semitendinosus, 
or the semitendinosus and gracilis (34). Problems that follow trauma to 
the knee, whether the trauma is injury- or surgery-induced, include notable 
weakness and loss of mass in the knee extensor muscles, dramatic reduction 
of joint range of motion, and impaired joint proprioception (109). The 
reasons for these changes are not understood; they may be neural or 
mechanical in origin or a product of deconditioning (46). One factor hypoth-
esized to play a major role in precipitating these changes is muscle inhibi-
tion, or the inability to activate all motor units of a muscle during maximal 
voluntary contraction (108). It has been shown that muscle inhibition can 
persist for an extended time and may be responsible for long-term 
strength defi cits that alter joint kinetics and lead to osteoarthritis (50, 
106, 108).

Posterior Cruciate Ligament Injuries

Posterior cruciate ligament (PCL) injuries most commonly result from 
sport participation or motor vehicle accidents (20, 54). When the PCL is 
ruptured in isolation, with no damage to the other ligaments or to the 
menisci, the mechanism is usually hyperfl exion of the knee with the foot 
plantar fl exed (54). Impact with the dashboard during motor vehicle acci-
dents, on the other hand, with direct force on the proximal anterior tibia, 
results in combined ligamentous damage in 95% of cases (54). Isolated 
PCL injuries are usually treated nonoperatively.

Medial Collateral Ligament Injuries

Blows to the lateral side of the knee are much more common than 
blows to the medial side, because the opposite leg commonly protects 
the medial side of the joint. When the foot is planted and a lateral 
blow of suffi cient force is sustained, the result is sprain or rupture of 
the medial collateral ligament (MCL). Modeling studies suggest that 
the muscles crossing the knee are able to resist approximately 17% of 
external medial and lateral loads on the knee, with the remaining 83% 
sustained by the ligaments and other soft tissues (66). However, direct 
measurements of strain to the knee ligaments indicate that external 
tibial torque is more dangerous than medially directed tibial force 
for the MCL (48). In contact sports such as football, the MCL is more 
frequently injured, while both medial and lateral collateral ligament 
sprains occur among wrestlers.

Prophylactic Knee Bracing

To prevent knee ligament injuries, especially during contact sports, some 
athletes wear prophylactic knee braces. The wearing of such braces by 
healthy individuals has been a contentious issue since the American 
Academy of Orthopaedics issued a position statement against their use 
in 1987. Research on this topic has shown that knee braces can protect 

muscle inhibition
the inability to activate all motor 
units of a muscle during maximal 
voluntary contraction

•In contact sports, blows to 
the knee are most commonly 
sustained on the lateral side, with 
injury occurring to the stretched 
tissues on the medial side.
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the ACL against anterior and torsional loads on the tibia by signifi cantly 
reducing the strain present in the ligament under these conditions (10). 
Knee braces can also contribute 20–30% added resistance against lateral 
blows to the knee, with custom-fi tted braces providing the best protection 
(1). A possible concern, however, is that knee braces act to change the 
pattern of lower-extremity muscle activity during gait, with less work 
performed at the knee and more at the hip (23). Other problems that 
appear to affect some athletes more than others and may be brace-specifi c 
include reduced sprinting speed and earlier onset of fatigue (1).

Meniscus Injuries

Because the medial collateral ligament attaches to the medial meniscus, 
stretching or tearing of the ligament can also result in damage to the 
meniscus. A torn meniscus is the most common knee injury, with damage 
to the medial meniscus occurring approximately 10 times as frequently 
as damage to the lateral meniscus. This is the case partly because the 
medial meniscus is more securely attached to the tibia, and therefore less 
mobile than the lateral meniscus. In knees that have undergone ACL rup-
ture, the normal stress distribution is disrupted such that the force on the 
medial meniscus is doubled (84). In the absence of ACL reconstruction, 
this results in an increased incidence of medial meniscal tears, although 
loading of the meniscus returns to normal if the ACL is reconstructed (2, 
47). A torn meniscus is problematic in that the unattached cartilage often 
slips from its normal position, interfering with normal joint mechanics. 
Symptoms include pain, which is sometimes accompanied by intermittent 
bouts of locking or buckling of the joint.

Iliotibial Band Friction Syndrome

The tensor fascia lata develops tension to assist with stabilization of the 
pelvis when the knee is in fl exion during weight bearing. This can pro-
duce friction of the posterior edge of the iliotibial band (ITB) against 
the lateral condyle of the femur around the time of footstrike, primarily 
during foot contact with the ground (82). The result is infl ammation of 
the distal portion of the ITB, as well as the knee joint capsule under the 
ITB, with accompanying symptoms of pain and tenderness over the lat-
eral aspect of the knee (59). This condition is an overuse syndrome that 
affects approximately 2–12% of runners and can also affect cyclists (91). 
Both training errors and anatomical malalignments within the lower 
extremity increase the risk of ITB syndrome. Training factors in run-
ning include excessive running in the same direction on a track, greater-
than-normal weekly mileage, and downhill running (35). Runners who 
had previously sustained iliotibial band syndrome displayed character-
istic gait anomalies, including greater peak knee internal rotation and 
greater peak hip adduction compared to normal runners (30). Both of 
these kinematic differences place added stress on the iliotibial band. 
Improper seat height, as well as greater-than-normal weekly mileage, 
predisposes cyclists to the syndrome (29). Predisposing malalignments 
include excessive femoral anteversion, increased Q-angle (see below), 
lateral tibial torsion, tibial genu varum or valgum, subtalar varus, and 
excessive pronation (61). 

Breaststroker’s Knee

A condition of pain and tenderness localized on the medial aspect of the 
knee is often associated with performance of the whip kick, the kick 
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used with the breaststroke. The forceful whipping together of the lower 
legs that provides the propulsive thrust of the kick often forces the lower 
leg into slight abduction at the knee, with subsequent irritation to the 
medial collateral ligament and the medial border of the patellar tract. 
A survey of 391 competitive swimmers revealed incidences of knee pain 
among 73% of the breaststroke specialists and 48% of nonbreaststrokers 
(115). In a study of breaststroke kinematics, it was found that angles of 
hip abduction of less than 37° or greater than 42° at the initiation of the 
kick resulted in a dramatically increased incidence of knee pain (115) 
(Figure 8-16).

Patellofemoral Pain Syndrome

Painful patellofemoral joint motion involves anterior knee pain during 
and after physical activity, particularly activities requiring repeated fl ex-
ion at the knee, such as running, ascending and descending stairs, and 
squatting. It is more common among females than among males. This 
syndrome has been attributed to a number of possible causes, including 
anatomical malalignment(s), imbalance between the VMO and the VL 
in strength or activation timing, decreased quadriceps and hamstring 
strength, increased hip external rotator strength, and overactivity (15, 
68, 78, 86, 87, 93).

While the causes of this disorder are unknown, most research attention 
has focused on the relationship between the VMO and the VL. Weakness 
of the VMO relative to the VL has been shown to be associated with a 
lateral shift of the patella, particularly early in the range of knee fl exion 
(87, 95). Research has also documented that individuals with patellofemo-
ral pain display reduced patellofemoral joint loads with strengthening of 
the VMO (80). Such individuals also demonstrate onset of VL activation 
prior to VMO activation during stair stepping (21). An experiment in 
which the VMO and VL were electrically stimulated showed a respective 
increase and decrease in patellofemoral joint loading when VMO activa-
tion was delayed (80).

An anatomical factor hypothesized to contribute to lower-extremity 
malalignment that could trigger patellofemoral pain is an excessively 

FIGURE 8-16

The likelihood of acquiring 
breaststroker’s knee is much 
lower if the angle of hip 
abduction is between 37° and 
42° at the beginning of the 
propulsive phase of the kick.

Angle of abduction
of left femur

Angle of abduction
of right femur

•Painful lateral deviation in 
patellar tracking could be caused 
by weakness of the vastus 
medialis oblique.
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large Q-angle, the angle formed between the anterior superior iliac spine, 
the center of the patella, and the tibial tuberosity (44). The Q-angle 
provides an approximation of the angle of pull of the quadriceps on the 
patella, and it has been hypothesized that a large Q-angle could lead to 
lateral patellar dislocation or increased lateral patellofemoral contact 
pressures (77). To date, however, research has not documented a relation-
ship between Q-angle and incidence of patellofemoral pain. The one 
anatomical factor that has been found to be related to patellar maltrack-
ing is a shallow intercondylar groove (88).

Shin Splints

Generalized pain along the anterolateral or posteromedial aspect of the 
lower leg is commonly known as shin splints. This is a loosely defi ned 
overuse injury, often associated with running or dancing, that may involve 
microdamage to muscle attachments on the tibia and/or infl ammation of 
the periosteum. Common causes of the condition include running or danc-
ing on a hard surface and running uphill. A change in workout conditions 
or rest usually alleviates shin splints.

STRUCTURE OF THE ANKLE

The ankle region includes the distal tibiofi bular, tibiotalar, and fi bulotalar 
joints (Figure 8-17). The distal tibiofi bular joint is a syndesmosis where 
dense fi brous tissue binds the bones together. The joint is supported by 
the anterior and posterior tibiofi bular ligaments, as well as by the crural 
interosseous tibiofi bular ligament. Most motion at the ankle occurs at 
the tibiotalar hinge joint, where the convex surface of the superior talus 
articulates with the concave surface of the distal tibia. All three articula-
tions are enclosed in a joint capsule that is thickened on the medial side 
and extremely thin on the posterior side. Three ligaments—the anterior 
and posterior talofi bular, and the calcaneofi bular—reinforce the joint 

Q-angle
angle formed between the anterior 
superior iliac spine, the center of the 
patella, and the tibial tuberosity

•Shin splints is a generic term 
often ascribed to any pain 
emanating from the anterior 
aspect of the lower leg.

Fibula

Tibia

Talus

Calcaneus

Posterior view

FIGURE 8-17

The bony structure of the 
ankle.
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 capsule laterally. The four bands of the deltoid ligament contribute to 
joint stability on the medial side. The ligamentous structure of the ankle 
is displayed in Figure 8-18.

MOVEMENTS AT THE ANKLE

The axis of rotation at the ankle is essentially frontal, although it is 
slightly oblique and its orientation changes somewhat as rotation occurs 
at the joint. Motion at the ankle occurs primarily in the sagittal plane, 
with the ankle functioning as a hinge joint with a moving axis of rota-
tion during the stance phase of gait (63). Ankle fl exion and extension 
are termed dorsifl exion and plantar fl exion, respectively (see Chapter 2). 
During passive motion, the articular surfaces and ligaments govern joint 
kinematics, with the articular surfaces sliding upon each other without 
appreciable tissue deformation (63).

The medial and lateral malleoli serve as pulleys to channel the tendons 
of muscles crossing the ankle either posterior or anterior to the axis of 
rotation, thereby enabling their contributions to either dorsifl exion or 
plantar fl exion.

The tibialis anterior, extensor digitorum longus, and peroneus tertius 
are the prime dorsifl exors of the foot. The extensor hallucis longus assists 
in dorsifl exion (Figure 8-19).

The major plantar fl exors are the two heads of the powerful two-joint 
gastrocnemius and the soleus, which lies beneath the gastrocnemius 
(Figure 8-20). Assistant plantar fl exors include the tibialis posterior, 
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FIGURE 8-18

The ligaments of the ankle.

•The malleoli serve as pulleys 
to channel muscle tendons 
anterior or posterior to the axis 
of rotation at the ankle; those 
anterior to the malleoli are 
dorsifl exors and those posterior 
to the malleoli serve as plantar 
fl exors.
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peroneus longus, peroneus brevis, plantaris, fl exor hallucis longus, and 
fl exor digitorum longus (Figure 8-21).

STRUCTURE OF THE FOOT

Like the hand, the foot is a multibone structure. It contains a total of 26 
bones with numerous articulations (Figure 8-22). Included are the sub-
talar and midtarsal joints and several tarsometatarsal, intermetatarsal, 
metatarsophalangeal, and interphalangeal joints. Together, the bones 
and joints of the foot provide a foundation of support for the upright body 
and help it adapt to uneven terrain and absorb shock.

Subtalar Joint

As the name suggests, the subtalar joint lies beneath the talus, where 
anterior and posterior facets of the talus articulate with the sustentacu-
lum tali on the superior calcaneus. Four talocalcaneal ligaments join the 

Tibialis
anterior

Extensor
digitorum

longus

Extensor
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longus

Peroneus
tertius

FIGURE 8-19

The dorsifl exors of the ankle.

Calcaneal
tendon

Calcaneal
tendon

Gastrocnemius Soleus

FIGURE 8-20

The major plantar fl exors of 
the ankle.
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talus and the calcaneus. The joint is essentially uniaxial, with an align-
ment slightly oblique to the conventional descriptive planes of motion.

Tarsometatarsal and Intermetatarsal Joints

Both the tarsometatarsal and the intermetatarsal joints are nonaxial, 
with the bone shapes and the restricting ligaments permitting only 

Tibialis
posterior

Plantaris

Flexor
digitorum

longus Flexor
hallucis
longus

Peroneus
brevis

Peroneus
longus

FIGURE 8-21

Muscles with tendons passing 
posterior to the malleoli assist 
with plantar fl exion of the 
ankle.
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The foot is composed of 
numerous articulating bones.
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 gliding movements. These joints enable the foot to function as a semirigid 
unit or to adapt fl exibly to uneven surfaces during weight bearing.

Metatarsophalangeal and Interphalangeal Joints

The metatarsophalangeal and interphalangeal joints are similar to their 
counterparts in the hand, with the former being condyloid joints and the 
latter being hinge joints. Numerous ligaments provide reinforcement for 
these joints. The toes function to smooth the weight shift to the opposite 
foot during walking and help maintain stability during weight bearing by 
pressing against the ground when necessary. The fi rst digit is referred to 
as the hallux, or “great toe.”

Plantar Arches

The tarsal and metatarsal bones of the foot form three arches. The medial 
and lateral longitudinal arches stretch from the calcaneus to the meta-
tarsals and tarsals. The transverse arch is formed by the bases of the 
metatarsal bones.

Several ligaments and the plantar fascia support the plantar arches. 
The spring ligament is the primary supporter of the medial longitudinal 
arch, stretching from the sustentaculum tali on the calcaneus to the 
inferior navicular. The long plantar ligament provides the major support 
for the lateral longitudinal arch, with assistance from the short plantar 
ligament. Thick, fi brous, interconnected bands of connective tissue known 
as the plantar fascia extend over the plantar surface of the foot, assisting 
with support of the longitudinal arch (Figure 8-23). When muscle tension 
is present, the muscles of the foot, particularly the tibialis posterior, also 
contribute support to the arches and joints as they cross them.

As the arches deform during weight bearing, mechanical energy is 
stored in the stretched tendons, ligaments, and plantar fascia. Additional 
energy is stored in the gastrocnemius and soleus as they develop eccentric 
tension. During the push-off phase, the stored energy in all of these elastic 
structures is released, contributing to the force of push-off and actually 
reducing the metabolic energy cost of walking or running.

plantar fascia
thick bands of fascia that cover the 
plantar aspect of the foot

•During weight bearing, 
mechanical energy is stored 
in the stretched ligaments, 
tendons, and plantar fascia of the 
arches of the foot, as well as in 
eccentrically contracting muscles. 
This stored energy is released to 
assist with push-off of the foot 
from the surface.

Lateral view

Plantar view

Plantar
fascia

FIGURE 8-23

The plantar fascia.
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MOVEMENTS OF THE FOOT

Muscles of the Foot

The locations and primary actions of the major muscles of the ankle and 
foot are summarized in Table 8-3. As with the muscles of the hand, extrin-
sic muscles are those crossing the ankle, and intrinsic muscles have both 
attachments within the foot.

Toe Flexion and Extension

Flexion involves the curling under of the toes. Flexors of the toes include 
the fl exor digitorum longus, fl exor digitorum brevis, quadratus plantae, 
lumbricals, and interossei. The fl exor hallucis longus and brevis produce 
fl exion of the hallux. Conversely, the extensor hallucis longus, exten-
sor digitorum longus, and extensor digitorum brevis are responsible for 
extension of the toes.

TABLE 8-3

Muscles of the Ankle 

and Foot

MUSCLE PROXIMAL ATTACHMENT DISTAL ATTACHMENT PRIMARY ACTION(S) INNERVATION

Tibialis anterior Upper two-thirds of lateral tibia Medial surface of fi rst 
cuneiform and fi rst metatarsal

Dorsifl exion, inversion Deep peroneal 
(L4–S1)

Extensor 
digitorum longus

Lateral condyle of tibia, head 
of fi bula, upper two-thirds of 

anterior fi bula

Second and third phalanges of 
four lesser toes

Toe extension, 
dorsifl exion, eversion

Deep peroneal 
(L4–S1)

Peroneus tertius Lower third anterior fi bula Dorsal surface of fi fth 
metatarsal

Dorsifl exion, eversion Deep peroneal 
(L4–S1)

Extensor hallucis 
longus

Middle two-thirds of medial 
anterior fi bula

Dorsal surface of distal 
phalanx of great toe

Dorsifl exion, inversion, 
hallux extension

Deep peroneal 
(L4–S1)

Gastrocnemius Posterior medial and lateral 
condyles of femur

Tuberosity of calcaneus via 
Achilles tendon

Plantar fl exion Tibial (S1–S2)

Plantaris Distal, posterior femur Tuberosity of calcaneus via 
Achilles tendon

Assists with plantar 
fl exion

Tibial (S1–S2)

Soleus Posterior proximal fi bula 
and proximal two-thirds of 

posterior tibia

Tuberosity of calcaneus via 
Achilles tendon

Plantar fl exion Tibial (S1–S2)

Peroneus longus Head and upper two-thirds of 
lateral fi bula

Lateral surface of fi rst 
cuneiform and fi rst metatarsal

Plantar fl exion, 
eversion

Superfi cial 
peroneal (L4–S1)

Peroneus brevis Distal two-thirds lateral Tuberosity of fi fth fi bula Plantar fl exion, 
eversion metatarsal

Superfi cial 
peroneal (L4–S1)

Flexor digitorum 
longus

Middle third of posterior tibia Distal phalanx of four lesser 
toes

Plantar fl exion, 
inversion, toe fl exion

Tibial (L5–S1)

Flexor hallucis 
longus

Middle two-thirds of posterior 
fi bula

Distal phalanx of great toe Plantar fl exion, 
inversion, toe fl exion

Tibial (L4–S2)

Tibialis posterior Posterior upper two-thirds tibia 
and fi bula and interosseous 

membrane

Cuboid, navicular, and second 
to fi fth metatarsals

Plantar fl exion, 
inversion

Tibial (L5–S1)
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supination
combined conditions of plantar 
fl exion, inversion, and adduction

pronation
combined conditions of dorsifl exion, 
eversion, and abduction

Inversion and Eversion

Rotational movements of the foot in medial and lateral directions are 
termed inversion and eversion, respectively (see Chapter 2). These move-
ments occur largely at the subtalar joint, although gliding actions among 
the intertarsal and tarsometatarsal joints also contribute. Inversion 
results in the sole of the foot turning inward toward the midline of the 
body. The tibialis posterior and tibialis anterior are the main muscles 
involved. Turning the sole of the foot outward is termed eversion. The 
muscles primarily responsible for eversion are the peroneus longus and 
the peroneus brevis, both with long tendons coursing around the lateral 
malleolus. The peroneus tertius assists.

Pronation and Supination

During walking and running, the foot and ankle undergo a cyclical 
sequence of movements (Figure 8-24). As the heel contacts the ground, 
the rear portion of the foot typically inverts to some extent. When the 
foot rolls forward and the forefoot contacts the ground, plantar fl exion 
occurs (114). The combination of inversion, plantar fl exion, and adduction 
of the foot is known as supination (see Chapter 2). While the foot supports 
the weight of the body during midstance, there is a tendency for eversion 
and abduction to occur as the foot moves into dorsifl exion. These move-
ments are known collectively as pronation. Pronation serves to reduce the 
magnitude of the ground reaction force sustained during gait by increas-
ing the time interval over which the force is sustained (18).

LOADS ON THE FOOT

Impact forces sustained during gait increase with body weight and with gait 
speed in accordance with Newton’s third law of motion (see Chapter 3). The 
vertical ground reaction force applied to the foot during running is bimodal, 
with an initial impact peak followed almost immediately by a propulsive 
peak, as the foot pushes off against the ground (Figure 8-25). As running 
speed increases from 3.0 m/s (8:56 minutes per mile) to 5.0 m/s (5:22 min-
utes per mile), impact forces range from 1.6 to 2.3 times body weight and 
propulsive forces range from 2.5 to 2.8 times body weight (78).

The structures of the foot are anatomically linked such that the load is 
evenly distributed over the foot during weight bearing. Approximately 50% 
of body weight is distributed through the subtalar joint to the calcaneus, 
with the remaining 50% transmitted across the metatarsal heads (97). The 
head of the fi rst metatarsal sustains twice the load borne by each of the 
other metatarsal heads (97). A factor that infl uences this loading pattern, 

Heel strike Pronation Toe off

FIGURE 8-24

Rearfoot movement during 
running. Adapted from Nigg BM 
et al: Factors infl uencing kinetic 
and kinematic variables in running, 
in BM Nigg (ed): Biomechanics of 
running shoes, Champaign, 1986, 
Human Kinetics Publishers.
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however, is the architecture of the foot. A pes planus (relatively fl at arch) 
condition tends to reduce the load on the forefoot, with pes cavus (relatively 
high arch) signifi cantly increasing the load on the forefoot (117, 118).

COMMON INJURIES OF THE ANKLE 
AND FOOT

Because of the crucial roles played by the ankle and foot during locomo-
tion, injuries to this region can greatly limit mobility. Injuries of the lower 
extremity, especially those of the foot and ankle, may result in weeks 
or even months of lost training time for athletes, particularly runners. 
Among dancers, the foot and the ankle are the most common sites of both 
chronic and acute injuries.

Ankle Injuries

Ankle sprains are the most common of all sport- and dance-related injuries 
(94). Because the joint capsule and ligaments are stronger on the medial 
side of the ankle, inversion sprains involving stretching or rupturing of 
the lateral ligaments are much more common than eversion sprains of the 
medial ligaments (16). In fact, the bands of the deltoid ligament are so 
strong that excessive eversion is more likely to result in a fracture of the 
distal fi bula than in rupturing of the deltoid ligament. The ligaments most 
commonly injured are the anterior and posterior talofi bular ligaments and 
the calcaneofi bular ligament. Because of the protection by the opposite 
limb on the medial side, fractures in the ankle region also occur more often 
on the lateral than on the medial side. Repeated ankle sprains can result in 
functional ankle instability, which is characterized by signifi cantly altered 
patterns of ankle and knee movement. Researchers hypothesize that this 
is related to altered motor control of the foot/ankle complex, which unfortu-
nately predisposes the ankle to further injury (18).

Bracing and taping are two prophylactic measures often used to protect 
ankles from sprain during sport participation. Ankle braces are designed 
to preload the ankle and maintain it in a neutral position, thereby counter-
acting inversionally directed rotation (111). There are contradictory 
reports in the scientifi c literature regarding the effi cacy of both bracing 
and taping of the ankle. One reported disadvantage of both bracing and 
taping of the ankle is a reduction in postural control, causing less stabil-
ity and more touching down on the foot of the supported ankle (6).
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Vertical ground reaction force 
during running with an initial 
impact peak followed almost 
immediately by a propulsive 
peak. 

•Ankle sprains usually occur 
on the lateral side because of 
weaker ligamentous support than 
is present on the medial side.
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Overuse Injuries

Achilles tendinitis involves infl ammation and sometimes microruptur-
ing of tissues in the Achilles tendon, typically accompanied by swelling. 
Two possible mechanisms for tendinitis have been proposed (90). The fi rst 
is that repeated tension development results in fatigue and decreased 
fl exibility in the muscle, increasing tensile load on the tendon even dur-
ing relaxation of the muscle. The second theory is that repeated loading 
actually leads to failure or rupturing of the collagen threads in the ten-
don. Achilles tendinitis is usually associated with running and jumping 
activities and is extremely common among theatrical dancers. It has also 
been reported in skiers. Complete rupturing of the Achilles tendon occurs 
almost exclusively in male skiers, although incidence of the injury has 
decreased with the advent of high, rigid ski boots and effective release 
bindings (81).

Repetitive stretching of the plantar fascia can result in plantar fascitis, 
a condition characterized by microtears and infl ammation of the plantar 
fascia near its attachment to the calcaneus. The symptoms are pain in the 
heel and/or arch of the foot. The condition is the fourth most common cause 
of pain among runners, and also occurs with some frequency among basket-
ball players, tennis players, gymnasts, and dancers (62). Anatomical factors 
believed to contribute to the development of plantar fascitis include pes 
planus (fl at foot), a rigid cavus (high-arch) foot, and a tight Achilles tendon, 
all of which reduce the foot’s shock-absorbing capability (110).

Another factor linked to overuse injuries of the lower extremity is 
excessive pronation (19). Although walking normally involves approxi-
mately 6–8° of subtalar pronation, individuals with pes planus undergo 
10–12° of pronation (90). Because pronation also causes a compensa-
tory inward rotation of the tibia, excessive pronation can result in 
increased stress within the plantar fascia and Achilles tendon. Excessive 
pronation has been associated with running injuries, including shin 
splints, chondromalacia, plantar fascitis, and Achilles tendinitis. Excessive 
pronation has been documented among 60% of one group of injured 
runners (53).

Stress fractures (see Chapter 4) occur relatively frequently in the bones 
of the lower extremity. Among a group of 320 athletes with bone-scan-
positive stress fractures, the bone most frequently injured was the tibia 
(49.1%), followed by the tarsals (25.3%), metatarsals (8.8%), femur (7.2%), 
fi bula (6.6%), and pelvis (1.6%) (70). The sites most frequently injured in 
the older athletes in the group were the femur and the tarsals, with the 
fi bula and tibia most often injured among the younger athletes. Among 
runners, factors associated with stress fractures include training errors, 
forefoot striking (toe–heel gait), running on hard surfaces such as concrete, 
improper footwear, and alignment anomalies of the trunk and/or lower 
extremity (37). Female runners with a history of tibial stress fracture 
displayed greater peak hip adduction and peak rear foot eversion angles 
as compared to other runners, suggesting that this kinematic pattern 
may be predisposing for the injury (76). Stress fractures among dancers 
occur most frequently to the second and third metatarsals, and appear to 
be related to dancing on overly hard surfaces (42). Dancing en pointe is 
particularly stressful to the second metatarsal, because tension in the 
peroneus longus and tibialis posterior needed for maintaining the en 
pointe position places the stressed second metatarsal in traction (42). 
Stress fractures among women runners, dancers, and gymnasts may be 
related to decreased bone mineral density secondary to oligomenorrhea 
(see Chapter 4).
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Alignment Anomalies of the Foot

Varus and valgus conditions (inward and outward lateral deviation, 
respectively, of a body segment) can occur in all of the major links of the 
lower extremity. These may be congenital or may arise from an imbalance 
in muscular strength.

In the foot, varus and valgus conditions can affect the forefoot, the 
rearfoot, and the toes. Forefoot varus and forefoot valgus refer to inversion 
and eversion misalignments of the metatarsals, and rearfoot varus and 
valgus involve inversion and eversion misalignments at the subtalar joint 
(Figure 8-26). Hallux valgus is a lateral deviation of the big toe often 
caused by wearing women’s shoes with pointed toes (Figure 8-27).

Varus and valgus conditions in the tibia and the femur can alter the 
kinematics and kinetics of joint motion, because they cause added tensile 
stress on the stretched side of the affected joint. For example, a combina-
tion of femoral varus and tibial valgus (a knock-knee condition) places 
added tension on the medial aspect of the knee (Figure 8-28). In contrast, 
the bow-legged condition of femoral valgus and tibial varus stresses the 
lateral aspect of the knee and is therefore a predisposing factor for iliotib-
ial band friction syndrome. Unfortunately, lateral misalignments at one 
joint of the lower extremity are typically accompanied by compensatory 

varus
condition of inward deviation in 
alignment from the proximal to the 
distal end of a body segment

valgus
condition of outward deviation in 
alignment from the proximal to the 
distal end of a body segment

FIGURE 8-26

Varus and valgus conditions 
of the forefoot.

Normal Forefoot

varus

Forefoot

valgus

FIGURE 8-27

Wearing shoes with pointed 
toes can cause hallux valgus.

Normal Hallux valgus
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misalignments at other lower-extremity joints because of the nature of 
joint loading during weight bearing.

Depending on the cause of the misalignment problem, correctional 
procedures may involve exercises to strengthen or stretch specifi c muscles 
and ligaments of the lower extremity, as well as the use of orthotics, 
specially designed inserts worn inside the shoe to provide added support 
for a portion of the foot.

Injuries Related to High and Low Arch Structures

Arches that are higher or lower than the normal range have been found to 
infl uence lower-extremity kinematics and kinetics, with implications for 
injury. Specifi cally, as compared to those with normal arches, high-arched 
runners have been found to exhibit increased vertical loading rate, with 
related higher incidences of ankle sprains, plantar fascitis, iliotibial band 
friction syndrome, and fi fth metatarsal stress fractures (115, 116). Low-
arched runners, as compared to those with normal arches, have been found 
to exhibit increased range of motion and velocity in rearfoot eversion, as 
well as an increased ratio of eversion to tibial internal rotation (116). 
These kinematic alterations were found to result in increased incidences 
of general knee pain, patellar tendinitis, and patellar fascitis (115).

SUMMARY

The lower extremity is well adapted to its functions of weight bearing 
and locomotion. This is particularly evident at the hip, where the bony 
structure and several large, strong ligaments provide considerable joint 
stability. The hip is a typical ball-and-socket joint, with fl exion, extension, 
abduction, adduction, horizontal abduction, horizontal adduction, medial 
and lateral rotation, and circumduction of the femur permitted.

The knee is a large, complex joint composed of two side-by-side con-
dyloid articulations. Medial and lateral menisci improve the fi t between 
the articulating bone surfaces and assist in absorbing forces transmitted 
across the joint. Because of differences in the sizes, shapes, and orienta-
tions of the medial and lateral articulations, medial rotation of the tibia 
accompanies full knee extension. A number of ligaments cross the knee 
and restrain its mobility. The primary movements allowed at the knee are 
fl exion and extension, although some rotation of the tibia is also possible 
when the knee is in fl exion and not bearing weight.

A B

FIGURE 8-28

Areas of strain are 
highlighted. A. Femoral 
valgus and tibial varus. 
B. Femoral varus and tibial 
valgus.

•Misalignment at a lower 
extremity joint typically results 
in compensatory misalignments 
at one or more other joints 
because of the lower extremity’s 
weightbearing function.



The ankle includes the articulations of the tibia and the fi bula with the 
talus. This is a hinge joint that is reinforced both laterally and medially 
by ligaments. Movements at the ankle joint are dorsifl exion and plantar 
fl exion.

Like the hand, the foot is composed of numerous small bones and their 
articulations. Movements of the foot include inversion and eversion, 
abduction and adduction, and fl exion and extension of the toes.

INTRODUCTORY PROBLEMS

 1. Construct a chart listing all muscles crossing the hip joint according 
to whether they are anterior, posterior, medial, or lateral to the joint 
center. Note that some muscles may fall into more than one category. 
Identify the action or actions performed by the muscles listed in the 
four categories.

 2. Construct a chart listing all muscles crossing the knee joint according 
to whether they are anterior, posterior, medial, or lateral to the joint 
center. Note that some muscles may fall into more than one category. 
Identify the action or actions performed by the muscles listed in the 
four categories.

 3. Construct a chart listing all muscles crossing the ankle joint according 
to whether they are anterior or posterior to the joint center. Note that 
some muscles may fall into more than one category. Identify the action 
or actions performed by the muscles listed in the four categories.

 4. Compare the structure of the hip (including bones, ligaments, and 
muscles) to the structure of the shoulder. What are the relative 
advantages and disadvantages of the two joint structures?

 5. Compare the structure of the knee (including bones, ligaments, and 
muscles) to the structure of the elbow. What are the relative advan-
tages and disadvantages of the two joint structures?

 6. Describe sequentially the movements of the lower extremity that 
occur during the activity of kicking a ball. Identify the agonist muscle 
groups for each of these movements.

 7. Describe sequentially the movements of the lower extremity that 
occur during performance of a vertical jump. Identify the agonist 
muscle groups for each of these movements.

 8. Describe sequentially the movements of the lower extremity that 
occur during the activity of rising from a seated position. Identify the 
agonist muscle groups for each of these movements.

 9. Use the diagram in Sample Problem 8.1 as a model to determine the 
magnitude of the reaction force at the hip when tension in the hip 
abductors is 750 N and 300 N of body weight is supported. (Answer: 
1037 N)

 10. Use the diagram in Sample Problem 8.2 as a model to determine how 
much compression acts on the patellofemoral joint when the quadriceps 
exert 400 N of tension and the angle between the quadriceps and the 
patellar tendon is (a) 140° and (b) 100°. (Answer: (a) 273.6 N, (b) 514.2 N)

ADDITIONAL PROBLEMS

 1. Explain the roles of two-joint muscles in the lower extremity, using 
the rectus femoris and the gastrocnemius as examples. How does the 
orientation of the limbs articulating at one joint infl uence the action of 
a two-joint muscle at the other joint?
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 2. Explain the sequencing of joint actions in the ankle and foot during 
the support phase of gait.

 3. Describe the sequencing of contractions of the major muscle groups 
of the lower extremity during the gait cycle, indicating when contrac-
tions are concentric and eccentric.

 4. Which muscles of the lower extremity are called on more for running 
uphill than for running on a level surface? For running downhill as 
compared to running on a level surface? Explain why.

 5. The squat exercise with a barbell is sometimes performed with the 
heels elevated by a block of wood. Explain what effect this has on the 
function of the major muscle groups involved.

 6. Explain why compression at the hip is higher than compression at 
the knee despite the fact that the knee supports more body weight 
during stance than does the hip.

 7. Construct a free body diagram that demonstrates how the use of a 
cane can alleviate compression on the hip.

 8. Explain why lifting a heavy load with one or both knees in extreme 
fl exion is dangerous. What structure(s) are placed at risk?

 9. Explain how excessive pronation predisposes the individual to stress-
related injuries of the Achilles tendon and plantar fascia.

 10. What compensations during gait are likely to be made by individuals 
with genu valgum and genu varus?
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NAME  _________________________________________________________

DATE  _________________________________________________________ 

Laboratory Experiences

 1. Study anatomical models of the hip, knee, and ankle, or use the Dynamic Human CD to locate and 
identify the major bones and muscle attachments. (On the Dynamic Human CD, click on Skeletal, 
Anatomy, Gross Anatomy, Lower Limbs, Femur, Patella, Tibia/Fibula, and then Foot.)

Bones Articulating at the Hip

Bone Muscle Attachments 

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

Bones Articulating at the Knee

Bone Muscle Attachments 

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

Bones Articulating at the Ankle

Bone Muscle Attachments 

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

 2. Study anatomical models of the hip, knee, and ankle, or use the Dynamic Human CD to locate and 
identify the major muscles and their attachment sites. (On the Dynamic Human CD, click on muscu-
lar, anatomy, body regions, thigh, and then lower leg.)

Muscles of the Thigh

Muscle Attachment Sites

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________
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_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

Muscles of the Lower Leg

Muscle Attachment Sites 

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

 3. Using the Dynamic Human CD, click on Skeletal, Clinical Concepts, and then Joint Disorders. Also 
review the relevant material in the chapter, and write a paragraph explaining what kinds of activi-
ties and injuries can lead to osteoarthritis of the knee.

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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 4. From the side view, video a volunteer walking at a slow pace, a normal pace, and a fast pace. Review 
the video several times, and construct a chart that characterizes the differences in lower extremity 
kinematics among the three trials. Explain what differences in muscle activity are associated with 
the major kinematic differences.

Slow Pace Normal Pace Fast Pace

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

_______________________________  ____________________________   _________________________________

 5. From the side view, video a volunteer rising from a seated position. Review the video several times, 
and construct a list indicating the sequencing and timing of the major joint actions and the associ-
ated activity of major muscle groups.

Joint Actions Major Muscle Group(s) 

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________

_______________________________  _______________________________________________________________
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K E Y  T E R M S

collateral ligaments major ligaments that cross the medial and lateral aspects of the knee

cruciate ligaments major ligaments that cross each other in connecting the anterior and posterior aspects of 
the knee

hamstrings the biceps femoris, semimembranosus, and semitendinosus

iliopsoas the psoas major and iliacus muscles with a common insertion on the lesser trochanter of 
the femur

iliotibial band thick, strong band of tissue connecting the tensor fascia lata to the lateral condyle of the 
femur and the lateral tuberosity of the tibia

menisci cartilaginous discs located between the tibial and femoral condyles

muscle inhibition inability to activate all motor units of a muscle during maximal voluntary contraction

patellofemoral joint articulation between the patella and the femur

pelvic girdle the two hip bones plus the sacrum, which can be rotated forward, backward, and laterally to 
optimize positioning of the hip joint

plantar fascia thick bands of fascia that cover the plantar aspect of the foot

popliteus muscle known as the unlocker of the knee because its action is lateral rotation of the femur 
with respect to the tibia

pronation combined conditions of dorsifl exion, eversion, and abduction

Q-angle angle formed between the anterior superior iliac spine, the center of the patella, and the 
tibial tuberosity

quadriceps the rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius

supination combined conditions of plantar fl exion, inversion, and adduction

tibiofemoral joint dual condyloid articulations between the medial and lateral condyles of the tibia and the 
femur, composing the main hinge joint of the knee

valgus condition of outward deviation in alignment from the proximal to the distal end of a body 
segment

varus condition of inward deviation in alignment from the proximal to the distal end of a body 
segment
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9The Biomechanics 
of the Human Spine

After completing this chapter, you will be able to:

Explain how anatomical structure affects movement capabilities of the spine.

Identify factors infl uencing the relative mobility and stability of different regions of 
the spine.

Explain the ways in which the spine is adapted to carry out its biomechanical 
functions.

Explain the relationship between muscle location and the nature and effectiveness 
of muscle action in the trunk.

Describe the biomechanical contributions to common injuries of the spine.
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T he spine is a complex and functionally signifi cant segment of the 
human body. Providing the mechanical linkage between the upper 

and lower extremities, the spine enables motion in all three planes, yet 
still functions as a bony protector of the delicate spinal cord. To many 
researchers and clinicians, the lumbar region of the spine is of particular 
interest because low back pain is a major medical and socioeconomic 
problem in modern times.

STRUCTURE OF THE SPINE

Vertebral Column

The spine consists of a curved stack of 33 vertebrae divided structurally 
into fi ve regions (Figure 9-1). Proceeding from superior to inferior, there 
are 7 cervical vertebrae, 12 thoracic vertebrae, 5 lumbar vertebrae, 5 fused 
sacral vertebrae, and 4 small, fused coccygeal vertebrae. There may be 
one extra vertebra or one less, particularly in the lumbar region.

Because of structural differences and the ribs, varying amounts of 
movement are permitted between adjacent vertebrae in the cervical, tho-
racic, and lumbar portions of the spine. Within these regions, two adjacent 
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Intervertebral
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Pelvic
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FIGURE 9-1

A. Left lateral and 
B. posterior views of the 
major regions of the spine. 
From Shier, Butler, and Lewis, 
Hole’s Human Anatomy and 
Physiology, © 1996. Reprinted by 
permission of The McGraw-Hill 
Companies, Inc.
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vertebrae and the soft tissues between them are known as a motion 
 segment. The motion segment is considered the functional unit of the 
spine (Figure 9-2).

Each motion segment contains three joints. The vertebral bodies sepa-
rated by the intervertebral discs form a symphysis type of amphiarthro-
sis. The right and left facet joints between the superior and inferior 
articular processes are diarthroses of the gliding type that are lined with 
articular cartilage.

Vertebrae

A typical vertebra consists of a body, a hollow ring known as the neu-
ral arch, and several bony processes (Figure 9-3). The vertebral bodies 
serve as the primary weight-bearing components of the spine. The neural 
arches and posterior sides of the bodies and intervertebral discs form a 
protective passageway for the spinal cord and associated blood vessels 
known as the vertebral canal. From the exterior surface of each neural 
arch, several bony processes protrude. The spinous and transverse pro-
cesses serve as outriggers to improve the mechanical advantage of the 
attached muscles.

The fi rst two cervical vertebrae are specialized in shape and function. 
The fi rst cervical vertebra, known as the atlas, provides a reciprocally 
shaped receptacle for the condyles of the occiput of the skull. The atlanto-
occipital joint is extremely stable, with fl exion/extension of about 14–15° 
permitted, but with virtually no motion occurring in any other plane (17). 
A large range of axial rotation is provided at the next joint between the 
atlas and the second cervical vertebrae, the axis. Motion at the atlanto-
axial joint averages around 75° of rotation, 14° of extension, and 24° of 
lateral fl exion (17).

There is a progressive increase in vertebral size from the cervical 
region down through the lumbar region (Figure 9-3). The lumbar verte-
brae, in particular, are larger and thicker than the vertebrae in the supe-
rior regions of the spine. This serves a functional purpose, since when the 
body is in an upright position each vertebra must support the weight of 
not only the arms and head but all the trunk positioned above it. The 
increased surface area of the lumbar vertebrae reduces the amount of stress 

motion segment
two adjacent vertebrae and the 
associated soft tissues; the functional 
unit of the spine

•The spine may be viewed as a 
triangular stack of articulations, 
with symphysis joints between 
vertebral bodies on the anterior 
side and two gliding diarthrodial 
facet joints on the posterior side.
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FIGURE 9-2

The motion segment, 
composed of two adjacent 
vertebrae and the associated 
soft tissues, is the functional 
unit of the spine.

•Although all vertebrae have 
the same basic shape, there 
is a progressive superior-
inferior increase in the size 
of the vertebral bodies and 
a progression in the size and 
orientation of the articular 
processes.

•The orientation of the facet 
joints determines the movement 
capabilities of the motion 
segment.
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to which these vertebrae would otherwise be subjected. The weight-bearing 
surface area of the intervertebral disc also increases with the weight sup-
ported in all mammals (129).

The size and angulation of the vertebral processes vary throughout the 
spinal column (Figure 9-4). This changes the orientation of the facet 
joints, which limit range of motion in the different spinal regions. In addi-
tion to channeling the movement of the motion segment, the facet joints 
assist in load bearing. The facet joints and discs provide about 80% of the 
spine’s ability to resist rotational torsion and shear, with half of this con-
tribution from the facet joints (43, 61). The facet joints also sustain up to 
approximately 30% of the compressive loads on the spine, particularly 
when the spine is in hyperextension (Figure 9-5) (72). Contact forces are 
largest at the L5-S1 facet joints (77). Recent studies suggest that 15–40% 
of chronic low back pain emanates from the facet joints (11).

Intervertebral Discs

The articulations between adjacent vertebral bodies are symphysis joints 
with intervening fi brocartilaginous discs that act as cushions. Healthy 
intervertebral discs in an adult account for approximately one-fourth of 
the height of the spine. When the trunk is erect, the differences in the 
anterior and posterior thicknesses of the discs produce the lumbar, tho-
racic, and cervical curves of the spine.
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FIGURE 9-3

Superior views of the typical 
vertebrae. From Shier, Butler, 
and Lewis, Hole’s Human Anatomy 
and Physiology, © 1996. Reprinted 
by permission of The McGraw-Hill 
Companies, Inc.
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FIGURE 9-4

Approximate orientations 
of the facet joints. A. Lower 
cervical spine, with facets 
oriented 45° to the transverse 
plane and parallel to the 
frontal plane. B. Thoracic 
spine, with facets oriented 
60° to the transverse plane 
and 20° to the frontal plane. 
C. Lumbar spine, with facets 
oriented 90° to the transverse 
plane and 45° to the frontal 
plane.
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FIGURE 9-5

Hyperextension of the lumbar 
spine creates compression at 
the facet joints.
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The intervertebral disc incorporates two functional structures: A thick 
outer ring composed of fi brous cartilage called the annulus fi brosus, or 
annulus, surrounds a central gelatinous material known as the nucleus 
pulposus, or nucleus (Figure 9-6). The annulus consists of about 90 con-
centric bands of collagenous tissue that are bonded together. The collagen 
fi bers of the annulus crisscross vertically at about 30° angles to each 
other, making the structure more sensitive to rotational strain than to 
compression, tension, and shear (43). These fi bers, which are crucial for 
the mechanical functioning of the disc, display changes in organization 
and orientation with loading of the disc, as well as with disc degenera-
tion (64, 90). The nucleus of a young, healthy disc is approximately 90% 
water, with the remainder being collagen and proteoglycans, specialized 
materials that chemically attract water (98). The extremely high fl uid 
content of the nucleus makes it resistant to compression.

Mechanically, the annulus acts as a coiled spring whose tension holds 
the vertebral bodies together against the resistance of the nucleus pulpo-
sus, and the nucleus pulposus acts like a ball bearing composed of an 
incompressible gel (Figure 9-7) (74). During fl exion and extension, the 
vertebral bodies roll over the nucleus while the facet joints guide the 
movements. As shown in Figure 9-8, spinal fl exion, extension, and lateral 
fl exion produce compressive stress on one side of the discs and tensile 
stress on the other, whereas spinal rotation creates shear stress in the 
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pulposus

Annulus
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fibrosus
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Nucleus
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Spinous
process

FIGURE 9-6

In the intervertebral disc, the 
annulus fi brosus, made up of 
laminar layers of criss-crossed 
collagen fi bers, surrounds the 
nucleus pulposus.

FIGURE 9-7

Mechanically, the annulus 
fi brosus behaves as a coiled 
spring, holding the vertebral 
bodies together, whereas 
the nucleus pulposus acts 
like a ball bearing that the 
vertebrae roll over during 
fl exion/extension and lateral 
bending.

annulus fi brosus
thick, fi brocartilaginous ring 
that forms the exterior of the 
intervertebral disc

nucleus pulposus
colloidal gel with a high fl uid content, 
located inside the annulus fi brosus of 
the intervertebral disc
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discs (Figure 9-9) (72). Stress on the discs is signifi cantly higher with 
fl exion as compared to rotation, with bending stress approximately 450 
times greater than the twisting stress from the same angle of bending or 
twisting of the annulus fi bers (26). During daily activities, compression is 
the most common form of loading on the spine.

When a disc is loaded in compression, it tends to simultaneously lose 
water and absorb sodium and potassium until its internal electrolyte con-
centration is suffi cient to prevent further water loss (70). When this 
chemical equilibrium is achieved, internal disc pressure is equal to the 
external pressure (8). Continued loading over a period of several hours 
results in a further slight decrease in disc hydration (1). For this reason, 
the spine undergoes a height decrease of up to nearly 2 cm over the course 
of a day, with approximately 54% of this loss occurring during the fi rst 
30 minutes after an individual gets up in the morning (101).

Once pressure on the discs is relieved, the discs quickly reabsorb water, 
and disc volumes and heights are increased (70). Astronauts experience a 
temporary increase in spine height of approximately 5 cm while free from 
the infl uence of gravity (88). On earth, disc height and volume are typi-
cally greatest when a person fi rst arises in the morning. Because increased 
disc volume also translates to increased spinal stiffness, there appears to 
be a heightened risk of disc injury early in the morning (38). Measure-
ments of spinal shrinkage following activities performed for one hour 
immediately after rising in the morning yielded average values of �7.4 mm 
for standing, �5.0 mm for sitting, �7.9 mm for walking, �3.7 mm for 
cycling, and �0.4 mm for lying down (121). Body positions that allow 
rehydration and height increase in the discs are spinal hyperextension in 
the prone position and trunk fl exion in the supine position (93).

The intervertebral discs have a blood supply up to about the age of 
8 years, but after that the discs must rely on a mechanically based means 

FIGURE 9-8

When the spine bends, a 
tensile load is created on 
one side of the discs, and a 
compressive load is created on 
the other.

Tension
Compression

Superior view Lateral view

FIGURE 9-9

Spinal rotation creates shear 
stress within the discs, with 
the greatest shear around the 
periphery of the annulus.



282 BASIC BIOMECHANICS

for maintaining a healthy nutritional status. Intermittent changes in pos-
ture and body position alter internal disc pressure, causing a pumping 
action in the disc. The infl ux and outfl ux of water transports nutrients in 
and fl ushes out metabolic waste products, basically fulfi lling the same 
function that the circulatory system provides for vascularized structures 
within the body. Maintaining even an extremely comfortable fi xed body 
position over a long period curtails this pumping action and can nega-
tively affect disc health. Research has shown that there is a zone of opti-
mal loading frequency and magnitude that promotes disc health (125).

Injury and aging irreversibly reduce the water-absorbing capacity of the 
discs, with a concomitant decrease in shock-absorbing capability. Magnetic 
resonance imaging (MRI) studies show degenerative changes to be the 
most common at L5-S1, the disc subjected to the most mechanical stress by 
virtue of its position (104). However, the fl uid content of all discs begins to 
diminish around the second decade of life (8). A typical geriatric disc has a 
fl uid content that is reduced by approximately 35% (128). As this normal 
degenerative change occurs, abnormal movements occur between adjacent 
vertebral bodies, and more of the compressive, tensile, and shear loads on 
the spine must be assumed by other structures—particularly the facets 
and joint capsules. Results include reduced height of the spinal column, 
often accompanied by degenerative changes in the spinal structures that 
are forced to assume the loads of the discs. Postural alterations may also 
occur. The normal lordotic curve of the lumbar region may be reduced as 
an individual attempts to relieve compression on the facet joints by main-
taining a posture of spinal fl exion (128). Factors such as habitual smoking 
and exposure to vibration can negatively affect disc nutrition, while regu-
lar exercise can improve it (98).

Ligaments

A number of ligaments support the spine, contributing to the stability of 
the motion segments (Figure 9-10). The powerful anterior longitudinal liga-
ment and the weaker posterior longitudinal ligament connect the vertebral 
bodies in the cervical, thoracic, and lumbar regions. The supraspinous 

•Although most of the load 
sustained by the spine is borne 
by the symphysis joints, the 
facet joints may play a role, 
particularly when the spine is in 
hyperextension and when disc 
degeneration has occurred.

•The enlarged cervical portion of 
the supraspinous ligament is the 
ligamentum nuchae, or ligament 
of the neck.
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FIGURE 9-10

The major ligaments of the 
spine. (The intertransverse 
ligament is not visible in this 
medial section through the 
spine.)

•It is important not to maintain 
any one body position for too 
long, since the intervertebral 
discs rely on body movement to 
pump nutrients in and waste 
products out.
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 ligament attaches to the spinous processes throughout the length of the 
spine. This ligament is prominently enlarged in the cervical region, 
where it is referred to as the ligamentum nuchae, or ligament of the neck 
(Figure 9-11). Adjacent vertebrae have additional connections between 
spinous processes, transverse processes, and laminae, supplied respec-
tively by the interspinous ligaments, the intertransverse ligaments, and 
the ligamenta fl ava.

Another major ligament, the ligamentum fl avum, connects the lami-
nae of adjacent vertebrae. Although most spinal ligaments are composed 
primarily of collagen fi bers that stretch only minimally, the ligamentum 
fl avum contains a high proportion of elastic fi bers, which lengthen when 
stretched during spinal fl exion and shorten during spinal extension. The 
ligamentum fl avum is in tension even when the spine is in anatomical 
position, enhancing spinal stability. This tension creates a slight, constant 
compression in the intervertebral discs, referred to as prestress.

Spinal Curves

As viewed in the sagittal plane, the spine contains four normal curves. The 
thoracic and sacral curves, which are concave anteriorly, are present at 
birth and are referred to as primary curves. The lumbar and cervical curves, 
which are concave posteriorly, develop from supporting the body in an 
upright position after young children begin to sit up and stand. Since these 
curves are not present at birth, they are known as the secondary spinal 
curves. Although the cervical and thoracic curves change little during the 
growth years, the curvature of the lumbar spine increases approximately 
10% between the ages of 7 and 17 (124). Spinal curvature (posture) is 
infl uenced by heredity, pathological conditions, an individual’s mental 
state, and the forces to which the spine is habitually subjected. Mechani-
cally, the curves enable the spine to absorb more shock without injury 
than if the spine were straight.

As discussed in Chapter 4, bones are constantly modeled or shaped in 
response to the magnitudes and directions of the forces acting on them. 
Similarly, the four spinal curves can become distorted when the spine is 
habitually subjected to asymmetrical forces.

Occipital
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Ligamentum
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FIGURE 9-11

The supraspinous ligament is 
well developed in the cervical 
region, where it is referred to 
as the ligamentum nuchae.

ligamentum fl avum
yellow ligament that connects the 
laminae of adjacent vertebrae; 
distinguished by its elasticity

prestress
stress on the spine created by tension 
in the resting ligaments

primary spinal curves
curves that are present at birth

secondary spinal curves
curves that do not develop until 
the weight of the body begins to be 
supported in sitting and standing 
positions

Note the relatively fl at 
spine of this 3-year-old. 
The lumbar curve does not 
reach full development until 
approximately age 17.
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Exaggeration of the lumbar curve, or lordosis, is often associated with 
weakened abdominal muscles and anterior pelvic tilt (Figure 9-12). Causes 
of lordosis include congenital spinal deformity, weakness of the abdomi-
nal muscles, poor postural habits, and overtraining in sports requiring 
repeated lumbar hyperextension, such as gymnastics, fi gure skating, jav-
elin throwing, and swimming the butterfl y stroke. Because lordosis places 
added compressive stress on the posterior elements of the spine, some 
have hypothesized that excessive lordosis is a risk factor for low back pain 
development. Limited range of motion in hip extension is associated with 
exaggerated lumbar lordosis (45). Obesity causes reduced range of motion 
of the entire spine and pelvis, and obese individuals resultingly display 
increased anterior pelvic tilt and an associated increased lumbar lordosis 
(123). Similarly, increased anterior pelvic tilt and increased lordosis are 
greater during running than during walking (45).

Another abnormality in spinal curvature is kyphosis (exaggerated tho-
racic curvature) (Figure 9-12). The incidence of kyphosis has been estimated 
to be as high as 8% in the general population, with equal distribution across 
genders (2). Kyphosis can result from a congenital abnormality, a pathology 
such as osteoporosis, or Scheuermann’s disease, in which one or more wedge-
shaped vertebrae develop because of abnormal epiphyseal plate behavior. 
Scheuermann’s disease typically develops in individuals between the ages of 
10 and 16 years, which is the period of most rapid growth of the thoracic 
spine (35). Both genetic and biomechanical factors are believed to play a role 
(7). The condition has been called swimmer’s back because it is frequently 
seen in adolescents who have trained heavily with the butterfl y stroke (119). 
Scheuermann’s disease is not limited to swimmers, however, with research 
showing a strong association between incidence of this pathology and cumu-
lative training time in any sport (130). Treatment for mild cases may consist 
of exercises to strengthen the posterior thoracic muscles, although bracing 
or surgical corrections are used in more severe cases. Kyphosis also often 
develops in elderly women with osteoporosis, as discussed in Chapter 4. 
Both the thoracic vertebrae and the intervertebral discs in the region 
develop a characteristic wedge shape (110).

Lateral deviation or deviations in spinal curvature are referred to as 
scoliosis (Figure 9-12). The lateral deformity is coupled with rotational 
deformity of the involved vertebrae, with the condition ranging from mild 

Vertical

alignment

Lordosis Kyphosis Scoliosis

FIGURE 9-12

Abnormal spinal curvatures.

kyphosis
extreme thoracic curvature

scoliosis
lateral spinal curvature

lordosis
extreme lumbar curvature
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to severe. Scoliosis may appear as either a C- or an S-curve involving the 
thoracic spine, the lumbar spine, or both.

A distinction is made between structural and nonstructural scoliosis. 
Structural scoliosis involves infl exible curvature that persists even with 
lateral bending of the spine. Nonstructural scoliotic curves are fl exible 
and are corrected with lateral bending.

Scoliosis results from a variety of causes. Congenital abnormalities 
and selected cancers can contribute to the development of structural 
 scoliosis. Nonstructural scoliosis may occur secondary to a leg length 
 discrepancy or local infl ammation. Small lateral deviations in spinal cur-
vature are relatively common and may result from a habit such as carry-
ing books or a heavy purse on one side of the body every day. Approximately 
70–90% of all scoliosis, however, is termed idiopathic, which means that 
the cause is unknown (133). Idiopathic scoliosis is most commonly diag-
nosed in children between the ages of 10 and 13 years, but can be seen at 
any age. It is present in 2–4% of children between 10 and 16 years of age 
and is more common in females (100). Low bone mineral density is typi-
cally associated with idiopathic scoliosis and may play a causative role in 
its development (28).

Symptoms associated with scoliosis vary with the severity of the con-
dition. Mild cases may be nonsymptomatic and may self-correct with 
time. A growing body of evidence supports the effectiveness of appropri-
ate stretching and strengthening exercises for resolving the symptoms 
and appearance of mild to moderate scoliosis (133). Severe scoliosis, 
however, which is characterized by extreme lateral deviation and local-
ized rotation of the spine, can be painful and deforming, and is treated 
with bracing and/or surgery. As is the case with kyphosis, both the ver-
tebrae and the intervertebral discs in the affected region(s) assume a 
wedge shape (114).

MOVEMENTS OF THE SPINE

As a unit, the spine allows motion in all three planes of movement, as well 
as circumduction. Because the motion allowed between any two adjacent 
vertebrae is small, however, spinal movements always involve a number 
of motion segments. The range of motion (ROM) allowed at each motion 
segment is governed by anatomical constraints that vary through the cer-
vical, thoracic, and lumbar regions of the spine.

•The movement capabilities of 
the spine as a unit are those 
of a ball-and-socket joint, with 
movement in all three planes, as 
well as circumduction, allowed.

Female gymnasts 
undergo extreme lumbar 
hyperextension during many 
commonly performed skills. 
Photo courtesy of Royalty-Free/
CORBIS.
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Flexion, Extension, and Hyperextension

The ROM for fl exion/extension of the motion segments is considerable in 
the cervical and lumbar regions, with representative values as high as 
17° at the C5-C6 vertebral joint and 20° at L5-S1. In the thoracic spine, 
however, due to the orientation of the facets, the ROM increases from only 
approximately 4° at T1-T2 to approximately 10° at T11-T12 (127).

It is important not to confuse spinal fl exion with hip fl exion or anterior 
pelvic tilt, although all three motions occur during an activity such as 
touching the toes (Figure 9-13). Hip fl exion consists of anteriorly directed 
sagittal plane rotation of the femur with respect to the pelvic girdle (or 
vice versa), and anterior pelvic tilt is anteriorly directed movement of the 
anterior superior iliac spine with respect to the pubic symphysis, as dis-
cussed in Chapter 8. Just as anterior pelvic tilt facilitates hip fl exion, it 
also promotes spinal fl exion.

Extension of the spine backward past anatomical position is termed 
hyperextension. The ROM for spinal hyperextension is considerable in 
the cervical and lumbar regions. Lumbar hyperextension is required in the 
execution of many sport skills, including several swimming strokes, the high 
jump and pole vault, and numerous gymnastic skills. For example, during 
the execution of a back handspring, the curvature normally present in the 
lower lumbar region may increase twentyfold (53).

Lateral Flexion and Rotation

Frontal plane movement of the spine away from anatomical position is 
termed lateral fl exion. The largest ROM for lateral fl exion occurs in the 
cervical region, with approximately 9–10° of motion allowed at C4-C5. 
Somewhat less lateral fl exion is allowed in the thoracic region, where the 
ROM between adjacent vertebrae is about 6°, except in the lower seg-
ments, where lateral fl exion capability may be as high as approximately 
8–9°. Lateral fl exion in the lumbar spine is also on the order of 6°, except 
at L5-S1, where it is reduced to only about 3° (127).

Spinal rotation in the transverse plane is again freest in the cervical 
region of the spine, with up to 12° of motion allowed at C1-C2. It is next 
freest in the thoracic region, where approximately 9° of rotation is permit-
ted among the upper motion segments. From T7-T8 downward, the range 
of rotational capability progressively decreases, with only about 2° of 
motion allowed in the lumbar spine due to the interlocking of the articular 

Upright

standing

Spinal

flexion

Spinal flexion

and pelvic

tilting

FIGURE 9-13

When the trunk is fl exed, the 
fi rst 50–60° of motion occurs 
in the lumbar spine, with 
additional motion resulting 
from anterior pelvic tilt.
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processes there. At the lumbosacral joint, however, rotation on the order 
of 5° is allowed (127). Since the structure of the spine causes lateral fl ex-
ion and rotation to be coupled, rotation is accompanied by slight lateral 
fl exion to the same side, although this motion is not observable with the 
naked eye.

Studies of activities of daily living have quantifi ed ROMs in the cer-
vical and lumbar regions of the spine. Among these activities, backing 
up a car was found to require the most motion in the cervical region, 
with approximately 32% of sagittal, 26% of lateral, and 92% of rota-
tional motion capability involved (13). Similarly, the task requiring the 
greatest lumbar motion was picking up an object from the fl oor (14). 
ROM in the cervical spine has been found to decrease linearly with 
increasing age, with a loss in passive range of motion of about 0.5 degrees 
per year (103).

MUSCLES OF THE SPINE

The muscles of the neck and trunk are named in pairs, with one on the 
left and the other on the right side of the body. These muscles can cause 
lateral fl exion and/or rotation of the trunk when they act unilaterally, and 
trunk fl exion or extension when acting bilaterally. The primary functions 
of the major muscles of the spine are summarized in Table 9-1.

Anterior Aspect

The major anterior muscle groups of the cervical region are the preverte-
bral muscles, including the rectus capitis anterior, rectus capitis lateralis, 
longus capitis, and longus colli, and the eight pairs of hyoid muscles (Fig-
ures 9-14 and 9-15). Bilateral tension development by these muscles 
results in fl exion of the head, although the main function of the hyoid 
muscles appears to be to move the hyoid bone during the act of swallow-
ing. Unilateral tension development in the prevertebrals contributes to 
lateral fl exion of the head toward the contracting muscles or to rotation of 
the head away from the contracting muscles, depending on which other 
muscles are functioning as neutralizers.

Longus
capitis

Longus
colliRectus capitis

lateralis

Rectus capitis
anterior

FIGURE 9-14

Anterior muscles of the 
cervical region.
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 TABLE 9-1

Muscles of the Spine

MUSCLE
PROXIMAL 

ATTACHMENT DISTAL ATTACHMENT
PRIMARY ACTION(S) 

ABOUT THE HIP INNERVATION

Prevertebral muscles 
(rectus capitis anterior, 
rectus capitis lateralis, 

longus capitis, longus coli)

Anterior aspect of 
occipital bone and 
cervical vertebrae

Anterior surfaces of 
cervical and fi rst three 

thoracic vertebrae

Flexion, lateral fl exion, 
rotation to opposite side

Cervical nerves 
(C1–C6)

Rectus abdominis Costal cartilage of 
ribs 5–7

Pubic crest Flexion, lateral fl exion Intercostal nerves 
(T6–T12)

External oblique External surface of lower 
eight ribs

Linea alba and anterior 
iliac crest

Flexion, lateral fl exion, 
rotation to opposite side

Intercostal nerves 
(T7 –T12)

Internal oblique Linea alba and lower 
four ribs

Inguinal ligament, iliac 
crest, lumbodorsal fascia

Flexion, lateral fl exion, 
rotation to same side

Intercostal nerves 
(T7–T12, L1)

Splenius (capitis and 
cervicis)

Mastoid process 
of temporal bone, 

transverse processes 
of fi rst three cervical 

vertebrae

Lower half of ligamentum 
nuchae, spinous 

processes of seventh 
cervical and upper six 

thoracic vertebrae

Extension, lateral fl exion, 
rotation to same side

Middle and lower 
cervical nerves 

(C4–C8)

Suboccipitals (obliquus 
capitus superior and 
inferior, rectus capitis 

posterior major 
and minor)

Occipital bone, 
transverse process of 
fi rst cervical vertebra

Posterior surfaces 
of fi rst two cervical 

vertebrae

Extension, lateral fl exion, 
rotation to same side

Suboccipital nerve 
(C1)

Erector spinae (spinalis, 
longissimus, iliocostalis)

Lower part of 
ligamentum nuchae, 
posterior cervical, 

thoracic, and lumbar 
spine, lower nine ribs, iliac 
crest, posterior sacrum

Mastoid process of 
temporal bone, posterior 

cervical, thoracic, and 
lumbar spine, twelve ribs

Extension, lateral fl exion, 
rotation to opposite side

Spinal nerves 
(T1–T12)

Semispinalis (capitis, 
cervicis, thoracis)

Occipital bone, spinous 
processes of thoracic 

vertebrae 2–4

Transverse presses of 
thoracic and seventh 
cervical vertebrae

Extension, lateral fl exion, 
rotation to opposite side

Cervical and 
thoracic spinal 

nerves (C1–T12)

Deep spinal muscles 
(multifi di, rotatores, 

interspinales, 
intertransversarii, 

levatores costarum)

Posterior processes of 
all vertebrae, posterior 

sacrum

Spinous and transverse 
processes and laminae of 
vertebrae below those 
of proximal attachment

Extension, lateral fl exion, 
rotation to opposite side

Spinal and 
intercostal nerves 

(T1–T12)

Sternocleidomastoid Mastoid process of 
temporal bone

Superior sternum, inner 
third of clavicle

Flexion of neck, 
extension of head, lateral 

fl exion, rotation to 
opposite side

Accessory nerve 
and C2 spinal nerve

Levator scapulae Transverse processes 
of fi rst four cervical 

vertebrae

Vertebral border 
of scapula

Lateral fl exion Spinal nerves (C3–
C4), dorsal scapular 

nerve (C3–C5)

Scaleni (scalenus anterior, 
medius, posterior)

Transverse processes of 
cervical vertebrae

Upper two ribs Flexion, lateral fl exion Cervical nerves 
(C3–C7)

Quadratus lumborum Last rib, transverse 
processes of fi rst four 

lumbar vertebrae

Iliolumbar ligament, 
adjacent iliac crest

Lateral fl exion Spinal nerves 
(T12–L4)

Psoas major Sides of twelfth thoracic 
and all lumbar vertebrae

Lesser trochanter 
of the femur

Flexion Femoral nerve 
(L1–L3)
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The main abdominal muscles are the rectus abdominis, the external 
obliques, and the internal obliques (Figures 9-16, 9-17, and 9-18). Func-
tioning bilaterally, these muscles are the major spinal fl exors and also 
reduce anterior pelvic tilt. Unilateral tension development by the muscles 
produces lateral fl exion of the spine toward the tensed muscles. Tension 
development in the internal obliques causes rotation of the spine toward 
the same side. Tension development by the external obliques results in 
rotation toward the opposite side. If the spine is fi xed, the internal obliques 
produce pelvic rotation toward the opposite side, with the external 
obliques producing rotation of the pelvis toward the same side. These 
muscles also form the major part of the abdominal wall, which protects 
the internal organs of the abdomen.

Stylohyoid

Sternohyoid

Omohyoid

Digastric

Geniohyoid
(underlying)

Mylohyoid

Thyrohyoid

Sternothyroid

Hyoid bone

Tendinous
inscription

Linea alba

Rectus
abdominis

The rectus abdominis is a 
prominent abdominal muscle.

FIGURE 9-15

The hyoid muscles.

FIGURE 9-16

The rectus abdominis.
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Posterior Aspect

The splenius capitis and splenius cervicis are the primary cervical extensors 
(Figure 9-19) (89). Bilateral tension development in the four suboccipitals—
the rectus capitis posterior major and minor and the obliquus capitis 
superior and inferior—assist (Figure 9-20). When these posterior cervical 
muscles develop tension on one side only, they laterally fl ex or rotate the 
head toward the side of the contracting muscles.

The posterior thoracic and lumbar region muscle groups are the massive 
erector spinae (sacrospinalis), the semispinalis, and the deep spinal mus-
cles. As shown in Figure 9-21, the erector spinae group includes the spinalis, 
longissimus, and iliocostalis muscles. The semispinalis, with its capitis, cer-
vicis, and thoracis branches, is shown in Figure 9-22. The deep spinal mus-
cles, including the multifi di, rotatores, interspinales, intertransversarii, 

Rectus
sheath
(anterior
leaf )

Rectus
sheath
(anterior
leaf )

External
oblique

External
oblique

Lateral

view

Anterior

view

Rectus
sheath
(anterior
leaf )

Rectus
sheath
(anterior
leaf )

Internal
oblique

Internal
oblique

Lateral

view

Anterior

view

FIGURE 9-17

The external obliques.

FIGURE 9-18

The internal obliques.

The superfi cial muscles of the 
posterior trunk.
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cervicis

Splenius
capitis

Obliquus capitis
superior

Obliquus capitis
inferior

Rectus capitis
posterior major

Rectus capitis
posterior minor

FIGURE 9-19

The major cervical extensors.

FIGURE 9-20

The suboccipital muscles.

Longissimus
capitis

Longissimus
cervicis

Longissimus
thoracis

Spinalis
cervicis

Iliocostalis
cervicis

Iliocostalis
thoracis

Spinalis
thoracis

Iliocostalis
lumborum

FIGURE 9-21

The erector spinae group.
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and levatores costarum, are represented in Figure 9-23. The muscles of 
the erector spinae group are the major extensors and hyperextensors of 
the trunk. All posterior trunk muscles contribute to extension and hyper-
extension when contracting bilaterally and to lateral fl exion when con-
tracting unilaterally.

Lateral Aspect

Muscles on the lateral aspect of the neck include the prominent sterno-
cleidomastoid, the levator scapulae, and the scalenus anterior, posterior, 

Semispinalis
capitis

Semispinalis
cervicis

Semispinalis
thoracis

FIGURE 9-22

The semispinalis group.

Interspinalis

Multifidus

Rotator
longus

Rotator
brevis

Levator costae
brevis

Levator costae
longus

Intertransversus
lateralis

Intertransversus
medius

Interspinalis

FIGURE 9-23

The deep spinal muscles.

•The prominent erector spinae 
muscle group—the major 
extensor and hyperextensor of 
the trunk—is the muscle group 
of the trunk most often strained.
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and medius (Figures 9-24, 9-25, and 9-26). Bilateral tension development 
in the sternocleidomastoid may result in either fl exion of the neck or 
extension of the head, with unilateral contraction producing lateral fl ex-
ion to the same side or rotation to the opposite side. The levator scapulae 
can also contribute to lateral fl exion of the neck when contracting unilat-
erally with the scapula stabilized. The three scalenes assist with fl exion 
and lateral fl exion of the neck, depending on whether tension develop-
ment is bilateral or unilateral.

In the lumbar region, the quadratus lumborum and psoas major are 
large, laterally oriented muscles (Figures 9-27 and 9-28). These muscles 
function bilaterally to fl ex and unilaterally to laterally fl ex the lumbar spine.

Sternocleidomastoid

FIGURE 9-24

The sternocleidomastoid.

Levator scapulae

FIGURE 9-25

The levator scapulae.

•Many muscles of the neck 
and trunk cause lateral fl exion 
when contracting unilaterally but 
either fl exion or extension when 
contracting bilaterally.
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LOADS ON THE SPINE

Forces acting on the spine include body weight, tension in the spinal liga-
ments, tension in the surrounding muscles, intraabdominal pressure, and 
any applied external loads. When the body is in an upright position, the 
major form of loading on the spine is axial. In this position, body weight, 
the weight of any load held in the hands, and tension in the surrounding 
ligaments and muscles all contribute to spinal compression.

During erect standing, the total-body center of gravity is anterior to 
the spinal column, placing the spine under a constant forward-bending 
moment (Figure 9-29). To maintain body position, this torque must be 
counteracted by tension in the back extensor muscles. As the trunk or the 
arms are fl exed, the increasing moment arms of these body segments 

Scalenus
posterior

Scalenus
medius

Scalenus
anterior

FIGURE 9-26

The scaleni muscles.

FIGURE 9-27

The quadratus lumborum.

Quadratus
lumborum
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 contribute to increasing fl exor torque and increasing compensatory ten-
sion in the back extensor muscles (Figure 9-30). Because the spinal muscles 
have extremely small moment arms with respect to the vertebral joints, 
they must generate large forces to counteract the torques produced about 
the spine by the weights of body segments and external loads (see Sample 
Problem 9.1). Consequently, the major force acting on the spine is usually 
that derived from muscle activity (105). In comparison to the load present 
during upright standing, compression on the lumbar spine increases with 
sitting, increases more with spinal fl exion, and increases still further with 
a slouched sitting position (Figure 9-31). During sitting, the pelvis rotates 
backward and the normal lumbar lordosis tends to fl atten, resulting in 
increased loading on the intervertebral discs (126). A slumped sitting pos-
ture increases disc loading even more (126). Ergonomically designed 
chairs that provide lumbar support and enable slight forward tilting of 

Tendon of
psoas minor

Psoas
minor

Psoas
major

FIGURE 9-28

The psoas muscle.

FIGURE 9-29

Because the line of gravity 
for the head, trunk, and 
upper extremity passes 
anterior to the vertebral 
column, a forward torque 
acts on the spine.

•Because the spinal muscles 
have small moment arms, they 
must generate large forces to 
counteract the fl exion torques 
produced by the weight of body 
segments and external loads.
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Weights:

Head 58N
Trunk 328N

Arms 81N
Box 111N

Muscle
Tension

Shear
reaction
force

Joint
center

Compression
reaction
force

L5

6 cm

10 cm

20 cm

25 cm

40 cm

Torque at L5,S1 vertebral joint created by body segments and load:
T 5 (328 N)(10 cm) 1 (81 N)(20 cm) 1 (58 N)(25 cm) 1 (111 N)(40 cm)
   5 10,790 Ncm

FIGURE 9-30

The back muscles, with a 
moment arm of approximately 
6 cm, must counter the torque 
produced by the weights 
of body segments plus any 
external load. This illustrates 
why it is advisable to lift and 
carry heavy objects close to 
the trunk.

S A M P L E  P R O B L E M  9 . 1

How much tension must be developed by the erector spinae with a moment 
arm of 6 cm from the L5-S1 joint center to maintain the body in a lifting 
position with segment moment arms as specifi ed? (Segment weights are 
approximated for a 600 N (135 lb) person.)

Known

SEGMENT WT MOMENT ARM
head 50 N 22 m
trunk 280 N 12 cm
arms 65 N 25 cm
box 100 N 42 cm
Fm  6 cm

Solution
When the body is in a static position, the sum of 
the torques acting at any point is zero. At L5-S1:

 �TL5,S1 5 0
 0 5 (Fm) (6 cm) � [(50 N) (22 cm) � (280 N) (12 cm)
  � (65 N) (25 cm) � (100 N) (42 cm)]
 0 5 (Fm) (6 cm) � 10,285 Ncm

  Fm 5 1714 N  
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the seat such that more weight is supported by the thighs have been 
shown to reduce the load on the spine (76).

Pressure within the intervertebral discs changes signifi cantly with 
body position and loading, but is relatively consistent through the differ-
ent regions of the spine (97). During static loading, the discs deform over 
time, transferring more of the load to the facet joints (30). After 30 min-
utes of dynamic repetitive spinal fl exion, such as might occur with a lift-
ing task, the general stiffness of the spine is decreased, and deformation 
of the discs in combination with elongation of the spinal ligaments results 
in altered loading patterns that may predispose the individual to low 
back pain (95).

During erect standing, body weight also loads the spine in shear. This is 
particularly true in the lumbar spine, where shear creates a tendency for 
vertebrae to displace anteriorly with respect to adjacent inferior vertebrae 
(Figure 9-32). Because very few of the fi bers of the major spinal extensors 
lie parallel to the spine, as tension in these muscles increases, both com-
pression and shear on the vertebral joints and facet joints increase (73). 
Fortunately, however, the shear component produced by muscle tension 
in the lumbar region is directed posteriorly, so that it partially counter-
acts the anteriorly directed shear produced by body weight (99). Shear is 
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FIGURE 9-31

The load on the third lumbar 
disc during upright standing 
(100%) is markedly reduced 
in a supine position, but 
increases for each of the 
other positions shown. 
Adapted from Nachemson A: 
Towards a better understanding 
of back pain: a review of the 
mechanics of the lumbar disc, 
Rheumatol Rehabil, 14:129, 1975.

•Body weight produces shear 
as well as compression on the 
lumbar spine.

Fs

Fc

wt

FIGURE 9-32

Body weight during upright 
standing produces shear (Fs) 
as well as compression (Fc) 
components on the lumbar 
spine. (Note that the vector 
sum of Fs and Fc is wt.)
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a dominant force on the spine during fl exion as well as during activities 
requiring backward lean of the trunk, such as rappelling and trapezing 
during sailing (54). Although the relative signifi cance of compression and 
shear on the spine is poorly understood, excessive shear stress is believed 
to contribute to disc herniation.

Tension in the trunk extensors increases with spinal fl exion until the 
spine approaches full fl exion, when it abruptly disappears. This has been 
shown to occur at 57% of maximum hip fl exion and at 84% of maximum 
vertebral fl exion (51). At this point, the posterior spinal ligaments com-
pletely support the fl exion torque. The quiescence of the spinal extensors 
at full fl exion is known as the fl exion relaxation phenomenon. Unfortu-
nately, when the spine is in full fl exion, tension in the interspinous liga-
ment contributes signifi cantly to anterior shear force and increases facet 
joint loading (79). During repeated trunk fl exion and extension move-
ments over time, the fl exion relaxation period is lengthened, which 
reduces lumbar stability and may predispose the individual to low back 
pain (91).

When the spine undergoes lateral fl exion and axial twisting, a more 
complex pattern of trunk muscle activation is required than for fl exion 
and extension. Researchers estimate that, whereas 50 Nm of extension 
torque places 800 N of compression on the L4-L5 vertebral joint, 50 Nm of 
lateral fl exion and axial twisting torques respectively generate 1400 N 
and 2500 N of compression on the joint (81). Information derived from 
biomechanical modeling of the spine suggests that tension in antagonist 
trunk muscles produces a signifi cant part of these increased loads (79). 
Asymmetrical frontal plane loading of the trunk also increases both com-
pressive and shear loads on the spine because of the added lateral bend-
ing moment (39, 82).

Another factor affecting spinal loading is body movement speed. It has 
been shown that executing a lift in a rapid, jerking fashion dramatically 
increases compression and shear forces on the spine, as well as tension in 
the paraspinal muscles (52). This is one of the reasons that resistance-
training exercises should always be performed in a slow, controlled fashion. 

fl exion relaxation 
phenomenon
condition in which, when the spine 
is in full fl exion, the spinal extensor 
muscles relax and the fl exion torque 
is supported by the spinal ligaments

•Lateral fl exion and rotation 
create much larger spinal loads 
than do fl exion and extension.

Lifting while twisting should 
be avoided because it places 
about three times more stress 
on the back than lifting in the 
sagittal plane.
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Maximizing the smoothness of the motion pattern of the external load 
acts to minimize the peaks in the compressive force on the lumbosacral 
joint (60). However, when lifting moderate loads that are awkwardly posi-
tioned, skilled workers may be able to reduce spinal loading by initially 
jerking the load in close to the body and then transferring momentum 
from the rotating trunk to the load (see Chapter 14) (81).

The old adage to lift with the legs and not with the back refers to the 
advisability of minimizing trunk fl exion and thereby minimizing the torque 
generated on the spine by body weight. However, either the physical con-
straints of the lifting task or the added physiological cost of leg-lifting as 
compared to back-lifting (49) often make this advice impractical. Research 
suggests that a more important focus of attention for people performing 
lifts may be maintaining the normal lumbar curve, rather than either 
increasing lumbar lordosis or allowing the lumbar spine to flex (Fig-
ure 9-33) (79). Maintaining a normal or slightly fl attened lumbar curve 
enables the active lumbar extensor muscles to partially offset the anterior 
shear produced by body weight (as discussed), and uniformly loads the lum-
bar discs rather than placing a tensile load on the posterior annulus of 
these discs (106). A lordotic lumbar posture, alternatively, increases loading 
of the posterior annulus and facet joints, while full lumbar fl exion changes 
the line of action of the lumbar extensor muscles, such that they cannot 

FIGURE 9-33

It is advisable to maintain 
normal lumbar curvature 
rather than allowing the 
lumbar spine to fl ex when 
lifting, as discussed in the text.

Many activities of daily 
living are stressful to the low 
back. The constraints of the 
automobile trunk make it 
diffi cult to lift with the spine 
erect.
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effectively counteract anterior shear (36, 80). Anterior shear load on the 
lumbar spine has been associated with increased risk of back injury (80).

A factor once believed to alleviate compression on the lumbar spine is 
intraabdominal pressure. Researchers hypothesized that intraabdominal 
pressure works like a balloon inside the abdominal cavity to support the 
adjacent lumbar spine by creating a tensile force that partially offsets the 
compressive load (10) (Figure 9-34). This was corroborated by the obser-
vation that intraabdominal pressure increases just prior to the lifting of 
a heavy load (52). More recently, however, scientists have discovered that 
pressure in the lumbar discs actually increases when intraabdominal pres-
sure increases (84). It now appears that increased intraabdominal pressure 
may help to stiffen the trunk to prevent the spine from buckling under 
compressive loads (31). When an unstable load is assumed, there is also 
increased coactivation of antagonistic trunk muscles to contribute to spi-
nal stiffening (122). Research has shown that increases in intraabdomi-
nal pressure generate proportional increases in trunk extensor moment 
(58). This is of value in performing a task such as lifting, because the spi-
nal extensor muscles must generate suffi cient extensor moment to over-
come the fl exion moment generated by the forward lean of the trunk, as 
well as by the load in front of the body being lifted.

Carrying a loaded book bag or backpack loads the spine, with heavier 
loads resulting in postural adjustments including forward trunk and 
head lean and reduced lumbar lordosis. Research shows that placing the 
load low within the backpack and limiting the load to no more than 15% 
body weight minimizes these postural adaptations (19, 33).

COMMON INJURIES OF THE BACK 
AND NECK

Low Back Pain

Low back pain is an extremely prevalent problem, with up to 85% of peo-
ple experiencing low back pain at some time during their lives and more 
than half of the population having had back pain (5). That is, at any given 
time, approximately 35% of people have not yet had back pain, but will 
have it in the future. Low back pain is second only to the common cold in 
causing absences from the workplace, and back injuries are the most fre-
quent and the most expensive of all worker’s compensation claims in the 

FIGURE 9-34

Intraabdominal pressure, 
which often increases during 
lifting, contributes to the 
stiffness of the lumbar spine 
to help prevent buckling.

intraabdominal 
pressure
pressure inside the abdominal cavity; 
believed to help stiffen the lumbar 
spine against buckling
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United States (29, 86). Moreover, the incidence of low back pain in the 
United States has been steadily increasing for more than the past decade 
(46). This is likely a direct result of the increasing incidence of overweight 
and obesity, which is signifi cantly associated with low back pain in both 
men and women and at all ages (56, 57). Most back injuries also involve 
the lumbar or low back region (Figure 9-35).

Although psychological and social components are a factor in some low 
back pain cases, mechanical stress typically plays a signifi cant causal role 
in the development of low back pain (47). Perhaps because of their pre-
dominance in occupations involving the handling of heavy materials, men 
experience low back pain about four times more frequently than do women 
(71). However, some female-dominated groups, such as nurses’ aides, regis-
ter higher rates of low back injury than do male workers in general (111).

The incidence of low back pain in children is nearly 30% (40). This inci-
dence increases with age and by age 16 approaches that found in adults, 
with back pain more common in boys than in girls (22). In contrast to the 
situation for adults, however, low back pain in children is associated with 
increased physical activity and stronger back fl exor muscles (87). The 
main causes of low back pain in children are believed to be musculotendi-
nous strains and ligamentous sprains (87).

Not surprisingly, athletes have a much higher incidence of low back pain 
than do nonathletes, with over 9% of college athletes in different sports receiv-
ing treatment for low back pain (55, 79, 85). In some sports, such as gymnas-
tics, as many as 85% of the participants experience low back pain (116, 117).

High incidences of low back pain have been found in workers who sit 
for prolonged periods and in those unable to sit at all during the work day 
(75). High-risk occupations for the development of low back pain, in order 
of frequency, include laborers, truck drivers, garbage collectors, ware-
house workers, mechanics, nursing aides, materials handlers, lumber 
workers, practical nurses, and construction laborers (110). Cigarette 
smokers have an increased incidence of low back pain compared to non-
smokers, possibly due to the contributions of habitual smoking to disc 
degeneration (44). Accidental low back pain is often associated with work-
ing in an unnatural posture, with sudden and unexpected motions, and 
with working single-handed (3, 131). Work involving dynamic motion in 
multiple planes is also associated with signifi cantly increased risk for 
developing low back pain (34).

As discussed in Chapter 3, loading patterns that injure biological tis-
sues may involve one or a few repetitions of a large load or numerous 
repetitions of a small load. Repeated loading, such as that which occurs in 

FIGURE 9-35

The majority of back injuries 
that result in lost work time 
involve the lumbar region.

Lumbar (70%)

Thoracic (11%)

Unspecified (12%)

Cervical (7%)
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industrial work, in exercise performance, and in jobs such as truck driv-
ing that involve vibration, can all produce low back pain.

A factor recently implicated in our evolving understanding of low back 
injuries is the relative stability of the spine. In the absence of contraction 
of the surrounding musculature, buckling of the lumbar spine occurs 
under compressive loads as small as 4 N (41). Although bone structure, 
intervertebral discs, and ligaments all contribute to spinal stability, it is the 
surrounding muscles that have been shown to be the primary contributors 
to spinal stability (41). Recent research suggests that coactivation of spinal 
agonists and antagonists serves to increase the stiffness of the motion seg-
ments and enhance spinal stability (48, 50). Only relatively modest levels 
of coactivation of the paraspinal and abdominal wall muscles are needed to 
provide adequate spinal stability for daily living tasks, however (32). 
Accordingly, McGill advocates training the trunk muscles for endurance 
rather than for strength as a prophylactic for low back injury (78). Fatigue 
of the spinal extensor muscles with concomitantly reduced force output has 
been shown to increase the bending moment on the lumbar spine and also 
to reduce the ability of these muscles to protect the spine (36, 37).

Although injuries and some known pathologies may cause low back pain, 
60% of low back pain is idiopathic, or of unknown origin. The risk factors for 
chronic disability due to low back pain include involvement of the spinal 
nerve roots, substantial functional disability, widespread pain, and previ-
ous injury with an extended absence from work (120). However, most low 
back pain is self-limiting, with 75% of cases resolving within three weeks 
and a recovery rate of over 90% within two months, whether treatment 
occurs or not (25).

Despite this fact, clinicians often recommend abdominal exercises as 
both a prophylactic and a treatment for low back pain. The general ratio-
nale for such prescriptions is that weak abdominal muscles may not con-
tribute suffi ciently to spinal stability. However, sit-up-type exercises, even 
when performed with the knees in fl exion, generate compressive loads on 
the lumbar spine of well over 3000 N (78). According to one clinical report, 
the use of sit-up exercises appears to have actually contributed to low 
back pain development among a group of 29 exercisers (83). Partial curl-
up exercises have also been advocated as providing strong abdominal 
muscle challenge, with minimal spinal compression (9).

Soft-Tissue Injuries

Contusions, muscle strains, and ligament sprains collectively compose 
the most common injury of the back, accounting for up to 97% of all back 
pain in the general population (4). These types of injuries typically result 
from either sustaining a blow or overloading the muscles, particularly 
those of the lumbar region. Painful spasms and knotlike contractions of 
the back muscles may also develop as a sympathetic response to spinal 
injuries, and may actually be only symptoms of the underlying problem. 
Researchers believe that a biochemical mechanism is responsible for 
these sympathetic muscle spasms (21), which act as a protective mecha-
nism to immobilize the injured area (102).

Acute Fractures

Differences in the causative forces determine the type of vertebral frac-
ture incurred. Transverse or spinous process fractures may result from 
extremely forceful contraction of the attached muscles or from the suste-
nance of a hard blow to the back of the spine, which may occur during 
participation in contact sports such as football, rugby, soccer, basketball, 
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hockey, and lacrosse (102). The most common cause of cervical fractures is 
indirect trauma involving force applied to the head or trunk rather than 
to the cervical region itself (23). The most common mechanism for cata-
strophic cervical injuries is an axial force to the top of the head with the 
neck in slight fl exion (118). Fractures of the cervical vertebrae frequently 
result from impacts to the head when people dive into shallow water or 
engage in gymnastics or trampolining activities without appropriate 
supervision (108, 109). In wrestling, there are three common cervical 
injury scenarios: (a) The wrestler’s arms are in a hold, and he is unable to 
prevent himself from landing on his head; (b) the wrestler attempts to 
roll, but is landed on by his opponent’s full weight, causing a hyperfl exion 
injury of the neck; and (c) the wrestler lands on the top of his head and 
sustains an axial compression force (15, 16).

Large compressive loads (such as those encountered in the sport of 
weight lifting or in the handling of heavy materials) can cause fractures 
of the vertebral end plates. High levels of impact force may result in ante-
rior compression fractures of the vertebral bodies. This type of injury is 
generally associated with vehicular accidents, although it can also result 
from contact with the boards in ice hockey, head-on blocks or tackles in 
football, collisions between baseball catchers and base runners, or impacts 
during tobogganing, snowmobiling, and hot air ballooning. When a snow-
mobile drops 4 ft, the forces generated far exceed the level known to cause 
a compression fracture (67).

Because one function of the spine is to protect the spinal cord, acute spi-
nal fractures are extremely serious, with possible outcomes including 
paralysis and death. Unfortunately, increased participation in leisure 
activities is associated with an increased prevalence of spinal injuries (107). 
Whenever a spinal fracture is a possibility, only trained personnel should 
move the victim. Spinal stress injuries can also result from repeated suste-
nance of relatively modest forces, such as heading the ball in soccer. Degen-
erative changes in the cervical spine of soccer players have been shown to 
occur 10–20 years earlier than in the general population, with changes 
more pronounced among those with more years of playing time (132).

Fractures of the ribs are generally caused by blows received during 
accidents or participation in contact sports. Rib fractures are extremely 
painful because pressure is exerted on the ribs with each inhalation. 
Damage to the underlying soft tissues is a potentially serious complica-
tion with this type of injury.

Stress Fractures

The most common type of vertebral fracture is a stress fracture of the 
pars interarticularis, the region between the superior and inferior articu-
lar facets, which is the weakest portion of the neural arch (Figure 9-36). A 
fracture of the pars is termed spondylolysis, with the severity ranging 
from hairline fracture to complete separation of bone. Although some pars 
defects may be congenital, they are also known to be caused by mechani-
cal stress. One mechanism of injury appears to involve repeated axial 
loading of the lumbar spine when it is hyperextended. The prevalence of 
lumbar spondylolysis in the general population is 11.5%, with approxi-
mately three times as many males as females affected (65).

A bilateral separation in the pars interarticularis, called spondylolisthe-
sis, results in the anterior displacement of a vertebra with respect to the 
vertebra below it (Figure 9-36). The most common site of this injury is 
the lumbosacral joint, with 90% of the slips occurring at this level. Spon-
dylolisthesis is often initially diagnosed in children between the ages of 

spondylolisthesis
complete bilateral fracture of the 
pars interarticularis, resulting in the 
anterior slippage of the vertebra

spondylolysis
presence of a fracture in the pars 
interarticularis of the vertebral 
neural arch
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10 and 15 years, and is more commonly seen in boys. Risk factors for 
spondylolysis and spondylolisthesis in children include genetics, the 
growth spurt, repetitive stresses, and participation in sports for more than 
15 hours per week (40). The prevalence of spondylolysthesis increases from 
the fi fth through the eighth decades of life and affects approximately three 
times as many females as males (65).

Unlike most stress fractures, spondylolysis and spondylolisthesis do 
not typically heal with time, but tend to persist, particularly when there 
is no interruption in sport participation. Individuals whose sports or posi-
tions require repeated hyperextension of the lumbar spine are prime can-
didates for stress-related spondylolysis. Those particularly susceptible to 
this pathology include female gymnasts, interior football linemen, and 
weight lifters, with increased incidences also found among volleyball 
players, pole-vaulters, wrestlers, fi gure skaters, dancers, and rowers (92). 
Degenerative spondylolisthesis is also a common condition of the aging 
spine, although the causative factors for this condition are unknown (12). 
A high incidence of spondylolysis has been found in human remains from 
circa A.D. 1200 to 1500, a period characterized by the use of stone pillars 
for the construction of houses (6).

Disc Herniations

The source of approximately 1–5% of back pain is a herniated disc, which 
consists of the protrusion of part of the nucleus pulposus from the annulus. 
Disc herniations may be either traumatic or stress related, but only occur 
in discs that show signs of previous degeneration (62). The most common 
sites of protrusions are between the fi fth and sixth and the sixth and sev-
enth cervical vertebrae, and between the fourth and fi fth lumbar vertebrae 
and the fi fth lumbar vertebra and the fi rst sacral vertebra (68, 69). Most 
occur on the posterior or posterior-lateral aspect of the disc (8).

Although the disc itself is not innervated and therefore is incapable of 
generating a sensation of pain, sensory nerves do supply the anterior and 
posterior longitudinal ligaments, the vertebral bodies, and the articular 
cartilage of the facet joints (24). If the herniation presses on one or more 
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FIGURE 9-36   Stress fractures of the pars interarticularis may occur unilaterally or bilaterally 
and may or may not result in complete separation.

•Stress-related fractures of the 
pars interarticularis, the weakest 
section of the neural arch, are 
unusually common among 
participants in sports involving 
repeated hyperextension of the 
lumbar spine.

•The term slipped disc is often 
used to refer to a herniated or 
prolapsed disc. It is a misnomer, 
because the discs as intact units 
do not slip around.
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of these structures, on the spinal cord, or on a spinal nerve, pain or numb-
ness may result.

Disc herniations do not cause a signifi cant decrease in intervertebral 
space height, and so cannot be effectively detected through X-rays. The 
average decrease in the height of a disc that has undergone a herniation 
is less than that reported in normal daily disc height variation (59). Most 
lumbar disc herniations are treated conservatively, meaning without sur-
gery. Many individuals have disc herniations without being aware of it, 
since there are no symptoms. For those who do present with symptoms of 
pain or minor neural defi cits, treatment includes medications, physical 
therapy, and sometimes lumbar injection (63). More serious cases that fail 
to respond to conservative treatment options are treated with surgical 
interventions, often lumbar discectomy.

Whiplash Injuries

Whiplash injury to the cervical region is relatively common, with a reported 
incidence of 4 per 1000 individuals (42). Such injuries typically occur dur-
ing automobile collisions, with the neck undergoing sudden acceleration 
and deceleration. Shear force and extension moment at the junction 
between the cervical and thoracic spines are the underlying mechanism 
causing neck motion and potential injury (113). Research suggests that the 
cervical vertebrae go through a sequence of abnormal motion, although 
there are different variations to the pattern depending on the direction and 
speed of the impact, as well as possibly the gender of the individual (20, 66). 
Generally, however, the cervical spine assumes an S-shape, with the upper 
segments in fl exion and the lower segments in extension (27). The cervical 
muscles contract rapidly in such situations, with potential for forced eccen-
tric tension development (20). Both upper and lower cervical injuries are 
possible (94). Symptoms of whiplash injury include neck pain; muscle pain; 
pain or numbness radiating from the neck to the shoulders, arms, or hands; 
and, in 50–60% of cases, accompanying headache (18, 96, 115). Women 
appear to be at greater risk for whiplash injury than men due to less stiff-
ness of the cervical structures (112).

SUMMARY

The spine is composed of 33 vertebrae that are divided structurally into 
fi ve regions: cervical, thoracic, lumbar, sacral, and coccygeal. Although 
most vertebrae adhere to a characteristic shape, there is a progression in 
vertebral size and in the orientation of the articular facets throughout the 
spinal column.

Within the cervical, thoracic, and lumbar regions, each pair of adjacent 
vertebrae with the intervening soft tissues is called a motion segment. 
Three joints interconnect the vertebrae of each motion segment. The 
intervertebral discs function as shock absorbers at the weight-bearing 
vertebral joints. The right and left pairs of superior and inferior facet 
joints signifi cantly infl uence the movement capabilities of the motion seg-
ments at different levels of the spine.

The muscles of the neck and trunk are named in pairs, with one on the 
left and the other on the right side of the body. These muscles can cause 
lateral fl exion and/or rotation of the trunk when they act unilaterally, and 
trunk fl exion or extension when acting bilaterally.

Forces acting on the spine include body weight, tension in the spinal 
ligaments, tension in the surrounding muscles, intraabdominal pressure, 



and any applied external loads. Because the spinal muscles have extremely 
small moment arms with respect to the vertebral joints, they must gener-
ate large forces to counteract the torques produced about the spine by the 
weights of body segments and external loads.

Because the spine serves as the protector of the spinal cord, spinal 
injuries are serious. Low back pain is a major modern-day health problem 
and a leading cause of lost working days.

INTRODUCTORY PROBLEMS

 1. What regions of the spine contribute the most to fl exion? Hyperexten-
sion? Lateral fl exion? Rotation?

 2. Construct a chart listing the muscles of the cervical region of the 
trunk according to whether they are anterior, posterior, medial, or 
lateral to the joint center. Note that some muscles may fall into more 
than one category. Identify the action or actions performed by the 
muscles in each category.

 3. Construct a chart listing the muscles of the thoracic region of the 
trunk according to whether they are anterior, posterior, medial, or 
lateral to the joint center. Note that some muscles may fall into more 
than one category. Identify the action or actions performed by the 
muscles in each category.

 4. Construct a chart listing the muscles of the lumbar region of the 
trunk according to whether they are anterior, posterior, medial, or 
lateral to the joint center. Note that some muscles may fall into more 
than one category. Identify the action or actions performed by the 
muscles in each category.

 5. How would trunk movement capability be affected if the lumbar 
region were immovable?

 6. What are the postural consequences of having extremely weak 
abdominal muscles?

 7. Weight training is used in conjunction with conditioning for numer-
ous sports. What would you advise regarding spinal posture during 
weight training?

 8. What exercises strengthen the muscles on the anterior, lateral, and 
posterior aspects of the trunk?

 9. Why should twisting be avoided when performing a lift?
 10. Solve Sample Problem 9.1 using the following data:

ADDITIONAL PROBLEMS

 1. Explain how pelvic movements facilitate spinal movements.
 2. What exercises should be prescribed for individuals with scoliosis? 

Lordosis? Kyphosis?
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SEGMENT WT MOMENT ARM

Head 50 N 22 cm

Trunk 280 N 12 cm

Arms 65 N 25 cm

Box 100 N 42 cm



 3. Compare and contrast the major muscles that serve as agonists dur-
ing performances of straight-leg and bent-knee sit-ups. Should sit-
ups be prescribed as an exercise for a low back pain patient? Explain 
why or why not.

 4. Why do individuals who work at a desk all day often develop low back 
pain?

 5. Explain why maintaining a normal lumbar curve is advantageous 
during lifting.

 6. Formulate a theory explaining why osteoporosis is often associated 
with increased thoracic kyphosis.

 7. Formulate a theory explaining why a loss in spinal fl exibility of 
approximately 50% is a result of the aging process.

 8. What are the consequences of the loss in intervertebral disc hydra-
tion that accompanies the aging process?

 9. What spinal exercises are appropriate for senior citizens? Provide a 
rationale for your choices.

 10. Make up a problem similar to (but different from) Sample Problem 9.1. 
Show a free body diagram and a solution for your problem.
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Study an anatomical model of the spine, or use the Dynamic Human CD to locate and identify the 
major bones and muscle attachments. (On the Dynamic Human CD, click on Skeletal, Anatomy, 
Gross Anatomy, Vertebral Column, Thoracic Cage, and then Pelvic Girdle.)

Bones of the Vertebral Column

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

_______________________________________________  _______________________________________________

Bones and Muscle Attachments of the Thoracic Cage

Bone  Muscle Attachments

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

Bones and Muscle Attachments of the Pelvic Girdle

Bone  Muscle Attachments

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________
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 2. Study an anatomical model of the trunk, or use the Dynamic Human CD to locate and identify the 
major muscles of the trunk and their attachment sites. (On the Dynamic Human CD, click on Muscu-
lar, Anatomy, Body Regions, and then Abdomen and Back.)

Muscles of the Anterior Trunk

Muscle  Attachment Sites

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

Muscles of the Posterior Trunk

Muscle  Attachment Sites

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

______________________________  ________________________________________________________________

 3. Using a skeleton or an anatomical model of the spine, carefully study the differences in vertebral size 
and shape among the cervical, thoracic, and lumbar regions. Construct a chart that characterizes the 
differences between regions, and write a paragraph explaining how the form of the vertebrae in each 
region is related to their functions.

Cervical  Thoracic Lumbar

______________________________  ______________________________  ________________________________

______________________________  ______________________________  ________________________________ 

______________________________  ______________________________  ________________________________
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______________________________  ______________________________  ________________________________

______________________________  ______________________________  ________________________________

______________________________  ______________________________  ________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 4. If available, use the Dynamic Human CD, and click on Skeletal, Clinical Concepts, and then Herni-
ated Disc. After also reviewing the material in the chapter, explain what kinds of activities are most 
likely to contribute to a disc herniation.

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. From a side view, video a volunteer lifting objects of light, medium, and heavy weights. What differ-
ences do you observe in lifting kinematics? Write a short explanation of your fi ndings.

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

annulus fi brosus thick, fi brocartilaginous ring that forms the exterior of the intervertebral disc

fl exion relaxation phenomenon condition in which, when the spine is in full fl exion, the spinal extensor muscles relax and 
the fl exion torque is supported by the spinal ligaments

intraabdominal pressure pressure inside the abdominal cavity; believed to help stiffen the lumbar spine against buckling
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kyphosis extreme curvature in the thoracic region of the spine

ligamentum fl avum yellow ligament that connects the laminae of adjacent vertebrae; distinguished by its elasticity

lordosis extreme curvature in the lumbar region of the spine

motion segment two adjacent vertebrae and the associated soft tissues; the functional unit of the spine

nucleus pulposus colloidal gel with a high fl uid content, located inside the annulus fi brosus of the interverte-
bral disc

prestress stress on the spine created by tension in the resting ligaments

primary spinal curves curves that are present at birth

scoliosis lateral spinal curvature

secondary spinal curves the cervical and lumbar curves, which do not develop until the weight of the body begins to 
be supported in sitting and standing positions

spondylolisthesis complete bilateral fracture of the pars interarticularis, resulting in anterior slippage of the 
vertebra

spondylolysis presence of a fracture in the pars interarticularis of the vertebral neural arch



Linear Kinematics 
of Human Movement

After completing this chapter, you will be able to:

Discuss the interrelationships among kinematic variables.

Correctly associate linear kinematic quantities with their units of measure.

Identify and describe the effects of factors governing projectile trajectory.

Explain why the horizontal and vertical components of projectile motion are 
analyzed separately.

Distinguish between average and instantaneous quantities and identify the 
 circumstances under which each is a quantity of interest.

Select and use appropriate equations to solve problems related to linear 
kinematics.
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W hy is a sprinter’s acceleration close to zero in the middle of a race? 
How does the size of a dancer’s foot affect the performance time 

that a choreographer must allocate for jumps? At what angle should a 
discus or a javelin be thrown to achieve maximum distance? Why does a 
ball thrown horizontally hit the ground at the same time as a ball dropped 
from the same height? These questions all relate to the kinematic charac-
teristics of a pure form of movement: linear motion. This chapter intro-
duces the study of human movement mechanics with a discussion of 
linear kinematic quantities and projectile motion.

LINEAR KINEMATIC QUANTITIES

Kinematics is the geometry, pattern, or form of motion with respect to 
time. Kinematics, which describes the appearance of motion, is distin-
guished from kinetics, the forces associated with motion. Linear kinemat-
ics involves the shape, form, pattern, and sequencing of linear movement 
through time, without particular reference to the forces that cause or 
result from the motion.

Careful kinematic analyses of performance are invaluable for clini-
cians, physical activity teachers, and coaches. When people learn a new 
motor skill, a progressive modifi cation of movement kinematics refl ects 
the learning process. This is particularly true for young children, whose 
movement kinematics changes with the normal changes in anthropome-
try and neuromuscular coordination that accompany growth. Likewise, 
when a patient rehabilitates an injured joint, the therapist or clinician 
looks for the gradual return of normal joint kinematics.

Kinematics spans both qualitative and quantitative forms of analysis. 
For example, qualitatively describing the kinematics of a soccer kick 
entails identifying the major joint actions, including hip fl exion, knee 
extension, and possibly plantar fl exion at the ankle. A more detailed qual-
itative kinematic analysis might also describe the precise sequencing and 
timing of body segment movements, which translates to the degree of skill 
evident on the part of the kicker. Although most assessments of human 
movement are carried out qualitatively through visual observation, 
quantitative analysis is also sometimes appropriate. Physical therapists, 

kinematics
the form, pattern, or sequencing of 
movement with respect to time

Movement kinematics is 
also referred to as form or 
technique. Photo courtesy of 
Getty Images.



CHAPTER 10: LINEAR KINEMATICS OF HUMAN MOVEMENT 321

for example, often measure the range of motion of an injured joint to 
help determine the extent to which range of motion exercises may be 
needed. When a coach measures an athlete’s performance in the shot 
put or long jump, this too is a quantitative assessment.

Sport biomechanists often quantitatively study the kinematic factors 
that characterize an elite performance or the biomechanical factors that 
may limit the performance of a particular athlete. Researchers have dis-
covered that elite sprinters, for example, develop both greater horizontal 
and vertical velocity coming off the starting blocks as compared to well-
trained nonelite sprinters (24). During both the approach for the volley-
ball spike jump and the takeoff in the ski jump it is subtleties in approach 
kinematics that infl uence the height of the spike jump and the length of 
the ski jump (10, 27).

Most biomechanical studies of human kinematics, however, are per-
formed on nonelite subjects. Kinematic research has shown that toddlers 
exhibit different strategies in walking than adults, exhibiting more kine-
matic variability and exploratory behavior as compared to adults (5). In 
collaboration with adapted physical education specialists, biomechanists 
have documented the characteristic kinematic patterns associated with 
relatively common disabling conditions such as cerebral palsy, Down syn-
drome, and stroke. Biomechanists studying wheelchair propulsion have 
shown that in order to propel a wheelchair up a slope, paraplegics increase 
forward trunk lean and employ increased stroke frequency coupled with 
decreased stroking speed (2).

Distance and Displacement

Units of distance and displacement are units of length. In the metric sys-
tem, the most commonly used unit of distance and displacement is the 
meter (m). A kilometer (km) is 1000 m, a centimeter (cm) is 1

100 m, and a 
millimeter (mm) is 1

1000 m. In the English system, common units of length 
are the inch, the foot (0.30 m), the yard (0.91 m), and the mile (1.61 km).

Distance and displacement are assessed differently. Distance is mea-
sured along the path of motion. When a runner completes 11⁄2 laps around 
a 400 m track, the distance that the runner has covered is equal to 600 
(400 � 200) m. Linear displacement is measured in a straight line from 
position 1 to position 2, or from initial position to fi nal position. At the end 
of 11⁄2 laps around the track, the runner’s displacement is the length of the 
straight imaginary line that transverses the fi eld, connecting the runner’s 
initial position to the runner’s fi nal position halfway around the track 
(see Introductory Problem 1). At the completion of 2 laps around the track, 
the distance run is 800 m. Because initial and fi nal positions are the same, 
however, the runner’s displacement is zero. When a skater moves around 
a rink, the distance the skater travels may be measured along the tracks 
left by the skates. The skater’s displacement is measured along a straight 
line from initial to fi nal positions on the ice (Figure 10-1).

Another difference is that distance is a scalar quantity while displace-
ment is a vector quantity. Consequently, the displacement includes more 
than just the length of the line between two positions. Of equal impor-
tance is the direction in which the displacement occurs. The direction of a 
displacement relates the fi nal position to the initial position. For example, 
the displacement of a yacht that has sailed 900 m on a tack due south 
would be identifi ed as 900 m to the south.

The direction of a displacement may be indicated in several different, 
equally acceptable ways. Compass directions such as south and northwest 
and the terms left/right, up/down, and positive/negative are all appropriate 

meter
the most common international unit 
of length, on which the metric system 
is based

linear displacement
change in location, or the directed 
distance from initial to fi nal location

•The metric system is the 
predominant standard of 
measurement in every major 
country in the world except the 
United States.
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labels. The positive direction is typically defi ned as upward and/or to the 
right, with negative regarded as downward and/or to the left. This enables 
indication of direction using plus and minus signs. The most important 
thing is to be consistent in using the system or convention adopted for 
indicating direction in a given context. It would be confusing to describe a 
displacement as 500 m north followed by 300 m to the right.

Either distance or displacement may be the more important quantity 
of interest depending on the situation. Many 5 km and 10 km racecourses 
are set up so that the fi nish line is only a block or two from the starting 
line. Participants in these races are usually interested in the number of 
kilometers of distance covered or the number of kilometers left to cover as 
they progress along the racecourse. Knowledge of displacement is not par-
ticularly valuable during this type of event. In other situations, however, 
displacement is more important. For example, triathlon competitions may 
involve a swim across a lake. Because swimming in a perfectly straight 
line across a lake is virtually impossible, the actual distance a swimmer 
covers is always somewhat greater than the width of the lake (see Sample 
Problem 10.1). However, the course is set up so that the identifi ed length 
of the swim course is the length of the displacement between the entry 
and exit points on the lake.

Displacement magnitude and distance covered can be identical. When 
a cross-country skier travels down a straight path through the woods, 
both distance covered and displacement are equal. However, any time the 
path of motion is not rectilinear, the distance traveled and the size of the 
displacement will differ.

Speed and Velocity

Two quantities that parallel distance and linear displacement are speed 
and linear velocity. These terms are often used synonymously in general 
conversation, but in mechanics, they have precise and different meanings. 
Speed, a scalar quantity, is defi ned as the distance covered divided by the 
time taken to cover it:

speed 5
length 1or distance2

change in time

Velocity (v) is the change in position, or displacement, that occurs during 
a given period of time:

v 5
change in position 1or displacement2

change in time

Because the Greek capital letter delta (�) is commonly used in mathematical 
expressions to mean “change in,” a shorthand version of the relationship 

Finish

Start

FIGURE 10-1

The distance a skater travels 
may be measured from the 
track on the ice. The skater’s 
displacement is measured in 
a straight line from initial 
position to fi nal position.

•Distance covered and 
displacement may be equal 
for a given movement. Or 
distance may be greater than 
displacement, but the reverse is 
never true.

linear velocity
the rate of change in location



CHAPTER 10: LINEAR KINEMATICS OF HUMAN MOVEMENT 323

expressed follows, with t representing the amount of time elapsed during the 
velocity assessment:

v 5
¢ position
¢ time

5
d
¢t

Another way to express change in position is position2 � position1, in 
which position1 represents the body’s position at one point in time and 
position2 represents the body’s position at a later point:

velocity 5
position2 2 position1

time2 2 time1

Because velocity is based on displacement, it is also a vector quantity. 
Consequently, description of velocity must include an indication of both 
the direction and the magnitude of the motion. If the direction of the 
motion is positive, velocity is positive; if the direction is negative, velocity 
is negative. A change in a body’s velocity may represent a change in its 
speed, movement direction, or both.

S A M P L E  P R O B L E M  1 0 . 1

A swimmer crosses a lake that is 0.9 km wide in 30 minutes. What was his 
average velocity? Can his average speed be calculated?

Known
After reading the problem carefully, the next step is to sketch the problem 
situation, showing all quantities that are known or may be deduced from 
the problem statement:

 t 5 30 min (0.5 hr)

Solution
In this situation, we know that the swimmer’s displacement is 0.9 km. 
However, we know nothing about the exact path that he may have fol-
lowed. The next step is to identify the appropriate formula to use to fi nd 
the unknown quantity, which is velocity:

v 5 
d
t

The known quantities can now be fi lled in to solve for velocity:

v 5
0.9 km
0.5 hr

  5 1.8 km/hr

Speed is calculated as distance divided by time. Although we know the 
time taken to cross the lake, we do not know, nor can we surmise from the 
information given, the exact distance covered by the swimmer. Therefore, 
his speed cannot be calculated.

d 5 0.9 km

Actual path

•Displacement and velocity are 
vector equivalents of the scalar 
quantities distance and speed.
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Whenever two or more velocities act, the laws of vector algebra govern 
the ultimate speed and direction of the resultant motion. For example, the 
path actually taken by a swimmer crossing a river is determined by the 
vector sum of the swimmer’s speed in the intended direction and the 
velocity of the river’s current (Figure 10-2). Sample Problem 10.2 provides 
an illustration of this situation.

Units of speed and velocity are units of length divided by units of time. 
In the metric system, common units for speed and velocity are meters per 
second (m/s) and kilometers per hour (km/hr). However, any unit of length 
divided by any unit of time yields an acceptable unit of speed or velocity. 
For example, a speed of 5 m/s can also be expressed as 5000 mm/s or 
18,000 m/hr. It is usually most practical to select units that will result in 
expression of the quantity in the smallest, most manageable form.

For human gait, speed is the product of stride length and stride frequency. 
Adults in a hurry tend to walk with both longer stride lengths and faster 
stride frequency than they use under more leisurely circumstances.

During running, a kinematic variable such as stride length is not sim-
ply a function of the runner’s body height, but is also infl uenced by muscle 
fi ber composition, footwear, level of fatigue, injury history, and the incli-
nation (grade) and stiffness of the running surface (7). Runners traveling 
at a slow pace tend to increase velocity primarily by increasing stride 
length. At faster running speeds, recreational runners rely more on 
increasing stride frequency to increase velocity (Figure 10-3). In cross-
country skiing, as speed increases, stride rate increases and stride length 
tends to decrease (19). Overstriding, or using an overly long stride length, 
should be avoided in both running and skiing, since it is a risk factor for 
hamstring strains.

Those who run regularly for exercise usually prefer a given stride 
frequency over a range of slow-to-moderate running speeds. One reason 
for this may be related to running economy—the oxygen consumption 
required for performing a given task. Most runners tend to choose a 

•Units of speed and velocity are 
always units of length divided by 
units of time.

Current
velocity

Resultant
velocity

Swimmer's
velocity

FIGURE 10-2

The velocity of a swimmer in 
a river is the vector sum of 
the swimmer’s velocity and 
the velocity of the current.

Running speed is the product 
of stride length and stride 
frequency. Photo courtesy of Karl 
Weatherly/Getty Images.
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S A M P L E  P R O B L E M  1 0 . 2

A swimmer orients herself perpendicular to the parallel banks of a river. 
If the swimmer’s velocity is 2 m/s and the velocity of the current is 0.5 m/s, 
what will be her resultant velocity? How far will she actually have to 
swim to get to the other side if the banks of the river are 50 m apart?

Solution
A diagram is drawn showing vector representations of the velocities of 
the swimmer and the current:

The resultant velocity can be found graphically by measuring the length 
and the orientation of the vector resultant of the two given velocities:

 R � 2.1 m/s
 � � 15°

The resultant velocity can also be found using trigonometric relation-
ships. The magnitude of the resultant velocity may be calculated using 
the Pythagorean theorem:

 R2 5 (2 m/s)2 � (0.5 m/s)2

R2 5 212m/s22 1 210.5 m/s22

 5 2.06 m/s

The direction of the resultant velocity may be calculated using the cosine 
relationship:

 R cos � 5 2 m/s
(2.06 m/s) cos � 5 2 m/s

 a 5 arccosa
2 m/s

2.06 m/s
b

  5 14°

If the swimmer travels in a straight line in the direction of her resul-
tant velocity, the cosine relationship may be used to calculate her 
resultant displacement:

 D cos � 5 50 m
 D cos 14 5 50 m

 D 5 51.5 m

0.5 m/s

a2 m/s R

50
 m

50 m Da

1 m/s
2 m/s Ra
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combination of stride length and stride frequency that minimizes the 
physiological cost of running. As discussed in Chapter 1, many species of 
animals do the same thing. Running on downhill and uphill surfaces 
tends to respectively increase and decrease running speed, with these 
differences primarily a function of increased and decreased stride length 
(20). The presence of fatigue, as would be expected near the end of a 
marathon event, tends to result in increased stride frequency and 
decreased stride length (11).

Since maximizing speed is the objective of all racing events, sport 
biomechanists have focused on the kinematic features that appear to 
accompany fast performances in running, skiing, skating, cycling, 
swimming, and rowing events. Research shows that elite 1500-m run-
ners are distinguished from other skilled performers in the event by 
different hip kinematics, suggesting more effi cient use of the hips dur-
ing running (14). In cross-country skiing, use of the double-push tech-
nique is superior to other techniques for uphill skating speed in that it 
involves longer cycle lengths, a lower cycle rate, and longer recovery 
times (25). Elite long-distance skaters adopt the strategy of starting 
races fast and skating progressively slower, although completing all 
laps faster than their subelite competitors (18). Further research shows 
that competitive breaststrokers glide for longer periods than less-skilled 
swimmers (23, 26). 

When racing performances are analyzed, comparisons are usually 
based on pace rather than speed or velocity. Pace is the inverse of speed. 
Rather than units of distance divided by units of time, pace is presented 
as units of time divided by units of distance. Pace is the time taken to 
cover a given distance and is commonly quantifi ed as minutes per km or 
minutes per mile.

ACCELERATION

We are well aware that the consequence of pressing down or letting up on 
the accelerator (gas) pedal of an automobile is usually a change in the 
automobile’s speed (and velocity). Linear acceleration (a) is defi ned as the 

2.0

1.5

1.0

SL
(m)

Stride length

Stride rate

Running velocity (m/s)

SR
(Hz)

4.5

4.0

3.5

3.0

2.5

4 6 8 10

FIGURE 10-3

Changes in stride length 
and stride rate with running 
velocity. From Luhtanen P and 
Komi PV: Mechanical factors 
infl uencing running speed. In 
Asmussen E and Jorgensen K, eds: 
Biomechanics VI-B, Baltimore, 
1978, University Park Press.

linear acceleration
the rate of change in linear velocity
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rate of change in velocity, or the change in velocity occurring over a given 
time interval (t):

a 5
change in velocity

change of time
5
¢v
¢t

Another way to express change in velocity is v2 � v1, where v1 represents 
velocity at one point in time and v2 represents velocity at a later point:

a 5
v2 2 v1

¢t

Units of acceleration are units of velocity divided by units of time. If a car 
increases its velocity by 1 km/hr each second, its acceleration is 1 km/hr/s. 
If a skier increases velocity by 1 m/s each second, the acceleration is 
1 m/s/s. In mathematical terms, it is simpler to express the skier’s accel-
eration as 1 m/s squared (1 m/s2). A common unit of acceleration in the 
metric system is m/s2.

Acceleration is the rate of change in velocity, or the degree with which 
velocity is changing with respect to time. For example, a body accelerating 
in a positive direction at a constant rate of 2 m/s2 is increasing its velocity 
by 2 m/s each second. If the body’s initial velocity was zero, a second later 
its velocity would be 2 m/s, a second after that its velocity would be 4 m/s, 
and a second after that its velocity would be 6 m/s.

In general usage, the term accelerating means speeding up, or increas-
ing in velocity. If v2 is greater than v1, acceleration is a positive number, 
and the body in motion may have speeded up during the period in ques-
tion. However, because it is sometimes appropriate to label the direction 
of motion as positive or negative, a positive value of acceleration may not 
mean that the body is speeding up.

If the direction of motion is described in terms other than positive or 
negative, a positive value of acceleration does indicate that the body being 
analyzed has speeded up. For example, if a sprinter’s velocity is 3 m/s on 
leaving the blocks and is 5 m/s a second later, calculation of the accelera-
tion that has occurred will yield a positive number. Because v1 5 3 m/s, 
v2 5 5 m/s, and t 5 1 s:

 a 5
v2 2 v1

¢t

 5
5 m/s 2 3 m/s

1 s

 5 2 m/s2

Sliding into a base involves 
negative acceleration of the 
base runner. Photo courtesy of 
Royalty-Free/CORBIS.
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Whenever the direction of motion is described in terms other than posi-
tive or negative, and v2 is greater than v1, the value of acceleration will be 
a positive number, and the object in question is speeding up.

Acceleration can also assume a negative value. As long as the direc-
tion of motion is described in terms other than positive or negative, neg-
ative acceleration indicates that the body in motion is slowing down, or 
that its velocity is decreasing. For example, when a base runner slides to 
a stop over home plate, acceleration is negative. If a base runner’s veloc-
ity is 4 m/s when going into a 0.5 s slide that stops the motion, v1 5 4 m/s, 
v2 5 0, and t 5 0.5 s. Acceleration may be calculated as the following:

 a 5
v2 2 v1

t

 5
0 2 4 m/s

0.5 s

 5 28 m/s2

Whenever v1 is greater than v2 in this type of situation, acceleration will 
be negative. Sample Problem 10.3 provides another example of a situa-
tion involving negative acceleration.

Understanding acceleration is more complicated when one direction is 
designated as positive and the opposite direction is designated as nega-
tive. In this situation, a positive value of acceleration can indicate either 
that the object is speeding up in a positive direction or that it is slowing 
down in a negative direction (Figure 10-4).

Consider the case of a ball being dropped from a hand. As the ball falls 
faster and faster because of the infl uence of gravity, it is gaining speed—
for example, 0.3 m/s to 0.5 m/s to 0.8 m/s. Because the downward direction 
is considered as the negative direction, the ball’s velocity is actually 
–0.3 m/s to –0.5 m/s to –0.8 m/s. If v1 5 –0.3 m/s, v2 5 –0.5 m/s, and t 5 
0.02 s, acceleration is calculated as follows:

 a 5
v2 2 v1

t

 5
20.5 m/s 2 120.3 m/s2

0.02 s

 5 210 m/s2

In this situation, the ball is speeding up, yet its acceleration is negative 
because it is speeding up in a negative direction. If acceleration is negative, 
velocity may be either increasing in a negative direction or decreasing in a 
positive direction. Alternatively, if acceleration is positive, velocity may be 
either increasing in a positive direction or decreasing in a negative direction.

The third alternative is for acceleration to be equal to zero. Accelera-
tion is zero whenever velocity is constant, that is, when v1 and v2 are the 
same. In the middle of a 100 m sprint, a sprinter’s acceleration should be 
close to zero, because at that point the runner should be running at a 
constant, near-maximum velocity.

Acceleration and deceleration (the lay term for negative acceleration) 
have implications for injury of the human body, since changing velocity 
results from the application of force (see Chapter 12). The anterior cruci-
ate ligament, which restricts the forward sliding of the femur on the tibial 
plateaus during knee fl exion, is often injured when an athlete who is run-
ning decelerates rapidly or changes directions quickly.

It is important to remember that since acceleration is a vector quantity, 
changing directions, even while maintaining a constant speed, represents 

•When acceleration is zero, 
velocity is constant.
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a change in acceleration. The concept of angular acceleration, with direc-
tion constantly changing, is discussed in Chapter 11. The forces associ-
ated with change in acceleration based on change in direction must be 
compensated for by skiers and velodrome cyclists, in particular. That topic 
is discussed in Chapter 14.

Average and Instantaneous Quantities

It is often of interest to determine the velocity of acceleration of an object 
or body segment at a particular time. For example, the instantaneous 

S A M P L E  P R O B L E M  1 0 . 3

A soccer ball is rolling down a fi eld. At t 5 0, the ball has an instantaneous 
velocity of 4 m/s. If the acceleration of the ball is constant at �0.3 m/s2, 
how long will it take the ball to come to a complete stop?

Known
After reading the problem carefully, the next step is to sketch the problem 
situation, showing all quantities that are known or given in the problem 
statement.

Solution
The next step is to identify the appropriate formula to use to fi nd the 
unknown quantity:

a 5
v2 2 v1

t

The known quantities can now be fi lled in to solve for the unknown vari-
able (time):

20.3 m/s2 5
0 2 4 m/s

t

Rearranging the equation, we have the following:

t 5
0 2 4 m/s
20.3 m/s2

Simplifying the expression on the right side of the equation, we have the 
solution:

t 5 13.3 s

a 5 20.3 m/s2

v 5 4 m/s

t 5 0

v 5 0

t 5

instantaneous
occurring during a small interval of 
time
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velocity of a shot or a discus at the moment the athlete releases it greatly 
affects the distance that the implement will travel. It is sometimes suffi -
cient to quantify the average speed or velocity of the entire performance.

When speed and velocity are calculated, the procedures depend on 
whether the average or the instantaneous value is the quantity of inter-
est. Average velocity is calculated as the fi nal displacement divided by the 
total time. Average acceleration is calculated as the difference in the fi nal 
and initial velocities divided by the entire time interval. Calculation of 
instantaneous values can be approximated by dividing differences in 
velocities over an extremely small time interval. With calculus, velocity 
can be calculated as the derivative of displacement, and acceleration as 
the derivative of velocity.

Selection of the time interval over which speed or velocity is quantifi ed 
is important when analyzing the performance of athletes in racing events. 
Many athletes can maintain world record paces for the fi rst one-half or 
three-fourths of the event, but slow during the last leg because of fatigue. 
Alternatively, some athletes may intentionally perform at a controlled 
pace during earlier segments of a race and then achieve maximum speed 
at the end. The longer the event is, the more information is potentially lost 
or concealed when only the fi nal time or average speed is reported.

KINEMATICS OF PROJECTILE MOTION

Bodies projected into the air are projectiles. A basketball, a discus, a 
high jumper, and a sky diver are all projectiles as long as they are mov-
ing through the air unassisted. Depending on the projectile, different 

Motion in
a positive
direction

Motion in
a negative
direction

Positive acceleration

Decreasing speed

Negative acceleration

Negative acceleration

Increasing speed

Decreasing speed

Positive acceleration

Increasing speed

FIGURE 10-4

Right is regarded as the 
positive direction, and left 
as the negative direction. 
Acceleration may be positive, 
negative, or equal to zero, 
based on the direction of the 
motion and the direction of 
the change in speed.

The instantaneous velocity 
of the shot at the moment of 
release primarily determines 
the ultimate horizontal 
displacement of the shot. Photo 
courtesy of Digital Vision/Getty 
Images.

average
occurring over a designated time 
interval

projectile
body in free fall that is subject 
only to the forces of gravity and air 
resistance
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kinematic quantities are of interest. The resultant horizontal displace-
ment of the projectile determines the winner of the contest in fi eld 
events such as the shot put, discus throw, and javelin throw. High jump-
ers and pole-vaulters maximize ultimate vertical displacement to win 
events. Sky divers manipulate both horizontal and vertical components 
of velocity to land as close as possible to targets on the ground.

However, not all objects that fl y through the air are projectiles. A pro-
jectile is a body in free fall that is subject only to the forces of gravity and 
air resistance. Therefore, objects such as airplanes and rockets do not 
qualify as projectiles, because they are also infl uenced by the forces gen-
erated by their engines.

Horizontal and Vertical Components

Just as it is more convenient to analyze general motion in terms of its 
linear and angular components, it is usually more meaningful to analyze 
the horizontal and vertical components of projectile motion separately. 
This is true for two reasons. First, the vertical component is infl uenced 
by gravity, whereas no force (neglecting air resistance) affects the hori-
zontal component. Second, the horizontal component of motion relates to 
the distance the projectile travels, and the vertical component relates 
to the maximum height achieved by the projectile. Once a body has been 
projected into the air, its overall (resultant) velocity is constantly chang-
ing because of the forces acting on it. When examined separately, how-
ever, the horizontal and vertical components of projectile velocity change 
predictably.

Horizontal and vertical components of projectile motion are indepen-
dent of each other. In the example shown in Figure 10-5, a baseball is 
dropped from a height of 1 m at the same instant that a second ball is 
horizontally struck by a bat at a height of 1 m, resulting in a line drive. 
Both balls land on the level fi eld simultaneously, because the vertical 
components of their motions are identical. However, because the line 
drive also has a horizontal component of motion, it undergoes some hori-
zontal displacement as well.

Influence of Gravity

A major factor that infl uences the vertical but not the horizontal compo-
nent of projectile motion is the force of gravity, which accelerates bodies in 
a vertical direction toward the surface of the earth (Figure 10-6). Unlike 
aerodynamic factors that may vary with the velocity of the wind, gravita-
tional force is a constant, unchanging force that produces a constant down-
ward vertical acceleration. Using the convention that upward is positive 
and downward is negative, the acceleration of gravity is treated as a nega-
tive quantity (�9.81 m/s2). This acceleration remains constant regardless 
of the size, shape, or weight of the projectile. The vertical  component of the 
initial projection velocity determines the maximum  vertical displacement 
achieved by a body projected from a given relative projection height.

FIGURE 10-5

The vertical and horizontal 
components of projectile 
motion are independent. A 
ball hit horizontally has the 
same vertical component 
as a ball dropped with no 
horizontal velocity.

The human body becomes a 
projectile during the airborne 
phase of a jump. Photo courtesy 
of Digital Vision/Getty Images.

•The force of gravity produces a 
constant acceleration on bodies 
near the surface of the earth equal 
to approximately –9.81 m/s2.
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Figure 10-7 illustrates the infl uence of gravity on projectile fl ight in the 
case of a ball tossed into the air by a juggler. The ball leaves the juggler’s 
hand with a certain vertical velocity. As the ball travels higher and higher, 
the magnitude of its velocity decreases because it is undergoing a negative 
acceleration (the acceleration of gravity in a downward direction). At the 
peak or apex of the fl ight, which is that instant between going up and com-
ing down, vertical velocity is zero. As the ball falls downward, its speed 
progressively increases, again because of gravitational acceleration. Since 
the direction of motion is downward, the ball’s velocity is becoming pro-
gressively more negative. If the ball is caught at the same height from 
which it was tossed, the ball’s speed is exactly the same as its initial speed, 
although its direction is now reversed. Graphs of the vertical displace-
ment, velocity, and acceleration of a tossed ball are shown in Figure 10-8.

Influence of Air Resistance

If an object were projected in a vacuum (with no air resistance), the hori-
zontal component of its velocity would remain exactly the same through-
out the fl ight. However, in most real-life situations, air resistance affects 
the horizontal component of projectile velocity. A ball thrown with a given 
initial velocity in an outdoor area will travel much farther if it is thrown 
with a tailwind rather than into a headwind. Because the effects of air 
resistance are variable, however, it is customary to disregard air resis-
tance in discussing and solving problems related to projectile motion 
since this allows treating the horizontal component of projectile motion as 
an unchanging (constant) quantity.

A

B

FIGURE 10-6

Projectile trajectories without 
(A) and with (B) gravitational 
infl uence.

apex
the highest point in the trajectory of 
a projectile

FIGURE 10-7

The pattern of change in the 
vertical velocity of a projectile 
is symmetrical about the apex 
of the trajectory.

•Neglecting air resistance, the 
horizontal speed of a projectile 
remains constant throughout the 
trajectory.
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When a projectile drops vertically through the air in a typical real-life 
situation, its velocity at any point is also related to air resistance. A sky 
diver’s velocity, for example, is much smaller after the opening of the 
parachute than before its opening.

FACTORS INFLUENCING 
PROJECTILE TRAJECTORY

Three factors infl uence the trajectory (fl ight path) of a projectile: (a) the 
angle of projection, (b) the projection speed, and (c) the relative height of 
projection (Figure 10-9) (Table 10-1). Understanding how these factors 

0

0

0Vertical
acceleration

Vertical
velocity

Vertical
displacement

time

time

time

FIGURE 10-8

Vertical displacement, 
velocity, and acceleration 
graphs for a ball tossed 
into the air that falls to the 
ground. Note that velocity 
is in a positive (upward) 
direction but decreasing as 
the ball is going up. At the 
apex of the trajectory, in 
between going up and coming 
down, the ball’s velocity is 
instantaneously zero. Then 
as the ball falls downward, 
velocity is in a negative 
(downward) direction 
but speed is increasing. 
Acceleration remains 
constant at 29.81 m/s2 since 
gravity is the only force acting 
on the ball.

trajectory
the fl ight path of a projectile

•The three mechanical factors 
that determine a projectile’s 
motion are projection angle, 
projection speed, and relative 
height of projection.

Projection
speed Projection

angle

Projection
height

FIGURE 10-9

Factors affecting the 
trajectory of a projectile 
include projection angle, 
projection speed, and relative 
height of projection.
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interact is useful within the context of sport both for determining how to 
best project balls and other implements and for predicting how to best 
catch or strike projected balls.

Projection Angle

The angle of projection and the effects of air resistance govern the shape 
of a projectile’s trajectory. Changes in projection speed infl uence the size 
of the trajectory, but trajectory shape is solely dependent on projection 
angle. In the absence of air resistance, the trajectory of a projectile 
assumes one of three general shapes, depending on the angle of projec-
tion. If the projection angle is perfectly vertical, the trajectory is also per-
fectly vertical, with the projectile following the same path straight up and 
then straight down again. If the projection angle is oblique (at some angle 
between 0° and 90°), the trajectory is parabolic, or shaped like a parabola. 
A parabola is symmetrical, so its right and left halves are mirror images 
of each other. A body projected perfectly horizontally (at an angle of 0°) 
will follow a trajectory resembling one-half of a parabola (Figure 10-10). 

TABLE 10-1

Factors Infl uencing 

Projectile Motion 

(Neglecting Air 

Resistance)

VARIABLE FACTORS OF INFLUENCE

Flight time Initial vertical velocity
Relative projection height

Horizontal displacement Horizontal velocity
Relative projection height

Vertical displacement Initial vertical velocity
Relative projection height

Trajectory Initial speed
Projection angle

Relative projection height

Vertical
trajectory

Oblique trajectory

Horizontal trajectory

FIGURE 10-10

The effect of projection angle 
on projectile trajectory.

angle of projection
the direction at which a body 
is projected with respect to the 
horizontal
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Figure 10-11 displays scaled, theoretical trajectories for an object pro-
jected at different angles at a given speed. A ball thrown upward at a 
projection angle of 80° to the horizontal follows a relatively high and nar-
row trajectory, achieving more height than horizontal distance. A ball pro-
jected upward at a 10° angle to the horizontal follows a trajectory that is 
fl at and long in shape.

Projection angle has direct implications for success in the sport of 
basketball, since a nearly vertical angle of entry into the basket allows 
a somewhat larger margin of error than a more horizontal angle of entry. 
Within 4.57 m of the basket, jump shot release angles are about 52–55°, 
providing a relatively vertical angle of entry, whereas shots taken from 
6.40 m tend to be released at 48–50°, allowing for a minimum release 
speed, but a less vertical angle of entry (17). When shooting in close 
proximity to a defender, players tend to release the ball at a more verti-
cal release angle and from a greater height than is the case when a 
player is open (21). Although the strategy behind this is typically to 
keep the shot from being blocked, it may also result in more accurate 
shooting.

In projection situations on a fi eld, air resistance may, in reality, create 
irregularities in the shape of a projectile’s trajectory. A typical modifi ca-
tion in trajectory caused by air resistance is displayed in Figure 10-12. 
For purposes of simplifi cation, the effects of aerodynamic forces will be 
disregarded in the discussion of projectile motion.

Projection Speed

When projection angle and other factors are constant, the projection speed 
determines the length or size of a projectile’s trajectory. For example, 
when a body is projected vertically upward, the projectile’s initial speed 
determines the height of the trajectory’s apex. For a body that is projected 
at an oblique angle, the speed of projection determines both the height 
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This scaled diagram shows 
the size and shape of 
trajectories for an object 
projected at 10 m/s.

Projection angle is 
particularly important in the 
sport of basketball. A common 
error among novice players is 
shooting the ball with too fl at 
a trajectory. Photo courtesy of 
Blend Images/Getty Images.

Without air
resistance

With air
resistance

FIGURE 10-12

In real-life situations, air 
resistance causes a projectile 
to deviate from its theoretical 
parabolic trajectory.

projection speed
the magnitude of projection velocity

•A projectile’s range is the 
product of its horizontal speed 
and fl ight time.
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and the horizontal length of the trajectory (Figure 10-13). The combined 
effects of projection speed and projection angle on the horizontal displace-
ment, or range, of a projectile are shown in Table 10-2.

Performance in the execution of a vertical jump on a fl at surface is 
entirely dependent on takeoff speed; that is, the greater the vertical veloc-
ity at takeoff, the higher the jump, and the higher the jump, the greater 
the amount of time the jumper is airborne (see margin). Elite beach vol-
leyball players can jump higher and stay airborne longer when taking off 
from a solid surface than from sand because the instability of the sand 
produces a reduction in takeoff velocity (6). 

The time required for the performance of a vertical jump can be an impor-
tant issue for dance choreographers. The incorporation of vertical jumps 
into a performance must be planned carefully (12). If the tempo of the music 
necessitates that vertical jumps be executed within one-third of a second, 
the height of the jumps is restricted to approximately 12 cm. The choreogra-
pher must be aware that under these circumstances, most dancers do not 
have suffi cient fl oor clearance to point their toes during jump execution.

Relative Projection Height

The third major factor infl uencing projectile trajectory is the relative pro-
jection height (Figure 10-14). This is the difference in the height from 
which the body is initially projected and the height at which it lands or 
stops. When a discus is released by a thrower from a height of 11⁄2 m above 
the ground, the relative projection height is 11⁄2 m, because the projection 
height is 11⁄2 m greater than the height of the fi eld on which the discus 
lands. If a driven golf ball becomes lodged in a tree, the relative projection 
height is negative, because the landing height is greater than the projec-
tion height. When projection velocity is constant, greater relative projec-
tion height translates to longer fl ight time and greater horizontal 
displacement of the projectile.

In the sport of diving, relative projection height is the height of the 
springboard or platform above the water. If a diver’s center of gravity is 
elevated 1.5 m above the springboard at the apex of the trajectory, fl ight 
time is about 1.2 s from a 1 m board and 1.4 s from a 3 m board. This pro-
vides enough time for a skilled diver to complete 3 somersaults from a 1 m 
board and 31⁄2-somersaults from a 3 m board (30). The implication is that 
a diver attempting to learn a 31⁄2-somersault dive from the 3 m spring-
board should fi rst be able to easily execute a 21⁄2 somersault dive from the 
1 m board.
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FIGURE 10-13

The effect of projection 
speed on projectile trajectory 
with projection angle held 
constant.

range
the horizontal displacement of a 
projectile at landing

relative projection 
height
the difference between projection 
height and landing height

•A projectile’s fl ight time is 
increased by increasing the 
vertical component of projection 
velocity or by increasing the 
relative projection height.

VERTICAL JUMP 
HEIGHT (cm)

FLIGHT 
TIME (s)

5 0.2

11 0.3

20 0.4

31 0.5

44 0.6

60 0.7

78 0.8

99 0.9
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Optimum Projection Conditions

In sporting events based on achieving maximum horizontal displacement 
or maximum vertical displacement of a projectile, the athlete’s primary 
goal is to maximize the speed of projection. In the throwing events, 
another objective is to maximize release height, because greater relative 
projection height produces longer fl ight time, and consequently greater 
horizontal displacement of the projectile. However, it is generally not pru-
dent for a thrower to sacrifi ce release speed for added release height.

The factor that varies the most, with both the event and the performer, 
is the optimum angle of projection. When relative projection height is zero, 
the angle of projection that produces maximum horizontal displacement 

TABLE 10-2

The Effect of Projection 

Angle on Range (Relative 

Projection Height 5 0)

PROJECTION SPEED (m/s) PROJECTION ANGLE (°) RANGE (m)

10 10 3.49

10 20 6.55

10 30 8.83

10 40 10.04

10 45 10.19

10 50 10.04

10 60 8.83

10 70 6.55

10 80 3.49

20 10 13.94

20 20 26.21

20 30 35.31

20 40 40.15

20 45 40.77

20 50 40.15

20 60 35.31

20 70 26.21

20 80 13.94

30 10 31.38

30 20 58.97

30 30 79.45

30 40 90.35

30 45 91.74

30 50 90.35

30 60 79.45

30 70 58.97

30 80 31.38
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is 45°.  As relative projection height increases, the optimum angle of pro-
jection decreases, and as relative projection height decreases, the optimum 
angle increases (Figure 10-15).

It is important to recognize that there are relationships among projection 
speed, height, and angle, such that when one is shifted closer to what would 
theoretically be optimal, another moves farther away from optimum. This is 
because humans are not machines, and human anatomy dictates certain 
constraints. Research has shown, for example, that the relationships among 

Relative projection height = 0

Relative projection height = 2 m

Relative projection height = 21.5 m

1.5 m

3 m

2 m

FIGURE 10-14

The relative projection height.

458

<458

>458

FIGURE 10-15

When projection speed is 
constant and aerodynamics 
are not considered, the 
optimum projection angle is 
based on the relative height of 
projection. When the relative 
projection height is zero, 
an angle of 45° is optimum. 
As the relative projection 
height increases, optimum 
projection angle decreases. 
As the relative projection 
height becomes increasingly 
negative, the optimum 
projection angle increases.
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release speed, height, and angle for performance in the shot put are such 
that achievable release speed decreases with increasing release angle at 
1.7 (m/s)/rad and decreases with increasing release height at 0.8 (m/s)/m (9). 
For both the shot put and the discus, however, biomechanists have found 
that the optimal angle of release is athlete-specifi c, ranging from 35 to 
44 degrees among elite performers because of individual differences in the 
decrease of projection speed with increasing release angle (13, 15).

Likewise, when the human body is the projectile during a jump, high 
takeoff speed serves to constrain the projection angle that can be achieved 
(22). In the performance of the long jump, for example, because takeoff 
and landing heights are the same, the theoretically optimum angle of 
takeoff is 45° with respect to the horizontal. However, it has been esti-
mated by Hay (8) that to obtain this theoretically optimum takeoff angle, 
long jumpers would decrease the horizontal velocity they could otherwise 
obtain by approximately 50%. Research has shown that success in the 
long jump, high jump, and pole vault is related to the athlete’s ability to 
maximize horizontal velocity going into takeoff (1, 4, 28). The actual take-
off angles employed by elite long jumpers range from approximately 18° 
to 27° (8). Takeoff angles during all three phases of the triple jump are 
even smaller for elite performers than those used in the long jump (16). 
Performance in the triple jump is complicated by the fact that there is a 
direct trade-off between horizontal velocity and vertical velocity during 
the jumps (31). In the ski jump, where athletes have the advantage of a 
large relative height between takeoff and landing, takeoff angles are as 
small as 4.6–6.2° (29). In an event such as the high jump, in which the 
goal is to maximize vertical displacement, takeoff angles among skilled 
Fosbury Flop–style jumpers range from 40°–48° (3).

ANALYZING PROJECTILE MOTION

Because velocity is a vector quantity, the initial velocity of a projectile 
incorporates both the initial speed (magnitude) and the angle of projec-
tion (direction) into a single quantity. When the initial velocity of a projec-
tile is resolved into horizontal and vertical components, the horizontal 
component has a certain speed or magnitude in a horizontal direction, 
and the vertical component has a speed or magnitude in a vertical direc-
tion (Figure 10-16). The magnitudes of the horizontal and vertical compo-
nents are always quantifi ed so that if they were added together through 
the process of vector composition, the resultant velocity vector would be 
equal in magnitude and direction to the original initial velocity vector. 
The horizontal and vertical components of initial velocity may be quanti-
fi ed both graphically and trigonometrically (see Sample Problem 10.4).

initial velocity
vector quantity incorporating both 
angle and speed of projection

Vv

Vh

V FIGURE 10-16

The vertical and horizontal 
components of projection 
velocity.
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S A M P L E  P R O B L E M  1 0 . 4

A basketball is released with an initial speed of 8 m/s at an angle of 60°. 
Find the horizontal and vertical components of the ball’s initial velocity, 
both graphically and trigonometrically.

Known
A diagram showing a vector representation of the initial velocity is drawn 
using a scale of 1 cm 5 2 m/s:

Solution
The horizontal component is drawn in along the horizontal line to a length 
that is equal to the length that the original velocity vector extends in the 
horizontal direction. The vertical component is then drawn in the same 
fashion in a direction perpendicular to the horizontal line:

The lengths of the horizontal and vertical components are then measured:

 length of horizontal component 5 2 cm
 length of vertical component 5 3.5 cm

To calculate the magnitudes of the horizontal and vertical components, 
use the scale factor of 2 m/s/cm:

Magnitude of horizontal component:

 vh 5 2 cm � 2 m/s/cm

 vh 5 4 m/s

Magnitude of vertical component:

 vv 5 3.5 cm � 2 m/s/cm

 vv 5 7 m/s

1 cm

8 m/s

608

vv

vh

v 5 8 m/s

608
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For purposes of analyzing the motion of projectiles, it will be assumed 
that the horizontal component of projectile velocity is constant through-
out the trajectory and that the vertical component of projectile velocity 
is constantly changing because of the infl uence of gravity (Figure 10-17). 
Since horizontal projectile velocity is constant, horizontal acceleration is 
equal to the constant of zero throughout the trajectory. The vertical accel-
eration of a projectile is equal to the constant 29.81 m/s2.

Equations of Constant Acceleration

When a body is moving with a constant acceleration (positive, negative, or 
equal to zero), certain interrelationships are present among the kinematic 
quantities associated with the motion of the body. These interrelationships 
may be expressed using three mathematical equations originally derived by 
Galileo, which are known as the laws of constant acceleration, or the laws of 
uniformly accelerated motion. Using the variable symbols d, v, a, and t (rep-
resenting displacement, velocity, acceleration, and time, respectively) and 

•The vertical speed of a 
projectile is constantly changing 
because of gravitational 
acceleration.

•The horizontal acceleration of a 
projectile is always zero.

To solve for vh and vv trigonometrically, construct a right triangle with the 
sides being the horizontal and vertical components of initial velocity and 
the initial velocity represented as the hypotenuse:

The sine and cosine relationships may be used to quantify the horizontal 
and vertical components:

 vh 5 (8 m/s) (cos 60)

 vh 5 4 m/s

 vv 5 (8 m/s)(sin 60)

 vv 5 6.9 m/s

Note that the magnitude of the horizontal component is always equal to 
the magnitude of the initial velocity multiplied by the cosine of the projec-
tion angle. Similarly, the magnitude of the initial vertical component is 
always equal to the magnitude of the initial velocity multiplied by the 
sine of the projection angle.

V Vv

Vh

608

FIGURE 10-17

The horizontal and vertical 
components of projectile 
velocity. Notice that the 
horizontal component is 
constant and the vertical 
component is constantly 
changing.

laws of constant 
acceleration
formulas relating displacement, 
velocity, acceleration, and time when 
acceleration is unchanging
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with the subscripts 1 and 2 (representing fi rst or initial and second or fi nal 
points in time), the equations are the following:

 v2 5 v1 � at (1)

 d 5 v1t � 12at2 (2)

 v2
2 5 v1

2 � 2ad (3)

Notice that each of the equations contains a unique combination of three 
of the four kinematic quantities: displacement, velocity, acceleration, and 
time. This provides considerable fl exibility for solving problems in which 
two of the quantities are known and the objective is to solve for a third. 
The symbols used in these equations are listed in Table 10-3.

It is instructive to examine these relationships as applied to the hori-
zontal component of projectile motion in which a 5 0. In this case, each 
term containing acceleration may be removed from the equation. The 
equations then appear as the following:

 v2 5 v1 (1H)

 d 5 v1t (2H)

 v2
2 5 v1

2 (3H)

Equations 1H and 3H reaffi rm that the horizontal component of projectile 
velocity is a constant. Equation 2H indicates that horizontal displace-
ment is equal to the product of horizontal velocity and time (see Sample 
Problem 10.5).

When the constant acceleration relationships are applied to the verti-
cal component of projectile motion, acceleration is equal to –9.81 m/s2, and 
the equations cannot be simplifi ed by the deletion of the acceleration 
term. However, in analysis of the vertical component of projectile motion, 
the initial velocity (v1) is equal to zero in certain cases. For example, when 
an object is dropped from a stationary position, the initial velocity of the 
object is zero. When this is the case, the equations of constant acceleration 
may be expressed as the following:

 v2 5 at (1V)

 d 5 12at2 (2V)

 v2
2 5 2ad (3V)

When an object is dropped, equation 1V relates that the object’s velocity 
at any instant is the product of gravitational acceleration and the 
amount of time the object has been in free fall. Equation 2V indicates 

TABLE 10-3

Kinematic Variables
SYMBOL MEANING REPRESENTING IN EQUATIONS

d Displacement Change in position

v Velocity Rate of change in position

a Acceleration Rate of change in velocity

t Time Time interval

v1 Initial or fi rst velocity Velocity at time 1

v2 Later or fi nal velocity Velocity at time 2

vv Vertical velocity Vertical component of total velocity

vh Horizontal velocity Horizontal component of total velocity
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that the vertical distance through which the object has fallen can be 
calculated from gravitational acceleration and the amount of time the 
object has been falling. Equation 3V expresses the relationship between 
the object’s velocity and vertical displacement at a certain time and 
gravitational acceleration.

It is useful in analyzing projectile motion to remember that at the apex 
of a projectile’s trajectory, the vertical component of velocity is zero. If the 
goal is to determine the maximum height achieved by a projectile, v2 in 
equation 3 may be set equal to zero:

 0 5 v1
2 � 2ad (3A)

An example of this use of equation 3A is shown in Sample Problem 10.6. 
If the problem is to determine the total fl ight time, one approach is to 
calculate the time it takes to reach the apex, which is one-half of the total 
fl ight time if the projection and landing heights are equal. In this case, v2 
in equation 1 for the vertical component of the motion may be set equal to 
zero because vertical velocity is zero at the apex:

 0 5 v1 � at (1A)

Sample Problem 10.7 illustrates this use of equation 1A.
When using the equations of constant acceleration, it is important to 

remember that they may be applied to the horizontal component of pro-
jectile motion or to the vertical component of projectile motion, but not to 
the resultant motion of the projectile. If the horizontal component of 
motion is being analyzed, a 5 0, but if the vertical component is being 
analyzed, a 5 �9.81 m/s2. The equations of constant acceleration and 
their special variations are summarized in Table 10-4.

S A M P L E  P R O B L E M  1 0 . 5

The score was tied 20–20 in the fi nal 1987 AFC playoff game between the 
Denver Broncos and the Cleveland Browns. During the fi rst overtime 
period, Denver had the opportunity to kick a fi eld goal, with the ball 
placed at a distance of 29 m from the goalposts. If the ball was kicked with 
the horizontal component of initial velocity being 18 m/s and a fl ight time 
of 2 s, was the kick long enough to make the fi eld goal?

Known
 vh 5 18 m/s
 t 5 2 s

Solution
Equation 2H is selected to solve the problem, since two of the variables 
contained in the formula (vh and t) are known quantities, and since the 
unknown variable (d) is the quantity we wish to fi nd:

 dh 5 vht
 d 5 (18 m/s) (2 s)
 d 5 36 m

The ball did travel a suffi cient distance for the fi eld goal to be good, and 
Denver won the game, advancing to Super Bowl XXI.

29 m
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S A M P L E  P R O B L E M  1 0 . 6

A volleyball is defl ected vertically by a player in a game housed in a high 
school gymnasium where the ceiling clearance is 10 m. If the initial veloc-
ity of the ball is 15 m/s, will the ball contact the ceiling?

Known

 v1 5 15 m/s
 a 5 �9.81 m/s2

Solution
The equation selected for use in solving this problem must contain the 
variable d for vertical displacement. Equation 2 contains d but also con-
tains the variable t, which is an unknown quantity in this problem. Equa-
tion 3 contains the variable d, and, recalling that vertical velocity is zero 
at the apex of the trajectory, Equation 3A can be used to fi nd d:

 v2
2 5 v1

2 � 2ad (3)
 0 5 v1

2 � 2ad (3A)
 0 5 (15 m/s)2 � (2) (�9.81 m/s2)d
 (19.62 m/s2)d 5 225 m2/s2

 d 5 11.47 m

Therefore, the ball has suffi cient velocity to contact the 10 m ceiling.

10 m

S A M P L E  P R O B L E M  1 0 . 7

A ball is kicked at a 35° angle, with an initial speed of 12 m/s. How high 
and how far does the ball go?

Solution

 vh 5 12 cos 35 m/s
 vv 5 12 sin 35 m/s

How high does the ball go?
Equation 1 cannot be used because it does not contain d. Equation 2 can-
not be used unless t is known. Since vertical velocity is zero at the apex of 
the ball’s trajectory, equation 3A is selected:

12 m/s 12 m/s

358 358

Vh

Vv
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 0 5 v1
2 � 2ad (3A)

 0 5 (12 sin 35 m/s)2 � (2) (�9.81 m/s2)d

 (19.62 m/s2)d 5 47.37 m2/s2

 d 5 2.41 m

How far does the ball go?
Equation 2H for horizontal motion cannot be used because t for which the 
ball was in the air is not known. Equation 1A can be used to solve for the 
time it took the ball to reach its apex:

 0 5 v1 � at (1A)
 0 5 12 sin 35 m/s � (�9.81 m/s2)t

 t 5
6.88 m/s
9.81 m/s2

 t 5 0.70 s

Recalling that the time to reach the apex is one-half of the total fl ight 
time, total time is the following:

 t 5 (0.70 s) (2)
 t 5 1.40 s

Equation 2H can then be used to solve for the horizontal distance the ball 
traveled:

 dh 5 vht (2H)
 dh 5 (12 cos 35 m/s) (1.40 s)

 dh 5 13.76 m

 TABLE 10-4

Formulas Relating to 

Projectile Motion

The Equations of Constant Acceleration

These equations may be used to relate linear kinematic quantities whenever acceleration (a) is a 
constant, unchanging value:

 v2 5 v1 � at (1)

 d 5 v1t � (  1 _ 2  )at2 (2)

 v2
2 5 v1

2 � 2ad (3)

Special Case Applications of the Equations of Constant Acceleration

For the horizontal component of projectile motion, with a 5 0:

 dh 5 vht (2H)

For the vertical component of projectile motion, with v1 5 0, as when the projectile is dropped 
from a static position:

 v2 5 at (1V)

 d 5 (  1 _ 2  )at2 (2V)

 v2
2 5 2ad (3V)

For the vertical component of projectile motion, with v2 5 0, as when the projectile is at 
its apex:

 0 5 v1 � at (1A)

 0 5 v1
2 � 2ad (2A)



SUMMARY

Linear kinematics is the study of the form or sequencing of linear motion 
with respect to time. Linear kinematic quantities include the scalar quan-
tities of distance and speed, and the vector quantities of displacement, 
velocity, and acceleration. Depending on the motion being analyzed, either 
a vector quantity or its scalar equivalent and either an instantaneous or 
an average quantity may be of interest.

A projectile is a body in free fall that is affected only by gravity and air 
resistance. Projectile motion is analyzed in terms of its horizontal and 
vertical components. The two components are independent of each other, 
and only the vertical component is infl uenced by gravitational force. Fac-
tors that determine the height and distance the projectile achieves are 
projection angle, projection speed, and relative projection height. The 
equations of constant acceleration can be used to quantitatively analyze 
projectile motion, with vertical acceleration being 29.81 m/s2 and horizon-
tal acceleration being zero.

INTRODUCTORY PROBLEMS

Note: Some problems require vector algebra (see Chapter 3).

 1. A runner completes 61⁄2 laps around a 400 m track during a 12 min 
(720 s) run test. Calculate the following quantities:

 a. The distance the runner covered
 b. The runner’s displacement at the end of 12 min
 c. The runner’s average speed
 d. The runner’s average velocity
 e. The runner’s average pace
 (Answers: a. 2.6 km; b. 160 m; c. 3.6 m/s; d. 0.22 m/s; e. 4.6 min/km)
 2. A ball rolls with an acceleration of 20.5 m/s2. If it stops after 7 s, what 

was its initial speed? (Answer: 3.5 m/s)
 3. A wheelchair marathoner has a speed of 5 m/s after rolling down a 

small hill in 1.5 s. If the wheelchair underwent a constant acceleration 
of 3 m/s2 during the descent, what was the marathoner’s speed at the 
top of the hill? (Answer: 0.5 m/s)

 4. An orienteer runs 400 m directly east and then 500 m to the northeast (at 
a 45° angle from due east and from due north). Provide a graphic solution 
to show fi nal displacement with respect to the starting position.

 5. An orienteer runs north at 5 m/s for 120 s, and then west at 4 m/s for 
180 s. Provide a graphic solution to show the orienteer’s resultant dis-
placement.

 6. Why are the horizontal and vertical components of projectile motion 
analyzed separately?

 7. A soccer ball is kicked with an initial horizontal speed of 5 m/s and an 
initial vertical speed of 3 m/s. Assuming that projection and landing 
heights are the same and neglecting air resistance, identify the follow-
ing quantities:

 a. The ball’s horizontal speed 0.5 s into its fl ight
 b. The ball’s horizontal speed midway through its fl ight
 c. The ball’s horizontal speed immediately before contact with the 

ground
 d. The ball’s vertical speed at the apex of the fl ight
 e. The ball’s vertical speed midway through its fl ight
 f. The ball’s vertical speed immediately before contact with the ground
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Start

Finish

160 m



 8. If a baseball, a basketball, and a 71.2 N shot were dropped simultane-
ously from the top of the Empire State Building (and air resistance 
was not a factor), which would hit the ground fi rst? Why?

 9. A tennis ball leaves a racket during the execution of a perfectly hori-
zontal ground stroke with a speed of 22 m/s. If the ball is in the air for 
0.7 s, what horizontal distance does it travel? (Answer: 15.4 m)

 10. A trampolinist springs vertically upward with an initial speed of 
9.2 m/s. How high above the trampoline will the trampolinist go? 
(Answer: 4.31 m)

ADDITIONAL PROBLEMS

 1. Answer the following questions pertaining to the split times (in sec-
onds) presented below for Ben Johnson and Carl Lewis during the 100 
m sprint in the 1988 Olympic Games.

  Johnson Lewis
 10 m 1.86 1.88
 20 m 2.87 2.96
 30 m 3.80 3.88
 40 m 4.66 4.77
 50 m 5.55 5.61
 60 m 6.38 6.45
 70 m 7.21 7.29
 80 m 8.11 8.12
 90 m 8.98 8.99
 100 m 9.83 9.86

 a. Plot velocity and acceleration curves for both sprinters. In what 
ways are the curves similar and different?

 b. What general conclusions can you draw about performance in elite 
sprinters?

 2. Provide a trigonometric solution for Introductory Problem 4. (Answer: 
D 5 832 m; � 5 25° north of due east)

 3. Provide a trigonometric solution for Introductory Problem 5. (Answer: 
D 5 937 m; � 5 50° west of due north)

 4. A buoy marking the turn in the ocean swim leg of a triathlon becomes 
unanchored. If the current carries the buoy southward at 0.5 m/s, and 
the wind blows the buoy westward at 0.7 m/s, what is the resultant 
displacement of the buoy after 5 min? (Answer: 258m; � 5 54.5° west 
of due south)

 5. A sailboat is being propelled westerly by the wind at a speed of 4 m/s. 
If the current is fl owing at 2 m/s to the northeast, where will the boat 
be in 10 min with respect to its starting position? (Answer: D 5 1.8 km; 
� 5 29° north of due west)

 6. A Dallas Cowboy carrying the ball straight down the near sideline 
with a velocity of 8 m/s crosses the 50-yard line at the same time that 
the last Buffalo Bill who can possibly hope to catch him starts running 
from the 50-yard line at a point that is 13.7 m from the near sideline. 
What must the Bill’s velocity be if he is to catch the Cowboy just short 
of the goal line? (Answer: 8.35 m/s)

 7. A soccer ball is kicked from the playing fi eld at a 45° angle. If the ball 
is in the air for 3 s, what is the maximum height achieved? (Answer: 
11.0 m)

 8. A ball is kicked a horizontal distance of 45.8 m. If it reaches a maxi-
mum height of 24.2 m with a fl ight time of 4.4 s, was the ball kicked
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  at a projection angle less than, greater than, or equal to 45°? Provide 
a rationale for your answer based on the appropriate calculations. 
(Answer: >45°)

 9. A badminton shuttlecock is struck by a racket at a 35° angle, giving it 
an initial speed of 10 m/s. How high will it go? How far will it travel 
horizontally before being contacted by the opponent’s racket at the 
same height from which it was projected? (Answer: dv 5 1.68 m; dh 5 
9.58 m)

 10. An archery arrow is shot with a speed of 45 m/s at an angle of 10°. 
How far horizontally can the arrow travel before hitting a target at 
the same height from which it was released? (Answer: 70.6 m)
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), go to Student Center, 
Chapter 10, Lab Manual, Lab 1, and then click on the Instantaneous Speed simulation. After viewing 
this simulation several times, answer the following questions.

a. What variables are represented on the horizontal and vertical axes of the graph?

 Horizontal axis:  ______________________  vertical axis:  ______________________________________

b. What variable is represented by the slope of the graph? _______________________________________

c. Explain what the car is doing when the slope of the graph is zero (the graph is 

 horizontal). ________________________________________________________________________________

  __________________________________________________________________________________________

 2. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), go to Student Center, 
Chapter 10, Lab Manual, Lab 2, and then click on the Vector Addition in Two Dimensions simulation. 
After experimenting with this simulation several times, answer the following questions.

a. What are the numbers shown at the top of the graph for vector A?  _____________________________

  __________________________________________________________________________________________

  __________________________________________________________________________________________

b. What are the numbers shown at the top of the graph for vector B?  _____________________________

  __________________________________________________________________________________________

  __________________________________________________________________________________________

c. What are the numbers shown at the top of the graph for vector C?  _____________________________

  __________________________________________________________________________________________

  __________________________________________________________________________________________

d. What is the name of the vector operation that is shown?  ______________________________________

e. Which vector is the resultant?  ______________________________________________________________

 3. Calculate the horizontal and vertical components of velocity for a ball projected at 15 m/s at the fol-
lowing angles:

  Vh Vv

 30°  _________________   __________________

 40°  _________________   __________________

 50°  _________________   __________________

 60°  _________________   __________________

  At the Basic Biomechanics Online Learning Center, click on the Vectors simulation and verify that 
your answers are correct.
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 4. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), click on Student Center, 
Chapter 10, Lab Manual, Lab 4, and then click on the Projectile Motion (falling arrow) simulation. 
After viewing this simulation several times, write an explanation.

   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

   _____________________________________________________________________________________________

 5. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), click on Student Center, 
Chapter 10, Lab Manual, Lab 5, and then click on the Projectile Motion (baseball) simulation. Click 
on the player to activate a throw. Your target is fi rst base, which is 80 m from the thrower. After ex-
perimenting with this simulation several times, answer the following questions.

a. At what projection angle does a throw reach fi rst base in the shortest time?  ____________________

b. At what projection angle can a ball be thrown and reach fi rst base with the least projection speed?

   __________________________________________________________________________________________

c. What are the answers to questions a and b if the player is on the moon?

 Angle for throw of shortest time:  ____________________________________________________________

 Angle for throw with least speed:  ___________________________________________________________

 Explain why these are different than on earth:  _______________________________________________

  __________________________________________________________________________________________

  __________________________________________________________________________________________

d. What are the answers to questions a and b if the player is on Mars?

 Angle for throw of shortest time:  ____________________________________________________________

 Angle for throw with least speed:  ___________________________________________________________

 Explain why these are different than on earth:  _______________________________________________

  __________________________________________________________________________________________

  __________________________________________________________________________________________
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K E Y  T E R M S

angle of projection the direction at which a body is projected with respect to the horizontal

apex the highest point in the trajectory of a projectile

average occurring over a designated time interval

initial velocity vector quantity incorporating both angle and speed of projection

instantaneous occurring during a small interval of time

kinematics the form, pattern, or sequencing of movement with respect to time

laws of constant acceleration formulas relating displacement, velocity, acceleration, and time when acceleration is 
unchanging

linear acceleration the rate of change in linear velocity

linear displacement change in location, or the directed distance from initial to fi nal location

linear velocity the rate of change in location

meter the most common international unit of length, on which the metric system is based

projectile body in free fall that is subject only to the forces of gravity and air resistance

projection speed the magnitude of projection velocity

range the horizontal displacement of a projectile at landing

relative projection height the difference between projection height and landing height

trajectory the fl ight path of a projectile
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Angular Kinematics of 
Human Movement

After completing this chapter, you will be able to:

Distinguish angular motion from rectilinear and curvilinear motion.

Discuss the relationships among angular kinematic variables.

Correctly associate angular kinematic quantities with their units of measure.

Explain the relationships between angular and linear displacement, angular and 
linear velocity, and angular and linear acceleration.

Solve quantitative problems involving angular kinematic quantities and the 
 relationships between angular and linear kinematic quantities.
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W hy is a driver longer than a 9-iron? Why do batters slide their hands 
up the handle of the bat to lay down a bunt but not to drive the 

ball? How does the angular motion of the discus or hammer during the 
windup relate to the linear motion of the implement after release?

These questions relate to angular motion, or rotational motion around 
an axis. The axis of rotation is a line, real or imaginary, oriented perpen-
dicular to the plane in which the rotation occurs, like the axle for the 
wheels of a cart. In this chapter, we discuss angular motion, which, like 
linear motion, is a basic component of general motion.

OBSERVING THE ANGULAR KINEMATICS 
OF HUMAN MOVEMENT

Understanding angular motion is particularly important for the student of 
human movement, because most volitional human movement involves 
rotation of one or more body segments around the joints at which they 
articulate. Translation of the body as a whole during gait occurs by virtue 
of rotational motions taking place at the hip, knee, and ankle around imag-
inary mediolateral axes of rotation. During the performance of jumping 
jacks, both the arms and the legs rotate around imaginary anteroposterior 
axes passing through the shoulder and hip joints. The angular motion of 
sport implements such as golf clubs, baseball bats, and hockey sticks, as 
well as household and garden tools, is also often of interest.

As discussed in Chapter 2, clinicians, coaches, and teachers of physical 
activities routinely analyze human movement based on visual observa-
tion. What is actually observed in such situations is the angular kinemat-
ics of human movement. Based on observation of the timing and range of 
motion (ROM) of joint actions, the experienced analyst can make infer-
ences about the coordination of muscle activity producing the joint actions 
and the forces resulting from those joint actions.

MEASURING ANGLES

As reviewed in Appendix A, an angle is composed of two sides that inter-
sect at a vertex. Quantitative kinematic analysis can be achieved by pro-
jecting fi lmed images of the human body onto a piece of paper, with joint 
centers then marked with dots and the dots connected with lines repre-
senting the longitudinal axes of the body segments (Figure 11-1). A pro-
tractor can be used to make hand measurements of angles of interest 
from this representation, with the joint centers forming the vertices of the 
angles between adjacent body segments. (The procedure for measuring 
angles with a protractor is reviewed in Appendix A.) Videos and fi lms of 
human movement can also be analyzed using this same basic procedure 
to evaluate the angles present at the joints of the human body and the 
angular orientations of the body segments. The angle assessments are 
usually done with computer software from stick fi gure representations of 
the human body constructed in computer memory.

Relative versus Absolute Angles

Assessing the angle at a joint involves measuring the angle of one body 
segment relative to the other body segment articulating at the joint. The 
relative angle at the knee is the angle formed between the longitudinal axis 
of the thigh and the longitudinal axis of the lower leg (Figure 11-2). When 
joint ROM is quantifi ed, it is the relative joint angle that is measured.

relative angle
angle at a joint formed between the 
longitudinal axes of adjacent body 
segments
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The convention used for measuring relative joint angles is that in ana-
tomical reference position, all joint angles are at 0°. As discussed in Chap-
ter 5, joint motion is then measured directionally. For example, when the 
extended arm is elevated 30° in front of the body in the sagittal plane, the 
arm is in 30° of fl exion at the shoulder. When the leg is abducted at the hip, 
the ROM in abduction is likewise measured from 0° in anatomical refer-
ence position.

Other angles of interest are often the orientations of the body segments 
themselves. As discussed in Chapter 9, when the trunk is in fl exion, the 
angle of inclination of the trunk directly affects the amount of force that 
must be generated by the trunk extensor muscles to support the trunk in 
the position assumed. The angle of inclination of a body segment, referred 
to as its absolute angle, is measured with respect to an absolute reference 
line, usually either horizontal or vertical. Figure 11-3 shows quantifi ca-
tion of segment angles with respect to the right horizontal.

Tools for Measuring Body Angles

Goniometers are commonly used by clinicians for direct measurement of 
relative joint angles on a live human subject. A goniometer is essentially 
a protractor with two long arms attached. One arm is fi xed so that it 
extends from the protractor at an angle of 0°. The other arm extends from 
the center of the protractor and is free to rotate. The center of the protrac-
tor is aligned over the joint center, and the two arms are aligned over the 
longitudinal axes of the two body segments that connect at the joint. The 
angle at the joint is then read at the intersection of the freely rotating 

FIGURE 11-1

For the human body, joint 
centers form the vertices of 
body segment angles.

absolute angle
angular orientation of a body 
segment with respect to a fi xed line 
of reference

•Absolute angles should 
consistently be measured in the 
same direction from a single 
reference—either horizontal or 
vertical.

•Relative angles should 
consistently be measured on the 
same side of a given joint.

•The straight, fully extended 
position at a joint is regarded 
as 0°.
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arm and the protractor scale. The accuracy of the reading depends on the 
accuracy of the positioning of the goniometer. Knowledge of the underly-
ing joint anatomy is essential for proper location of the joint center of 
rotation. Placing marks on the skin to identify the location of the center 
of rotation at the joint and the longitudinal axes of the body segments 
before aligning the goniometer is sometimes helpful, particularly if 
repeated measurements are being taken at the same joint.

Instant Center of Rotation

Quantifi cation of joint angles is complicated by the fact that joint motion 
is often accompanied by displacement of one bone with respect to the 

FIGURE 11-2

Relative angles measured at 
joints are the angles between 
adjacent body segments.

FIGURE 11-3

Angles of orientation of 
individual body segments 
are measured with respect 
to an absolute (fi xed) line of 
reference.
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articulating bone at the joint. This phenomenon is caused by normal 
asymmetries in the shapes of the articulating bone surfaces. One example 
is the tibiofemoral joint, at which medial rotation and anterior displace-
ment of the femur on the tibial plateau accompany fl exion (Figure 11-4). 
As a result, the location of the exact center of rotation at the joint changes 
slightly when the joint angle changes. The center of rotation at a given joint 
angle, or at a given instant in time during a dynamic movement, is called 
the instant center. The exact location of the instant center for a given joint 

The relative angle at the knee 
(measured between adjacent 
body segments) and the 
absolute angle of the trunk 
(measured with respect to the 
right horizontal).

A goniometer is used to 
measure joint angles.

instant center
precisely located center of rotation at 
a joint at a given instant in time
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may be determined through measurements taken from roentgenograms 
(X-rays), which are usually taken at 10° intervals throughout the ROM at 
the joint (11). The instant center at the tibiofemoral joint of the knee 
shifts during angular movement at the knee due to the ellipsoid shapes of 
the femoral condyles (12).

ANGULAR KINEMATIC RELATIONSHIPS

The interrelationships among angular kinematic quantities are similar to 
those discussed in Chapter 10 for linear kinematic quantities. Although 
the units of measure associated with the angular kinematic quantities 
are different from those used with their linear counterparts, the relation-
ships among angular units also parallel those present among linear units.

FIGURE 11-4

The path of the instant center 
at the knee during knee 
extension.

When the forearm returns to 
its original position at the 
completion of a curl exercise, 
the angular displacement at 
the elbow is zero.
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Angular Distance and Displacement

Consider a pendulum swinging back and forth from a point of support. The 
pendulum is rotating around an axis passing through its point of support 
perpendicular to the plane of motion. If the pendulum swings through an 
arc of 60°, it has swung through an angular distance of 60°. If the pendulum 
then swings back through 60° to its original position, it has traveled an 
angular distance totaling 120° (60° � 60°). Angular distance is measured as 
the sum of all angular changes undergone by a rotating body.

The same procedure may be used for quantifying the angular distances 
through which the segments of the human body move. If the angle at the 
elbow joint changes from 90° to 160° during the fl exion phase of a forearm 
curl exercise, the angular distance covered is 70°. If the extension phase 
of the curl returns the elbow to its original position of 90°, an additional 
70° have been covered, resulting in a total angular distance of 140° for the 
complete curl. If 10 curls are performed, the angular distance transcribed 
at the elbow is 1400° (10 � 140°).

Just as with its linear counterpart, angular displacement is assessed 
as the difference in the initial and final positions of the moving body. 
If the angle at the knee of the support leg changes from 5° to 12° during 
the initial support phase of a running stride, the angular distance and 
the angular displacement at the knee are 7°. If extension occurs at the 
knee, returning the joint to its original 5° position, angular distance 
totals 14° (7° � 7°), but angular displacement is 0°, because the fi nal 
position of the joint is the same as its original position. The relationship 
between angular distance and angular displacement is represented in 
Figure 11-5.

Like linear displacement, angular displacement is defi ned by both 
magnitude and direction. Since rotation observed from a side view occurs 
in either a clockwise or a counterclockwise direction, the direction of angu-
lar displacement may be indicated using these terms. The counterclock-
wise direction is conventionally designated as positive (�), and the 
clockwise direction as negative (�) (Figure 11-6). With the human body, it 
is also appropriate to indicate the direction of angular displacement with 
joint-related terminology such as fl exion or abduction. However, there 
is no set relationship between the positive (counterclockwise) direction 
and either fl exion or extension or any other movement at a joint. This 
is because when viewed from one side, fl exion at a given joint such as 
the hip is positive, but when viewed from the opposite side it is nega-
tive. When biomechanists do motion capture studies with computer-
linked cameras, the software quantifi es joint motions in either positive 

angular displacement
change in the angular position or 
orientation of a line segment

•The counterclockwise direction 
is regarded as positive, and the 
clockwise direction is regarded as 
negative.

Angular
distance

Angular
displacement

BA

FIGURE 11-5

A. The path of motion of a 
swinging pendulum. B. The 
angular distance is the sum 
of all angular changes that 
have occurred; the angular 
displacement is the angle 
between the initial and fi nal 
positions.
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Clockwise CounterclockwiseFIGURE 11-6

The direction of rotational 
motion is commonly identifi ed 
as counterclockwise (or 
positive) versus clockwise (or 
negative).

or negative directions. The researcher must then translate these values 
into fl exion/extension or other joint motions depending on the camera 
view. More sophisticated software packages will do this translation with 
appropriate input from the researcher.

Three units of measure are commonly used to represent angular dis-
tance and angular displacement. The most familiar of these units is the 
degree. A complete circle of rotation transcribes an arc of 360°, an arc of 
180° subtends a straight line, and 90° forms a right angle between per-
pendicular lines (Figure 11-7).

Another unit of angular measure sometimes used in biomechanical 
analyses is the radian. A line connecting the center of a circle to any point 
on the circumference of the circle is a radius. A radian is defi ned as the 
size of the angle subtended at the center of a circle by an arc equal in 

360º

180º

90º

FIGURE 11-7

Angles measured in degrees.

radian
unit of angular measure used in 
angular-linear kinematic quantity 
conversions; equal to 57.3°

•Pi (�) is a mathematical 
constant equal to approximately 
3.14, which is the ratio of the 
circumference to the diameter of 
a circle.
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length to the radius of the circle (Figure 11-8). One complete circle is an 
arc of 2� radians, or 360°. Because 360° divided by 2� is 57.3°, one radian 
is equivalent to 57.3°. Because a radian is much larger than a degree, it is 
a more convenient unit for the representation of extremely large angular 
distances or displacements. Radians are often quantifi ed in multiples of 
pi (�).

The third unit sometimes used to quantify angular distance or displace-
ment is the revolution. One revolution transcribes an arc equal to a circle. 
Dives and some gymnastic skills are often described by the number of revolu-
tions the human body undergoes during their execution. The one-and-a-half 
forward somersault dive is a descriptive example. Figure 11-9 illustrates the 
way in which degrees, radians, and revolutions compare as units of angular 
measure.

Angular Speed and Velocity

Angular speed is a scalar quantity and is defi ned as the angular distance 
covered divided by the time interval over which the motion occurred:

 angular speed 5
angular distance
change in time

 s 5
f

¢t

The lowercase Greek letter sigma (�) represents angular speed, the low-
ercase Greek letter phi (�) represents angular distance, and t represents 
time.

Radius Radius

1 radian
(57.3º)

     Radius 

FIGURE 11-8

A radian is defi ned as the size 
of the angle subtended at the 
center of a circle by an arc 
equal in length to the radius 
of the circle.

90 degrees
π   radians2

1/4 revolution

270 degrees
3π radians2

3/4 revolution

360 degrees

2π radians

1 revolution

180 degrees

π radians
1/2 revolution

FIGURE 11-9

Comparison of degrees, 
radians, and revolutions.
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Angular velocity is calculated as the change in angular position, or the 
angular displacement, that occurs during a given period of time:

 angular velocity 5
change in angular position

change in time

 � 5
¢ angular position

¢ time

 angular velocity 5
angular displacement

change in time

 � 5
u

¢t

The lowercase Greek letter omega (�) represents angular velocity, the 
capital Greek letter theta (�) represents angular displacement, and t rep-
resents the time elapsed during the velocity assessment. Another way to 
express change in angular position is angular position2 � angular posi-
tion1, in which angular position1 represents the body’s position at one 
point in time and angular position2 represents the body’s position at a 
later point:

� 5
angular position2 2 angular position1

time2 2 time1

angular velocity
rate of change in the angular position 
or orientation of a line segment
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FIGURE 11-10   Elbow angles exhibited by seven collegiate softball players during fast-pitch strikes. 
Graphs courtesy of Kim Hudson and James Richards.
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Because angular velocity is based on angular velocity, it must include an 
identifi cation of the direction (clockwise or counterclockwise, negative or 
positive) in which the angular displacement on which it is based occurred.

Units of angular speed and angular velocity are units of angular dis-
tance or angular displacement divided by units of time. The unit of time 
most commonly used is the second. Units of angular speed and angular 
velocity are degrees per second (deg/s), radians per second (rad/s), revolu-
tions per second (rev/s), and revolutions per minute (rpm).

Moving the body segments at a high rate of angular velocity is a char-
acteristic of skilled performance in many sports. Angular velocities at the 
joints of the throwing arm in Major League Baseball pitchers have been 
reported to reach 2320 deg/s in elbow extension and 7240 deg/s in internal 
shoulder rotation (3). Interestingly, these values are also high in the 
throwing arms of youth pitchers, with 2230 deg/s in elbow extension and 
6900 deg/s in internal rotation documented (3). What does change as 
pitchers advance to higher and higher levels of competition is that they 
tend to become more consistent with the kinematics of their pitching 
motions (4). However, this does not translate to better coordination or 
decreased risk of overuse injury (4). Comparison of different types of 
pitches thrown by collegiate baseball pitchers showed internal shoulder 
rotation values of 7550 deg/s for fastballs, 6680 deg/s for change-ups, 7120 
deg/s for curveballs, and 7920 deg/s for sliders (2). Figures 11-10 to 11-13 

FIGURE 11-11   Elbow velocities exhibited by seven collegiate softball players during fast-pitch 
strikes. Graphs courtesy of Kim Hudson and James Richards.
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display the patterns of joint angle and joint angular velocity at the elbow 
and shoulder during underhand and overhand throws executed by colle-
giate softball players. A study of world-class male and female tennis play-
ers has documented a sequential rotation of segmental rotations. Analysis 
of the cocked, preparatory position showed the elbow fl exed to an average 
of 104° and the upper arm rotated to about 172° of external rotation at 
the shoulder. Proceeding from this position, there was a rapid sequence of 
segmental rotations, with averages of trunk tilt of 280 deg/s, upper torso 
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FIGURE 11-12   Shoulder angles exhibited by seven collegiate softball players during fast-pitch 
strikes. Graphs courtesy of Kim Hudson and James Richards.
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rotation of 870 deg/s, pelvis rotation of 440 deg/s, elbow extension of 1510 
deg/s, wrist fl exion of 1950 deg/s, and shoulder internal rotation of 2420 
deg/s for males and 1370 deg/s, for females (5). Angular velocity of the 
racquet during serves executed by professional male tennis players has 
been found to range from 1900 to 2200 deg/s (33.2 to 38.4 rad/s) just before 
ball impact (1).

As discussed in Chapter 10, when the human body becomes a projectile 
during the execution of a jump, the height of the jump determines the 
amount of time the body is in the air. When fi gure skaters perform a triple 

Underhand Overhand

Internal/External rotation Internal/External rotation

Release Release
3000
2500
2000
1500
1000
500

0
2500

21000
21500
22000
22500

4000

3000

2000

1000

0

21000

22000

Ve
lo

ci
ty

 (
D

eg
/s

)

Ve
lo

ci
ty

 (
D

eg
/s

)

800

600

400

200

2200

2400

Ve
lo

ci
ty

 (
D

eg
/s

)

400

200

0

2200

2400

2600

2800

Ve
lo

ci
ty

 (
D

eg
/s

)

Ve
lo

ci
ty

 (
D

eg
/s

)
Ve

lo
ci

ty
 (

D
eg

/s
)

External External

Frames Frames

8 15 22 29 36 43 57 6450

8 15 22 29 36 43 57 6450

8 15 22 29 36 43 57 6450

8 15 22 29 36 43 57 6450

8 15 22 29 36 43 57 6450

8 15 22 29 36 43 57 6450

Internal Internal

Joint velocities of the shoulder

Adduction/Abduction Adduction/Abduction
Release Release

Release

Adduction Adduction
2000

1500

1000

500

0

2500

21000

21500

3000

2000

1000

0

21000

22000

23000

Abduction Abduction

Frames Frames

Horizontal extension/Flexion

Release

Horizontal extension/Flexion

H. extension H. extension

H. flexion H. flexion

Frames Frames

0

FIGURE 11-13   Shoulder velocities exhibited by seven collegiate softball players during fast-pitch 
strikes. Graphs courtesy of Kim Hudson and James Richards.



368 BASIC BIOMECHANICS

or quadruple axel, as compared to an axel or double axel, this means that 
either jump height or rotational velocity of the body must be greater. Mea-
surements of these two variables indicate that it is the skater’s angular 
velocity that increases, with skilled skaters rotating their bodies in excess 
of 5 rev/s while airborne during the triple axel (9, 10). 

Angular Acceleration

Angular acceleration is the rate of change in angular velocity, or the 
change in angular velocity occurring over a given time. The conventional 
symbol for angular acceleration is the lowercase Greek letter alpha (�):

 angular acceleration 5
change in angular velocity

change in time

 a 5
¢�

¢t

The calculation formula for angular acceleration is therefore the following:

a 5
�2 2 �1

t2 2 t1

S A M P L E  P R O B L E M  1 1 . 1

A golf club is swung with an average angular acceleration of 1.5 rad/s2. 
What is the angular velocity of the club when it strikes the ball at the end 
of a 0.8 s swing? (Provide an answer in both radian and degree-based units.)

Known
 � 5 1.5 rad/s2

 t 5 0.8 s

Solution
The formula to be used is the equation relating angu-
lar acceleration, angular velocity, and time:

a 5
�2 2 �1

t
Substituting in the known quantities yields the following:

1.5 rad/s2 5
�2 2 �1

0.8 s
It may also be deduced that the angular velocity of the club at the begin-
ning of the swing was zero:

 1.5 rad/s2 5
�2 2 0
0.8 s

 11.5 rad/s22 10.8 s2 5 �2 2 0

 �2 5 1.2 rad/s

In degree-based units:

 �2 5 (1.2 rad/s)(57.3 deg/rad)

 �2 5 68.8 deg/s

angular acceleration
rate of change in angular velocity
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In this formula, �1 represents angular velocity at an initial point in time, 
�2 represents angular velocity at a second or fi nal point in time, and t1 
and t2 are the times at which velocity was assessed. Use of this formula is 
illustrated in Sample Problem 11.1.

Just as with linear acceleration, angular acceleration may be positive, 
negative, or zero. When angular acceleration is zero, angular velocity is 
constant. Just as with linear acceleration, positive angular acceleration 
may indicate either increasing angular velocity in the positive direction 
or decreasing angular velocity in the negative direction. Similarly, a nega-
tive value of angular acceleration may represent either decreasing angu-
lar velocity in the positive direction or increasing angular velocity in the 
negative direction.

Units of angular acceleration are units of angular velocity divided by 
units of time. Common examples are degrees per second squared (deg/s2), 
radians per second squared (rad/s2), and revolutions per second squared 
(rev/s2). Units of angular and linear kinematic quantities are compared in 
Table 11-1.

Angular Motion Vectors

Because representing angular quantities using symbols such as curved 
arrows would be impractical, angular quantities are represented with 
conventional straight vectors, using what is called the right hand rule. 
According to this rule, when the fi ngers of the right hand are curled in 
the direction of an angular motion, the vector used to represent the 
motion is oriented perpendicular to the plane of rotation, in the direction 
the extended thumb points (Figure 11-14). The magnitude of the quantity 
may be indicated through proportionality to the vector’s length.

Average versus Instantaneous Angular Quantities

Angular speed, velocity, and acceleration may be calculated as instanta-
neous or average values, depending on the length of the time interval 
selected. The instantaneous angular velocity of a baseball bat at the 

TABLE 11-1

Common Units of 

Kinematic Measure

DISPLACEMENT VELOCITY ACCELERATION

Linear meters meters/second meters/second2

Angular radians radians/second radians/second2

FIGURE 11-14

An angular motion vector is 
oriented perpendicular to the 
linear displacement (d) of a 
point on a rotating body.

right hand rule
procedure for identifying the direction 
of an angular motion vector

•Human movement rarely 
involves constant velocity or 
constant acceleration.
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instant of contact with a ball is typically of greater interest than the 
average angular velocity of the swing, because the former directly affects 
the resultant velocity of the ball.

RELATIONSHIPS BETWEEN LINEAR 
AND ANGULAR MOTION

Linear and Angular Displacement

The greater the radius is between a given point on a rotating body and 
the axis of rotation, the greater is the linear distance undergone by that 
point during an angular motion (Figure 11-15). This observation is 
expressed in the form of a simple equation:

s 5 r�

The curvilinear distance traveled by the point of interest s is the product 
of r, the point’s radius of rotation, and �, the angular distance through 
which the rotating body moves, which is quantifi ed in radians.

For this relationship to be valid, two conditions must be met: (a) The 
linear distance and the radius of rotation must be quantifi ed in the same 
units of length, and (b) angular distance must be expressed in radians. 
Although units of measure are normally balanced on opposite sides of an 
equal sign when a valid relationship is expressed, this is not the case 
here. When the radius of rotation (expressed in meters) is multiplied by 
angular displacement in radians, the result is linear displacement in 
meters. Radians disappear on the right side of the equation in this case 
because, as may be observed from the defi nition of the radian, the radian 
serves as a conversion factor between linear and angular measurements.

Linear and Angular Velocity

The same type of relationship exists between the angular velocity of a 
rotating body and the linear velocity of a point on that body at a given 
instant in time. The relationship is expressed as the following:

v 5 r�

2

1

s2

s1 

r1 

r2 

1

f

2
2

1

s1

r1 

r2 

1

f

2

FIGURE 11-15

The larger the radius of 
rotation (r), the greater the 
linear distance (s) traveled by 
a point on a rotating body.

radius of rotation
distance from the axis of rotation to 
a point of interest on a rotating body
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The linear (tangential) velocity of the point of interest is v, r is the radius 
of rotation for that point, and � is the angular velocity of the rotating 
body. For the equation to be valid, angular velocity must be expressed in 
radian-based units (typically rad/s), and velocity must be expressed in the 
units of the radius of rotation divided by the appropriate units of time. 
Radians are again used as a linear-angular conversion factor, and are not 
balanced on opposite sides of the equals sign:

m/s 5 (m) (rad/s)

The use of radian-based units for conversions between linear and angular 
velocities is shown in Sample Problem 11.2.

During several sport activities, an immediate performance goal is to 
direct an object such as a ball, shuttlecock, or hockey puck accurately, 
while imparting a relatively large amount of velocity to it with a bat, club, 
racquet, or stick. In baseball batting, the initiation of the swing and the 
angular velocity of the swing must be timed precisely to make contact 
with the ball and direct it into fair territory. A 40 m/s pitch reaches the 
batter 0.41 s after leaving the pitcher’s hand. It has been estimated that 
a difference of 0.001 s in the time of initiation of the swing can determine 
whether the ball is directed to center fi eld or down the foul line, and that 
a swing initiated 0.003 s too early or too late will result in no contact with 
the ball (6). Similarly, there is a very small window of time during which 
gymnasts on the high bar can release from the bar to execute a skillful 
dismount. For high-bar fi nalists in the 2000 Olympic Games in Sydney, 
the release window was an average of 0.055 s (7).

Timing is important in the 
execution of a ground stroke in 
tennis. If the ball is contacted 
too soon or too late, it may be 
hit out of bounds. Photo © Royalty 
Free/CORBIS.

•Skilled performances of 
high-velocity movements are 
characterized by precisely 
coordinated timing of body 
segment rotations.S A M P L E  P R O B L E M  1 1 . 2

Two baseballs are consecutively hit by a bat. The fi rst ball is hit 20 cm 
from the bat’s axis of rotation, and the second ball is hit 40 cm from the bat’s 
axis of rotation. If the angular velocity of the bat was 30 rad/s at the instant 
that both balls were contacted, what was the linear velocity of the bat at the 
two contact points?

Known

 r1 5 20 cm
 r2 5 40 cm
 �1 5 �2 5 30 rad/s

Solution
The formula to be used is the equation 
relating linear and angular velocities:

v 5 r�

For ball 1:

 v1 5 (0.20 m) (30 rad/s)

 v1 5 6 m/s

For ball 2:

 v2 5 (0.40 m) (30 rad/s)

 v2 5 12 m/s

40
 c

m
20

 c
m
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With all other factors held constant, the greater the radius of rotation 
at which a swinging implement hits a ball, the greater the linear velocity 
imparted to the ball. In golf, longer clubs are selected for longer shots, and 
shorter clubs are selected for shorter shots. However, the magnitude of 
the angular velocity fi gures as heavily as the length of the radius of rota-
tion in determining the linear velocity of a point on a swinging imple-
ment. Little Leaguers often select long bats, which increase the potential 
radius of rotation if a ball is contacted, but are also too heavy for the 
young players to swing as quickly as shorter, lighter bats. The relation-
ship between the radius of rotation of the contact point between a striking 
implement and a ball and the subsequent velocity of the ball is shown in 
Figure 11-16.

It is important to recognize that the linear velocity of a ball struck by a 
bat, racket, or club is not identical to the linear velocity of the contact 
point on the swinging implement. Other factors, such as the directness of 
the hit and the elasticity of the impact, also infl uence ball velocity.

Linear and Angular Acceleration

The acceleration of a body in angular motion may be resolved into two 
perpendicular linear acceleration components. These components are 
directed along and perpendicular to the path of angular motion at any 
point in time (Figure 11-17).

The component directed along the path of angular motion takes its 
name from the term tangent. A tangent is a line that touches, but does not 
cross, a curve at a single point. The tangential component, known as 
 tangential acceleration, represents the change in linear speed for a body 
traveling on a curved path. The formula for tangential acceleration is the 
following:

at 5
v2 2 v1

t

Tangential acceleration is at, v1 is the tangential linear velocity of the mov-
ing body at an initial time, v2 is the tangential linear velocity of the moving 
body at a second time, and t is the time interval over which the velocities 
are assessed.

The greater the angular 
velocity of a baseball bat, 
the farther a struck ball will 
travel, other conditions being 
equal.

tangential acceleration
component of acceleration of a body 
in angular motion directed along 
a tangent to the path of motion; 
represents change in linear speed
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When a ball is thrown, the ball follows a curved path as it is accelerated 
by the muscles of the shoulder, elbow, and wrist. The tangential component 
of ball acceleration represents the rate of change in the linear speed of the 
ball. Because the speed of projection greatly affects a projectile’s range, 
tangential velocity should be maximum just before ball release if the objec-
tive is to throw the ball fast or far. Once ball release occurs, tangential 
acceleration is zero, because the thrower is no longer applying a force.

The relationship between tangential acceleration and angular accel-
eration is expressed as follows:

at 5 r�

Linear acceleration is at, r is the radius of rotation, and � is angular accel-
eration. The units of linear acceleration and the radius of rotation must 
be compatible, and angular acceleration must be expressed in radian-
based units for the relationship to be accurate.

Top view

Side view

FIGURE 11-16

A simple experiment in 
which a rotating stick strikes 
three balls demonstrates the 
signifi cance of the radius of 
rotation.

at

ar at 
v2 2 v1

= t

ar 
v2

= r

FIGURE 11-17

Tangential and radial 
acceleration vectors shown 
relative to a circular path of 
motion.

•At the instant that a thrown 
ball is released, its tangential 
and radial accelerations become 
equal to zero, because a thrower 
is no longer applying force.
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Although the linear speed of an object traveling along a curved path may 
not change, its direction of motion is constantly changing. The second com-
ponent of angular acceleration represents the rate of change in direction of 
a body in angular motion. This component is called radial acceleration, and 
it is always directed toward the center of curvature. Radial acceleration 
may be quantifi ed by using the following formula:

ar 5
v2

r

Radial acceleration is ar, v is the tangential linear velocity of the moving 
body, and r is the radius of rotation. An increase in linear velocity or a 
decrease in the radius of curvature increases radial acceleration. Thus, the 
smaller the radius of curvature (the tighter the curve) is, the more diffi cult 
it is for a cyclist to negotiate the curve at a high velocity (see Chapter 14).

During execution of a ball throw, the ball follows a curved path because 
the thrower’s arm and hand restrain it. This restraining force causes 
radial acceleration toward the center of curvature throughout the motion. 
When the thrower releases the ball, radial acceleration no longer exists, 
and the implement follows the path of the tangent to the curve at that 
instant. The timing of release is therefore critical: If release occurs too 
soon or too late, the ball will be directed to the left or the right rather than 
straight ahead. Sample Problem 11.3 demonstrates the effects of the tan-
gential and radial components of acceleration.

Both tangential and radial components of motion can contribute to the 
resultant linear velocity of a projectile at release. For example, during 
somersault dismounts from the high bar in gymnastics routines, although 
the primary contribution to linear velocity of the body’s center of gravity 
is generally from tangential acceleration, the radial component can con-
tribute up to 50% of the resultant velocity (8). The size of the contribution 
from the radial component, and whether the contribution is positive or 
negative, varies with the performer’s technique.

radial acceleration
component of acceleration of a body 
in angular motion directed toward 
the center of curvature; represents 
change in direction

S A M P L E  P R O B L E M  1 1 . 3

A windmill-style softball pitcher executes a pitch in 0.65 s. If her pitching 
arm is 0.7 m long, what are the magnitudes of the tangential and radial 
accelerations on the ball just before ball release, when tangential ball 
speed is 20 m/s? What is the magnitude of the total acceleration on the 
ball at this point?

Known

 t 5 0.65 s
 r 5 0.7 m
 v2 5 20 m/s

Solution
To solve for tangential acceleration, use the following formula:

at 5
v2 2 v1

t

Substitute in what is known and assume that v1 5 0:

at 5
20 m/s 2 0

0.65 s

 at 5 30.8 m/s2
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ar

at

ar a

at

To solve for radial acceleration, use the following formula:

ar 5
v2

r
Substitute in what is known:

ar 5
120 m/s22

0.7m

 
ar 5 571.4 m/s2

To solve for total acceleration, perform vector composition of tangential 
and radial acceleration. Since tangential and radial acceleration are ori-
ented perpendicular to each other, the Pythagorean theorem can be used 
to calculate the magnitude of total acceleration.

a 5 2130.8 m/s222 1 1571.4 m/s222

 
a 5 572.2 m/s2

SUMMARY

An understanding of angular motion is an important part of the study of 
biomechanics, because most volitional motion of the human body involves the 
rotation of bones around imaginary axes of rotation passing through the joint 
centers at which the bones articulate. The angular kinematic quantities—
angular displacement, angular velocity, and angular acceleration—possess 
the same interrelationships as their linear counterparts, with angular dis-
placement representing change in angular position, angular velocity defi ned 
as the rate of change in angular position, and angular acceleration indicating 
the rate of change in angular velocity during a given time. Depending on the 
selection of the time interval, either average or instantaneous values of angu-
lar velocity and angular acceleration may be quantifi ed.

Angular kinematic variables may be quantifi ed for the relative angle 
formed by the longitudinal axes of two body segments articulating at a 
joint, or for the absolute angular orientation of a single body segment 
with respect to a fi xed reference line. Different instruments are available 
for direct measurement of angles on a human subject.

INTRODUCTORY PROBLEMS

 1. The relative angle at the knee changes from 0° to 85° during the knee 
fl exion phase of a squat exercise. If 10 complete squats are performed, 
what is the total angular distance and the total angular displacement 
undergone at the knee? (Provide answers in both degrees and radians.) 
(Answer: � 5 1700°, 29.7 rad; � 5 0)

 2. Identify the angular displacement, the angular velocity, and the angu-
lar acceleration of the second hand on a clock over the time interval in 
which it moves from the number 12 to the number 6. Provide answers



 8. Measure and record the following angles for the drawing shown below:

 a. The relative angle at the shoulder
 b. The relative angle at the elbow
 c. The absolute angle of the upper arm
 d. The absolute angle of the forearm
 Use the right horizontal as your reference for the absolute angles.
 9. Calculate the following quantities for the diagram shown below:
 a. The angular velocity at the hip over each time interval
 b. The angular velocity at the knee over each time interval
  Would it provide meaningful information to calculate the average 

angular velocities at the hip and knee for the movement shown? Pro-
vide a rationale for your answer.

 10. A tennis racquet swung with an angular velocity of 12 rad/s strikes a 
motionless ball at a distance of 0.5 m from the axis of rotation. What 
is the linear velocity of the racquet at the point of contact with the 
ball? (Answer: 6 m/s)
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DEGREES RADIANS REVOLUTIONS

90 ? ?

? 1 ?

180 ? ?

? ? 1

Time(s)

1 2 2.5 3

  in both degree- and radian-based units. (Answer: � 5 �180°, �� rad; 
� 5 �6 deg/s, ��/30 rad/s; � 5 0)

 3. How many revolutions are completed by a top spinning with a constant 
angular velocity of 3 � rad/s during a 20 s time interval? (Answer: 30 rev)

 4. A kicker’s extended leg is swung for 0.4 s in a counterclockwise direc-
tion while accelerating at 200 deg/s2. What is the angular velocity of the 
leg at the instant of contact with the ball? (Answer: 80 deg/s, 1.4 rad/s)

 5. The angular velocity of a runner’s thigh changes from 3 rad/s to 2.7 
rad/s during a 0.5 s time period. What has been the average angular 
acceleration of the thigh? (Answer: �0.6 rad/s2, �34.4 deg/s2)

 6. Identify three movements during which the instantaneous angular 
velocity at a particular time is the quantity of interest. Explain your 
choices.

 7. Fill in the missing corresponding values of angular measure in the 
table below.
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ADDITIONAL PROBLEMS

 1. A 1.2 m golf club is swung in a planar motion by a right-handed golfer 
with an arm length of 0.76 m. If the initial velocity of the golf ball is 
35 m/s, what was the angular velocity of the left shoulder at the point 
of ball contact? (Assume that the left arm and the club form a straight 
line, and that the initial velocity of the ball is the same as the linear 
velocity of the club head at impact.) (Answer: 17.86 rad/s)

 2. David is fi ghting Goliath. If David’s 0.75 m sling is accelerated for 1.5 
s at 20 rad/s2, what will be the initial velocity of the projected stone? 
(Answer: 22.5 m/s)

 3. A baseball is struck by a bat 46 cm from the axis of rotation when the 
angular velocity of the bat is 70 rad/s. If the ball is hit at a height of 1.2 
m at a 45° angle, will the ball clear a 1.2 m fence 110 m away? (Assume 
that the initial linear velocity of the ball is the same as the linear veloc-
ity of the bat at the point at which it is struck.) (Answer: No, the ball 
will fall through a height of 1.2 m at a distance of 105.7 m.)

 4. A polo player’s arm and stick form a 2.5 m rigid segment. If the arm 
and stick are swung with an angular speed of 1.0 rad/s as the player’s 
horse gallops at 5 m/s, what is the resultant velocity of a motionless 
ball that is struck head-on? (Assume that ball velocity is the same as 
the linear velocity of the end of the stick.) (Answer: 7.5 m/s)

 5. Explain how the velocity of the ball in Problem 4 would differ if the 
stick were swung at a 30° angle to the direction of motion of the horse.

 6. List three movements for which a relative angle at a particular joint 
is important and three movements for which the absolute angle of a 
body segment is important. Explain your choices.

 7. A majorette in the Rose Bowl Parade tosses a baton into the air with 
an initial angular velocity of 2.5 rev/s. If the baton undergoes a con-
stant acceleration while airborne of �0.2 rev/s2 and its angular veloc-
ity is 0.8 rev/s when the majorette catches it, how many revolutions 
does it make in the air? (Answer: 14 rev)

 8. A cyclist enters a curve of 30 m radius at a speed of 12 m/s. As the 
brakes are applied, speed is decreased at a constant rate of 0.5 m/s2. 
What are the magnitudes of the cyclist’s radial and tangential accelera-
tions when his speed is 10 m/s? (Answer: ar 5 3.33 m/s2; at 5 �0.5 m/s2)

 9. A hammer is being accelerated at 15 rad/s2. Given a radius of rotation 
of 1.7 m, what are the magnitudes of the radial and tangential com-
ponents of acceleration when tangential hammer speed is 25 m/s? 
(Answer: ar 5 367.6 m/s2; at 5 25.5 m/s2)

 10. A speed skater increases her speed from 10 m/s to 12.5 m/s over a period 
of 3 s while coming out of a curve of 20 m radius. What are the magni-
tudes of her radial, tangential, and total accelerations as she leaves the 
curve? (Remember that ar and at are the vector components of total 
acceleration.) (Answer: ar 5 7.81 m/s2; at 5 0.83 m/s2; a 5 7.85 m/s2)
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Perform the experiment shown in Sample Problem 11.1 in this chapter. Record the linear distances 
traveled by the three balls, and write a brief explanation.

Distances: ______________________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 2. With a partner, use a goniometer to measure range of motion for wrist fl exion and hyperextension, 
for ankle plantar fl exion and dorsifl exion, and for shoulder fl exion and hyperextension. Provide an 
explanation for differences in these ranges of motion between your partner and yourself.

 Yourself  Your Partner

Wrist fl exion  _________________________   _________________________

Wrist hyperextension  _________________________   _________________________

Plantar fl exion  _________________________   _________________________

Dorsifl exion  _________________________   _________________________

Shoulder fl exion  _________________________   _________________________

Shoulder hyperextension  _________________________   _________________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Observe a young child executing a kick or a throw. Write a brief description of the angular kinemat-
ics of the major joint actions. What features distinguish the performance from that of a reasonably 
skilled adult?

Hip kinematics: _________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Knee kinematics: ________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Foot/ankle kinematics: ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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 4. Working in a small group, observe from a side view two volunteers performing simultaneous maxi-
mal vertical jumps. Either video (and replay) the jumps or have the subjects repeat the jumps 
several times. Write a comparative description of the angular kinematics of the jumps, including 
both relative and absolute angles of importance. Does your description suggest a reason one jump is 
higher than the other?

Performer 1  Performer 2

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

_______________________________________________   ______________________________________________

 5. Tape a piece of tracing paper over the monitor of a videocassette recorder. Using the single-frame 
advance button, draw at least three sequential stick fi gure representations of a person performing a 
movement of interest. (If the movement is slow, you may need to skip a consistent number of frames 
between tracings.) Use a protractor to measure the angle present at one major joint of interest on 
each fi gure. Given 1/30 s between adjacent video pictures, calculate the angular velocity at the joints 
between pictures 1 and 2 and between pictures 2 and 3. Record your answers in both degree- and 
radian-based units.

Joint selected: __________________________________________________________________________________

Angle 1:  _____________________  angle 2:  _____________________  angle 3: _________________________

Number of frames skipped between tracings:  ______________________________________________________

Calculation:
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Circular Motion and Rotational Kinematics
http://cnx.org/content/m14014/latest/

Presents an online tutorial with formulas for relationships among angular 
kinematic quantities.

The Exploratorium: Science of Baseball
http://www.exploratorium.edu/baseball/index.html

Explains scientifi c concepts related to baseball pitching and hitting.
The Exploratorium: Science of Cycling
http://www.exploratorium.edu/cycling/index.html

Explains scientifi c concepts related to bicycle wheels and gear ratios.
The Exploratorium’s Science of Hockey 
http://www.exploratorium.edu/hockey/index.html

Explains scientifi c concepts related to hockey, including how to translate rota-
tional motion of the arms into linear motion of the puck.

K E Y  T E R M S

absolute angle angular orientation of a body segment with respect to a fi xed line of reference

angular acceleration rate of change in angular velocity

angular displacement change in the angular position or orientation of a line segment

angular velocity rate of change in the angular position or orientation of a line segment

instant center precisely located center of rotation at a joint at a given instant in time

radial acceleration component of acceleration of a body in angular motion directed toward the center of 
curvature; represents change in direction

radian unit of angular measure used in angular-linear kinematic quantity conversions; equal to 57.3°

radius of rotation distance from the axis of rotation to a point of interest on a rotating body

relative angle angle at a joint formed between the longitudinal axes of adjacent body segments

right hand rule procedure for identifying the direction of an angular motion vector

tangential acceleration component of acceleration of a body in angular motion directed along a tangent to the path 
of motion; represents change in linear speed



Linear Kinetics 
of Human Movement

After completing this chapter, you will be able to:

Identify Newton’s laws of motion and gravitation and describe practical 
 illustrations of the laws.

Explain what factors affect friction and discuss the role of friction in daily 
 activities and sports.

Defi ne impulse and momentum and explain the relationship between them.

Explain what factors govern the outcome of a collision between two bodies.

Discuss the relationships among mechanical work, power, and energy.

Solve quantitative problems related to kinetic concepts.
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W hat can people do to improve traction when walking on icy streets? 
Why do some balls bounce higher on one surface than on another? 

How can football linemen push larger opponents backward? In this chap-
ter, we introduce the topic of kinetics with a discussion of some important 
basic concepts and principles relating to linear kinetics.

NEWTON’S LAWS

Sir Isaac Newton (1642–1727) discovered many of the fundamental rela-
tionships that form the foundation for the fi eld of modern mechanics. 
These principles highlight the interrelationships among the basic kinetic 
quantities introduced in Chapter 3.

Law of Inertia

Newton’s fi rst law of motion is known as the law of inertia. This law states 
the following:

A body will maintain a state of rest or constant velocity unless acted on 
by an external force that changes the state.

In other words, a motionless object will remain motionless unless there is 
a net force (a force not counteracted by another force) acting on it. Simi-
larly, a body traveling with a constant speed along a straight path will 
continue its motion unless acted on by a net force that alters either the 
speed or the direction of the motion.

It seems intuitively obvious that an object in a static (motionless) situ-
ation will remain motionless barring the action of some external force. We 
assume that a piece of furniture such as a chair will maintain a fi xed posi-
tion unless pushed or pulled by a person exerting a net force to cause its 
motion. When a body is traveling with a constant velocity, however, the 
enactment of the law of inertia is not so obvious, because, in most situa-
tions, external forces do act to reduce velocity. For example, the law of 
inertia implies that a skater gliding on ice will continue gliding with the 
same speed and in the same direction, barring the action of an external 
force. But in reality, friction and air resistance are two forces normally 
present that act to slow skaters and other moving bodies.

Law of Acceleration

Newton’s second law of motion is an expression of the interrelationships 
among force, mass, and acceleration. This law, known as the law of accel-
eration, may be stated as follows for a body with constant mass:

A force applied to a body causes an acceleration of that body of a magni-
tude proportional to the force, in the direction of the force, and inversely 
proportional to the body’s mass.

When a ball is thrown, kicked, or struck with an implement, it tends to 
travel in the direction of the line of action of the applied force. Similarly, 
the greater the amount of force applied, the greater the speed the ball has. 
The algebraic expression of the law is a well-known formula that expresses 
the quantitative relationships among an applied force, a body’s mass, and 
the resulting acceleration of the body:

F 5 ma

Thus, if a 1 kg ball is struck with a force of 10 N, the resulting acceleration 
of the ball is 10 m/s2. If the ball has a mass of 2 kg, the application of the 
same 10 N force results in an acceleration of only 5 m/s2.

A skater has a tendency to 
continue gliding with constant 
speed and direction because 
of inertia. Photo courtesy of Karl 
Weatherly/Getty Images.
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Newton’s second law also applies to a moving body. When a defensive 
football player running down the fi eld is blocked by an opposing player, 
the velocity of the defensive player following contact is a function of the 
player’s original direction and speed and the direction and magnitude of 
the force exerted by the offensive player.

Law of Reaction

The third of Newton’s laws of motion states that every applied force is 
accompanied by a reaction force:

For every action, there is an equal and opposite reaction.

In terms of forces, the law may be stated as follows:

When one body exerts a force on a second, the second body exerts a reac-
tion force that is equal in magnitude and opposite in direction on the fi rst 
body.

When a person leans with a hand against a rigid wall, the wall pushes 
back on the hand with a force that is equal and opposite to that exerted 
by the hand on the wall. The harder the hand pushes against the wall, the 
greater is the amount of pressure felt across the surface of the hand where 
it contacts the wall. Another illustration of Newton’s third law of motion 
is found in Sample Problem 12.1.

During gait, every contact of a foot with the floor or ground gener-
ates an upward reaction force. Researchers and clinicians measure 
and study these ground reaction forces (GRFs) in analyzing differ-
ences in gait patterns across the life span and among individuals 
with handicapping conditions. Researchers have studied the GRFs 
that are sustained with every footfall during running to investigate fac-
tors related to both performance and running-related injuries. The mag-
nitude of the vertical component of the GRF during running on a level 

In accordance with Newton’s 
third law of motion, ground 
reaction forces are sustained 
with every footfall during 
running. Photo courtesy of Digital 
Vision/Getty Images.

S A M P L E  P R O B L E M  1 2 . 1

A 90 kg ice hockey player collides head-on with an 80 kg player. If the fi rst 
player exerts a force of 450 N on the second player, how much force is 
exerted by the second player on the fi rst?

Known

 m1 5 90 kg
 m2 5 80 kg
 F1 5 450 N

Solution
This problem does not require computation. According to Newton’s third 
law of motion, for every action, there is an equal and opposite reaction. If 
the force exerted by the fi rst player on the second has a magnitude of 450 
N and a positive direction, then the force exerted by the second player on 
the fi rst has a magnitude of 450 N and a negative direction.

�450 N

F2F1



386 BASIC BIOMECHANICS

surface is generally two to three times the runner’s body weight, with 
the pattern of force sustained during ground contact varying with run-
ning style. Runners are classifi ed as rearfoot, midfoot, or forefoot strik-
ers, according to the portion of the shoe fi rst making contact with the 
ground. Typical vertical GRF patterns for rearfoot strikers and others 
are shown in Figure 12-1.

Other factors infl uencing GRF patterns include running speed, run-
ning duration, knee fl exion angle at contact, stride length, fatigue, foot-
wear, surface stiffness, surface smoothness, light intensity, and grade (8). 
During treadmill running at 3 m/s at a grade of �9°, impacts perpendicu-
lar to the surface increase on the order of 54% compared to level run-
ning, signifi cantly increasing the potential for stress-related injury (12). 
The presence of fatigue, on the other hand, slightly reduces peak impact 
forces, secondary to reduced step length and increased knee fl exion at 
contact (11). 

Although it may seem logical that harder running surfaces would 
generate larger ground reaction forces, this has not been documented. 
When encountering surfaces of different stiffness, runners typically 
make individual adjustments in running kinematics that tend to main-
tain GRFs at a constant level (9). This may be explained to some extent 
by runners’ sensitivity to the shock waves resulting from every heel 
strike that propagate upward, dynamically loading the musculoskeletal 
system. There is evidence that when the magnitude of the GRF increases, 
dynamic loading of the musculoskeletal system increases at fi ve times 
the rate of the increase in the GRF (29). Research has shown that mus-
cle activity is elicited to minimize soft-tissue vibrations arising from 
impact forces during running, another sign of runners’ sensitivity to 
dynamic loading (21, 22).

As discussed in Chapter 10, runners generally increase stride length as 
running speed increases over the slow-to-moderate speed range. Longer 
strides tend to generate GRFs with larger retarding horizontal compo-
nents (Figure 12-2). This is one reason that overstriding can be counter-
productive. With longer stride lengths and more extended knee angles at 
contact, muscles crossing the knee also absorb more of the shock that is 
transmitted upward through the musculoskeletal system, which may 
translate to additional stress being placed on the knees (7).

4

3

2

1

0
0 100

Rearfoot striker

Time (msec)

F Z
(B

W
)

200

Midfoot striker

FIGURE 12-1

Typical ground reaction force 
patterns for rearfoot strikers 
and others. Runners may be 
classifi ed as rearfoot, midfoot, 
or forefoot strikers according 
to the portion of the shoe 
that usually contacts the 
ground fi rst.

•Since the ground reaction force 
is an external force acting on the 
human body, its magnitude and 
direction affect the body’s velocity.
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Since the GRF is an external force acting on the human body, its mag-
nitude and direction have implications for performance in many sporting 
events. In the high jump, for example, skilled performers are moving with 
a large horizontal velocity and a slight downwardly directed vertical 
velocity at the beginning of the stride before takeoff. The GRF reduces the 
jumper’s horizontal velocity and creates an upwardly directed vertical 
velocity (Figure 12-3). Better jumpers not only enter the takeoff phase of 
the jump with high horizontal velocities but also effectively use the GRF 
to convert horizontal velocity to upward vertical velocity (5). Although 
baseball and softball pitching are often thought of as being primarily upper 
extremity motions, with GRFs approaching 139% body weight (BW) verti-
cally, 24% BW anteriorly, and 42% BW medially, windmill softball pitchers 
are commonly seen for lower extremity injuries (14). Maximizing the dis-
tance of drives in golf requires generation of large GRFs, with a greater pro-
portion of the GRF on the back foot during the backswing and transfer of this 
proportion to the front foot during the downswing (17).

Law of Gravitation

Newton’s discovery of the law of universal gravitation was one of the most 
signifi cant contributions to the scientifi c revolution and is considered by 
many to mark the beginning of modern science (4). According to legend, 
Newton’s thoughts on gravitation were provoked either by his observa-
tion of a falling apple or by his actually being struck on the head by a 
falling apple. In his writings on the subject, Newton used the example of 

FIGURE 12-2

Use of a longer stride length 
during running increases 
the retarding horizontal 
component (FH) of the ground 
reaction force (R).

FH

FVR

FH

FVR
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the falling apple to illustrate the principle that every body attracts every 
other body. Newton’s law of gravitation states the following:

All bodies are attracted to one another with a force proportional to the 
product of their masses and inversely proportional to the square of the 
distance between them.

Stated algebraically, the law is the following:

Fg 5 G
m1m2

d2

The force of gravitational attraction is Fg, G is a numerical constant, m1 
and m2 are the masses of the bodies, and d is the distance between the 
mass centers of the bodies.

For the example of the falling apple, Newton’s law of gravitation indi-
cates that just as the earth attracts the apple, the apple attracts the earth, 
although to a much smaller extent. As the formula for gravitational force 
shows, the greater the mass of either body, the greater the attractive force 
between the two. Similarly, the greater the distance between the bodies, 
the smaller the attractive force between them.

For biomechanical applications, the only gravitational attraction of 
consequence is that generated by the earth because of its extremely large 
mass. The rate of gravitational acceleration at which bodies are attracted 
toward the surface of the earth (9.81 m/s2) is based on the earth’s mass 
and the distance to the center of the earth.

MECHANICAL BEHAVIOR OF BODIES 
IN CONTACT

According to Newton’s third law of motion, for every action there is an 
equal and opposite reaction. However, consider the case of a horse hitched 
to a cart. According to Newton’s third law, when the horse exerts a force 
on the cart to cause forward motion, the cart exerts a backward force of 

FIGURE 12-3

During the high jump takeoff, 
the horizontal component (FH) 
of the ground reaction force 
(R) decreases the performer’s 
horizontal velocity, and the 
vertical component (FV) can 
contribute to upward vertical 
velocity.

R
FV

FV

FH

FH
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equal magnitude on the horse (Figure 12-4). Considering the horse and 
the cart as a single mechanical system, if the two forces are equal in mag-
nitude and opposite in direction, their vector sum is zero. How does the 
horse-and-cart system achieve forward motion? The answer relates to the 
presence of another force that acts with a different magnitude on the cart 
than on the horse: the force of friction.

Friction

Friction is a force that acts at the interface of surfaces in contact in the 
direction opposite the direction of motion or impending motion. Because 
friction is a force, it is quantifi ed in units of force (N). The magnitude of 
the generated friction force determines the relative ease or diffi culty of 
motion for two objects in contact.

Consider the example of a box sitting on a level tabletop (Figure 12-5). 
The two forces acting on the undisturbed box are its own weight and a 
reaction force (R) applied by the table. In this situation, the reaction force 
is equal in magnitude and opposite in direction to the box’s weight.

When an extremely small horizontal force is applied to this box, it 
remains motionless. The box can maintain its static position because the 
applied force causes the generation of a friction force at the box/table 
interface that is equal in magnitude and opposite in direction to the small 
applied force. As the magnitude of the applied force becomes greater and 
greater, the magnitude of the opposing friction force also increases to a 
certain critical point. At that point, the friction force present is termed 
maximum static friction (Fm). If the magnitude of the applied force is 
increased beyond this value, motion will occur (the box will slide).

Once the box is in motion, an opposing friction force continues to act. 
The friction force present during motion is referred to as kinetic friction 
(Fk). Unlike static friction, the magnitude of kinetic friction remains at a 
constant value that is less than the magnitude of maximum static fric-
tion. Regardless of the amount of the applied force or the speed of the 
occurring motion, the kinetic friction force remains the same. Figure 12-6 
illustrates the relationship between friction and an applied external force.

What factors determine the amount of applied force needed to move an 
object? More force is required to move a refrigerator than to move the 
empty box in which the refrigerator was delivered. More force is also 
needed to slide the refrigerator across a carpeted fl oor than to do so across 
a smooth linoleum fl oor. Two factors govern the magnitude of the force of 
maximum static friction or kinetic friction in any situation: the coeffi cient 
of friction, represented by the lowercase Greek letter mu (�), and the nor-
mal (perpendicular) reaction force (R):

 F 5 �R

friction
force acting over the area of contact 
between two surfaces in the direction 
opposite that of motion or motion 
tendency

FIGURE 12-4

When a horse attempts to pull 
a cart forward, the cart exerts 
an equal and opposite force on 
the horse, in accordance with 
Newton’s third law.

maximum static friction
maximum amount of friction that 
can be generated between two static 
surfaces

kinetic friction
constant-magnitude friction 
generated between two surfaces in 
contact during motion

coeffi cient of friction
number that serves as an index of 
the interaction between two surfaces 
in contact

normal reaction force
force acting perpendicular to two 
surfaces in contact
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The coeffi cient of friction is a unitless number indicating the relative ease 
of sliding, or the amount of mechanical and molecular interaction between 
two surfaces in contact. Factors infl uencing the value of � are the relative 
roughness and hardness of the surfaces in contact and the type of molecu-
lar interaction between the surfaces. The greater the mechanical and 
molecular interaction, the greater the value of �. For example, the coeffi -
cient of friction between two blocks covered with rough sandpaper is 
larger than the coeffi cient of friction between a skate and a smooth  surface 

wt

No applied horizontal force

No friction

No motion

Small applied force

Small friction force

Fa 5 Fs

No motion

Larger applied force

Maximum static friction

Fa 5 Fm

No motion but motion impending

Larger applied force

Fa . Fk

Motion occurring
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R
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FIGURE 12-5

The magnitude of the friction 
force changes with increasing 
amounts of applied force.
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n

Applied external force

Static
(no motion)
Fm 5 msR

Dynamic
(motion occurring)

Fk 5 mkR

FIGURE 12-6

As long as a body is static 
(unmoving), the magnitude 
of the friction force developed 
is equal to that of an applied 
external force. Once motion 
is initiated, the magnitude of 
the friction force remains at 
a constant level below that of 
maximum static friction.
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of ice. The coeffi cient of friction describes the interaction between two sur-
faces in contact and is not descriptive of either surface alone. The coeffi -
cient of friction for the blade of an ice skate in contact with ice is different 
from that for the blade of the same skate in contact with concrete or wood.

The coeffi cient of friction between two surfaces assumes one or two dif-
ferent values, depending on whether the bodies in contact are motionless 
(static) or in motion (kinetic). The two coeffi cients are known as the coef-
fi cient of static friction (�s) and the coeffi cient of kinetic friction (�k). The 
magnitude of maximum static friction is based on the coeffi cient of static 
friction:

 Fm 5 �sR

The magnitude of the kinetic friction force is based on the coeffi cient of 
kinetic friction:

 Fk 5 �kR

For any two bodies in contact, �k is always smaller than �s. Kinetic fric-
tion coeffi cients of 0.0071 have been reported for standard ice hockey 
skates on ice, with new blade designs involving fl aring of the blade near 
the bottom edge lowering the coeffi cient of friction even further (10). Use 
of the coeffi cients of static and kinetic friction is illustrated in Sample 
Problem 12.2.

•Because �k is always smaller 
than �s , the magnitude of kinetic 
friction is always less than the 
magnitude of maximum static 
friction.

S A M P L E  P R O B L E M  1 2 . 2

The coeffi cient of static friction between a sled and the snow is 0.18, with 
a coeffi cient of kinetic friction of 0.15. A 250 N boy sits on the 200 N sled. 
How much force directed parallel to the horizontal surface is required to 
start the sled in motion? How much force is required to keep the sled in 
motion?

Known

 �s 5 0.18
 �k 5 0.15
 wt 5 250 N � 200 N

Solution
To start the sled in motion, the applied force must exceed the force of 
maximum static friction:

 Fm 5 �sR
  5 (0.18) (250 N � 200 N)
 5 81 N

The applied force must be greater than 81 N.

To maintain motion, the applied force must equal the force of kinetic 
friction:

 Fk 5 �kR
  5 (0.15) (250 N � 200 N)
 5 67.5 N

 The applied force must be at least 67.5 N.
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FIGURE 12-7

As weight increases, the 
normal reaction force 
increases.

•Racquetball and golf gloves are 
designed to increase the friction 
between the hand and the 
racquet or club, as are the grips 
on the handles of the rackets and 
clubs themselves.

•It is advantageous to pull with 
a line of force that is directed 
slightly upward when moving a 
heavy object.

The other factor affecting the magnitude of the friction force generated 
is the normal reaction force. If weight is the only vertical force acting on 
a body sitting on a horizontal surface, R is equal in magnitude to the 
weight. If the object is a football blocking sled with a 100 kg coach stand-
ing on it, R is equal to the weight of the sled plus the weight of the coach. 
Other vertically directed forces such as pushes or pulls can also affect the 
magnitude of R, which is always equal to the vector sum of all forces or 
force components acting normal to the surfaces in contact (Figure 12-7).

The magnitude of R can be intentionally altered to increase or decrease 
the amount of friction present in a particular situation. When a football 
coach stands on the back of a blocking sled, the normal reaction force 
exerted by the ground on the sled is increased, with a concurrent increase 
in the amount of friction generated, making it more diffi cult for a player 
to move the sled. Alternatively, if the magnitude of R is decreased, friction 
is decreased and it is easier to initiate motion.

How can the normal reaction force be decreased? Suppose you need to 
rearrange the furniture in a room. Is it easier to push or pull an object 
such as a desk to move it? When a desk is pushed, the force exerted is 
typically directed diagonally downward. In contrast, force is usually 
directed diagonally upward when a desk is pulled. The vertical compo-
nent of the push or pull either adds to or subtracts from the magnitude of 
the normal reaction force, thus infl uencing the magnitude of the friction 
force generated and the relative ease of moving the desk (Figure 12-8).

The amount of friction present between two surfaces can also be 
changed by altering the coeffi cient of friction between the surfaces. For 
example, the use of gloves in sports such as golf and racquetball increases 
the coeffi cient of friction between the hand and the grip of the club or 
racquet. Similarly, lumps of wax applied to a surfboard increase the 
roughness of the board’s surface, thereby increasing the coeffi cient of fric-
tion between the board and the surfer’s feet. The application of a thin, 
smooth coat of wax to the bottom of cross-country skis is designed to 
decrease the coeffi cient of friction between the skis and the snow, with 
different waxes used for various snow conditions.
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A widespread misconception about friction is that greater contact sur-
face area generates more friction. Advertisements often imply that wide-
track automobile tires provide better traction (friction) against the road 
than tires of normal width. However, the only factors known to affect fric-
tion are the coeffi cient of friction and the normal reaction force. Because 
wide-track tires typically weigh more than normal tires, they do increase 
friction to the extent that they increase R. However, the same effect can 
be achieved by carrying bricks or cinder blocks in the trunk of the car, a 
practice often followed by people who regularly drive on icy roads. Wide-
track tires do tend to provide the advantages of increased lateral stability 
and increased wear, since larger surface area reduces the stress on a 
properly infl ated tire.

Friction exerts an important infl uence during many daily activities. 
Walking depends on a proper coeffi cient of friction between a person’s 
shoes and the supporting surface. If the coeffi cient of friction is too low, as 
when a person with smooth-soled shoes walks on a patch of ice, slippage 
will occur. The bottom of a wet bathtub or shower stall should provide a 
coeffi cient of friction with the soles of bare feet that is suffi ciently large to 
prevent slippage.

The amount of friction present between ballet shoes and the dance stu-
dio fl oor must be controlled so that movements involving some amount of 
sliding or pivoting—such as glissades, assembles, and pirouettes—can be 
executed smoothly but without slippage. Rosin is often applied to dance 
fl oors because it provides a large coeffi cient of static friction but a signifi -
cantly smaller coeffi cient of dynamic friction. This helps to prevent slippage 
in static situations and allows desired movements to occur freely.

A controversial disagreement occurred between Glenn Allison, a 
retired professional bowler and member of the American Bowling Con-
gress Hall of Fame, and the American Bowling Congress. The dispute 
arose over the amount of friction present between Allison’s ball and the 
lanes on which he bowled a perfect score of 300 in three consecutive 
games. According to the congress, his scores could not be recognized 
because the lanes he used did not conform to Congress standards for the 
amount of conditioning oil present (18), which gave Allison the unfair 
advantage of added ball traction.
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Pv
P
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R 5 wt 1 Pv

R 5 wt 2 Pv

Pushing a desk

Pulling a desk

FIGURE 12-8

From a mechanical 
perspective, it is easier to pull 
than to push an object such as 
a desk, since pulling tends to 
decrease the magnitude of R 
and F, whereas pushing tends 
to increase R and F.

The coeffi cient of friction 
between a dancer’s shoes 
and the fl oor must be small 
enough to allow freedom of 
motion but large enough to 
prevent slippage.
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The magnitude of the rolling friction present between a rolling object, 
such as a bowling ball or an automobile tire, and a fl at surface is approxi-
mately one-hundredth to one-thousandth of that present between sliding 
surfaces. Rolling friction occurs because both the curved and the fl at sur-
faces are slightly deformed during contact. The coeffi cient of friction 
between the surfaces in contact, the normal reaction force, and the size of 
the radius of curvature of the rolling body all infl uence the magnitude of 
rolling friction.

The amount of friction present in a sliding or rolling situation is dra-
matically reduced when a layer of fl uid, such as oil or water, intervenes 
between two surfaces in contact. The presence of synovial fl uid serves to 
reduce the friction, and subsequently the mechanical wear, on the diarthro-
dial joints of the human body. The coeffi cient of friction in a total hip pros-
thesis is approximately 0.01 (23). 

Revisiting the question presented earlier about the horse and cart, the 
force of friction is the determining factor for movement. The system moves 
forward if the magnitude of the friction force generated by the horse’s 
hooves against the ground exceeds that produced by the wheels of the cart 
against the ground (Figure 12-9). Because most horses are shod to increase 
the amount of friction between their hooves and the ground, and most 
cart wheels are round and smooth to minimize the amount of friction they 
generate, the horse is usually at an advantage. However, if the horse 
stands on a slippery surface or if the cart rests in deep sand or is heavily 
loaded, motion may not be possible.

Momentum

Another factor that affects the outcome of interactions between two bod-
ies is momentum, a mechanical quantity that is particularly important in 
situations involving collisions. Momentum may be defi ned generally as 
the quantity of motion that an object possesses. More specifi cally, linear 
momentum is the product of an object’s mass and its velocity:

M 5 mv

A static object (with zero velocity) has no momentum; that is, its momen-
tum equals zero. A change in a body’s momentum may be caused by either 
a change in the body’s mass or a change in its velocity. In most human 
movement situations, changes in momentum result from changes in 
velocity. Units of momentum are units of mass multiplied by units of 
velocity, expressed in terms of kg � m/s. Because velocity is a vector quan-
tity, momentum is also a vector quantity and is subject to the rules of 
vector composition and resolution.

When a head-on collision between two objects occurs, there is a ten-
dency for both objects to continue moving in the direction of motion origi-
nally possessed by the object with the greatest momentum. If a 90 kg 
hockey player traveling at 6 m/s to the right collides head-on with an 80 
kg player traveling at 7 m/s to the left, the momentum of the fi rst player 
is the following:

 M 5 mv
 5 (90 kg) (6 m/s)
 5 540 kg � m/s

The momentum of the second player is expressed as follows:

 M 5 mv
 5 (80 kg) (7 m/s)
 5 560 kg � m/s

•Rolling friction is infl uenced 
by the weight, radius, and 
deformability of the rolling object, 
as well as by the coeffi cient of 
friction between the two surfaces.

•The synovial fl uid present at 
many of the joints of the human 
body greatly reduces the friction 
between the articulating bones.

linear momentum
quantity of motion, measured as the 
product of a body’s mass and its 
velocity

•Momentum is a vector quantity.
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Since the second player’s momentum is greater, both players would tend to 
continue moving in the direction of the second player’s original velocity 
after the collision. Actual collisions are also affected by the extent to which 
the players become entangled, by whether one or both players remain on 
their feet, and by the elasticity of the collision.

Neglecting these other factors that may infl uence the outcome of the 
collision, it is possible to calculate the magnitude of the combined veloc-
ity of the two hockey players after the collision using a modifi ed state-
ment of Newton’s fi rst law of motion (see Sample Problem 12.3). 
Newton’s fi rst law may be restated as the principle of conservation of 
momentum:

In the absence of external forces, the total momentum of a given system 
remains constant.

The principle is expressed in equation format as the following:

M1 5 M2

(mv)1 5 (mv)2

Subscript 1 designates an initial point in time and subscript 2 represents 
a later time.

Applying this principle to the hypothetical example of the colliding 
hockey players, the vector sum of the two players’ momenta before the 
collision is equal to their single, combined momentum following the colli-
sion (see Sample Problem 12.3). In reality, friction and air resistance are 
external forces that typically act to reduce the total amount of momentum 
present.

Impulse

When external forces do act, they change the momentum present in a 
system predictably. Changes in momentum depend not only on the 
magnitude of the acting external forces but also on the length of time 

FIGURE 12-9

A horse can pull a cart if the 
horse’s hooves generate more 
friction than the wheels of the 
cart.
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•In the absence of external 
forces, momentum is 
conserved. However, friction 
and air resistance are forces 
that normally act to reduce 
momentum.
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over which each force acts. The product of force and time is known as 
impulse:

impulse 5 Ft

When an impulse acts on a system, the result is a change in the system’s 
total momentum. The relationship between impulse and momentum is 
derived from Newton’s second law:

 F 5 ma

 F 5 m
1v2 2 v12

t

 Ft 5 (mv)2 � (mv)1

 Ft 5 �M

S A M P L E  P R O B L E M  1 2 . 3

A 90 kg hockey player traveling with a velocity of 6 m/s collides head-on 
with an 80 kg player traveling at 7 m/s. If the two players entangle and 
continue traveling together as a unit following the collision, what is their 
combined velocity?

Known

 m1 5 90 kg
 v1 5 6 m/s
 m2 5 80 kg
 v2 5 �7 m/s

Solution
The law of conservation of momentum may be used to solve the problem, 
with the two players considered as the total system.

 Before collision After collision

 m1v1 � m2v2 5 (m1 � m2) (v)
 (90 kg) (6 m/s) � (80 kg) (�7 m/s) 5 (90 kg � 80 kg) (v)
 540 kg � m/s � 560 kg � m/s 5 (170 kg) (v)
 �20 kg � m/s 5 (170 kg) (v)

v 5 0.12 m/s in the 80 kg player’s original direction of travel.

m = 80 kg
v = 7 m/s

m = (90 + 80) kg
v = ?

m = 90 kg
v = 6 m/s

Collision

impulse
product of a force and the time 
interval over which the force acts
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Subscript 1 designates an initial time and subscript 2 represents a 
later time. An application of this relationship is presented in Sample 
Problem 12.4.

Signifi cant changes in an object’s momentum may result from a small 
force acting over a large time interval or from a large force acting over a 
small time interval. A golf ball rolling across a green gradually loses 
momentum because its motion is constantly opposed by the force of roll-
ing friction. The momentum of a baseball struck vigorously by a bat also 
changes because of the large force exerted by the bat during the fraction 
of a second it is in contact with the ball. It is little surprise that elite 
sprinters have been shown to develop signifi cantly greater impulse 
against the starting blocks as compared to well-trained but subelite 
sprinters (25).

The amount of impulse generated by the human body is often inten-
tionally manipulated. When a vertical jump is performed on a force plat-
form, a graphical display of the vertical GRF across time can be 
generated (Figure 12-10). Since impulse is the product of force and time, 
the impulse is the area under the force–time curve. The larger the 
impulse generated against the fl oor, the greater the change in the per-
former’s momentum, and the higher the resulting jump. Theoretically, 
impulse can be increased by increasing either the magnitude of applied 
force or the time interval over which the force acts. Practically, however, 
when time of force application against the ground is prolonged during 
vertical jump execution, the magnitude of the force that can be gener-
ated is dramatically reduced, with the ultimate result being a smaller 
impulse. For performing a maximal vertical jump, the performer must 
maximize impulse by optimizing the trade-off between applied force 
magnitude and force duration.

S A M P L E  P R O B L E M  1 2 . 4

A toboggan race begins with the two crew members pushing the toboggan 
to get it moving as quickly as possible before they climb in. If crew mem-
bers apply an average force of 100 N in the direction of motion of the 90 
kg toboggan for a period of 7 s before jumping in, what is the toboggan’s 
speed (neglecting friction) at that point?

Known
 F 5 100 N
 t 5 7 s
 m 5 90 kg

Solution
The crew members are applying an impulse to the toboggan to change the 
toboggan’s momentum from zero to a maximum amount. The impulse–
momentum relationship may be used to solve the problem.

 Ft 5 (mv)2 � (mv)1

(100 N) (7 s) 5 (90 kg) (v) � (90 kg) (0)

v 5 7.78 m/s in the direction of force application

100 N

90 kg
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Impulse can also be intentionally manipulated during a landing from a 
jump (Figure 12-11). A performer who lands rigidly will experience a rela-
tively large GRF sustained over a relatively short time interval. Alterna-
tively, allowing the hip, knee, and ankle joints to undergo fl exion during 
the landing increases the time interval over which the landing force is 
absorbed, thereby reducing the magnitude of the force sustained. Research 
has shown that females tend to land in a more erect posture than males, 
with greater shock absorption occurring in the knees and ankles, and a 
concomitant greater likelihood of lower-extremity injury (6). One-foot 
landings also tend to generate higher impact forces and faster loading 
rates than two-foot landings (27).

It is also useful to manipulate impulse when catching a hard-thrown 
ball. “Giving” with the ball after it initially contacts the hands or the 
glove before bringing the ball to a complete stop will prevent the force of 
the ball from causing the hands to sting. The greater the period is 
between making initial hand contact with the ball and bringing the ball 
to a complete stop, the smaller is the magnitude of the force exerted by 
the ball against the hand, and the smaller is the likelihood of experienc-
ing a sting.
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Force–time histories for A 
high, and B low vertical 
jumps by the same performer. 
The shaded area represents 
the impulse generated against 
the fl oor during the jump.
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Impact

The type of collision that occurs between a struck baseball and a bat is 
known as an impact. An impact involves the collision of two bodies over 
an extremely small time interval during which the two bodies exert rela-
tively large forces on each other. The behavior of two objects following an 
impact depends not only on their collective momentum but also on the 
nature of the impact.

For the hypothetical case of a perfectly elastic impact, the relative veloc-
ities of the two bodies after impact are the same as their relative velocities 
before impact. The impact of a superball with a hard surface approaches 
perfect elasticity, because the ball’s speed diminishes little during its colli-
sion with the surface. At the other end of the range is the perfectly plastic 
impact, during which at least one of the bodies in contact deforms and does 
not regain its original shape, and the bodies do not separate. This occurs 
when modeling clay is dropped on a surface.

Most impacts are neither perfectly elastic nor perfectly plastic, but 
somewhere between the two. The coeffi cient of restitution describes the 
relative elasticity of an impact. It is a unitless number between 0 and 1. 
The closer the coeffi cient of restitution is to 1, the more elastic is the 
impact; and the closer the coeffi cient is to 0, the more plastic is the 
impact.

The coeffi cient of restitution governs the relationship between the 
relative velocities of two bodies before and after an impact. This rela-
tionship, which was originally formulated by Newton, may be stated as 
follows:

When two bodies undergo a direct collision, the difference in their veloci-
ties immediately after impact is proportional to the difference in their 
velocities immediately before impact.
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Representations of ground 
reaction forces during vertical 
jump performances: A. a 
rigid landing, B. a landing 
with hip, knee, and ankle 
fl exion occurring. Note the 
differences in the magnitudes 
and times of the landing 
impulses.

impact
collision characterized by the 
exchange of a large force during a 
small time interval

perfectly elastic impact
impact during which the velocity of 
the system is conserved

perfectly plastic impact
impact resulting in the total loss of 
system velocity

coeffi cient of restitution
number that serves as an index of 
elasticity for colliding bodies
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This relationship can also be expressed algebraically as the following:

 2e 5
relative velocity after impact

relative velocity before impact

 2e 5
v1 2 v2

u1 2 u2

In this formula, e is the coeffi cient of restitution, u1 and u2 are the veloci-
ties of the bodies just before impact, and v1 and v2 are the velocities of the 
bodies immediately after impact (Figure 12-12).

In tennis, the nature of the game depends on the type of impacts 
between ball and racket and between ball and court. All other conditions 
being equal, a tighter grip on the racket increases the apparent coeffi cient 
of restitution between ball and racket (16). When a pressurized tennis 
ball is punctured, there is a reduction in the coeffi cient of restitution 
between ball and surface of 20% (15). Other factors of infl uence are racket 
size, shape, balance, fl exibility, string type and tension, and swing kine-
matics (30). 

“Giving” with the ball during 
a catch serves to lessen the 
magnitude of the impact force 
sustained by the catcher.

Ball velocities before impact

Ball velocities after impact

u1

v1

v1 2 v2 5 2e (u1 2 u2)

v2

u2

FIGURE 12-12

The differences in two balls’ 
velocities before impact 
is proportional to the 
difference in their velocities 
after impact. The factor 
of proportionality is the 
coeffi cient of restitution.
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The nature of impact between the bat and the ball is also an important 
factor in the sports of baseball and softball. The hitting surface of the bat 
is convex, in contrast to the surface of the tennis racquet, which deforms to 
a concave shape during ball contact. Consequently, hitting a baseball or 
softball in a direct, rather than a glancing, fashion is of paramount con-
cern. Research has shown that aluminum baseball bats produce signifi -
cantly higher batted ball speeds than do wood bats, which suggests that 
the coeffi cient of restitution between an aluminum bat and baseball is 
higher than that between a wood bat and baseball (13).

In the case of an impact between a moving body and a stationary one, 
Newton’s law of impact can be simplifi ed because the velocity of the sta-
tionary body remains zero. The coeffi cient of restitution between a ball 
and a fl at, stationary surface onto which the ball is dropped may be 
approximated using the following formula:

e 5
B

hb

hd

In this equation, e is the coeffi cient of restitution, hd is the height from 
which the ball is dropped, and hb is the height to which the ball bounces 
(see Sample Problem 12.5). The coeffi cient of restitution describes the 
interaction between two bodies during an impact; it is not descriptive of 
any single object or surface. Dropping a basketball, a golf ball, a racquet-
ball, and a baseball onto several different surfaces demonstrates that 
some balls bounce higher on certain types of surfaces (Figure 12-13).

The coeffi cient of restitution is increased by increases in both impact 
velocity and temperature. In sports such as baseball and tennis, increases in 
both incoming ball velocity and bat or racket velocity increase the coeffi cient 

S A M P L E  P R O B L E M  1 2 . 5

A basketball is dropped from a height of 2 m onto a gymnasium fl oor. If 
the coeffi cient of restitution between ball and fl oor is 0.9, how high will 
the ball bounce?

Known

 hd 5 2 m
 e 5 0.9

Solution

 e 5
B

hb

hd

 0.9 5
B

hb

2 m

 0.81 5
hb

2 m

 hb 5 1.6 m

2 m

e 5 0.9
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of restitution between bat or racket and ball, and contribute to a livelier ball 
rebound from the striking instrument. In racquetball and squash, where the 
ball is constantly being deformed against the wall, the ball’s thermal energy 
(temperature) is increased over the course of play. As ball temperature 
increases, its rebound from both racquet and wall becomes more lively.

WORK, POWER, AND ENERGY 
RELATIONSHIPS

Work

The word work is commonly used in a variety of contexts. A person can 
speak of “working out” in the weight room, doing “yard work,” or “working 
hard” to prepare for an exam. However, from a mechanical standpoint, 
work is defi ned as force applied against a resistance, multiplied by the 
displacement of the resistance in the direction of the force:

W 5 Fd

When a body is moved a given distance as the result of the action of an 
applied external force, the body has had work performed on it, with the 
quantity of work equal to the product of the magnitude of the applied 
force and the distance through which the body was moved. When a force 
is applied to a body but no net force results because of opposing forces 
such as friction or the body’s own weight, no mechanical work has been 
done, since there has been no movement of the body.

When the muscles of the human body produce tension resulting in the 
motion of a body segment, the muscles perform work on the body seg-
ment, and the mechanical work performed may be characterized as either 
positive or negative work, according to the type of muscle action that pre-
dominates. When both the net muscle torque and the direction of angular 
motion at a joint are in the same direction, the work done by the muscles 
is said to be positive. Alternatively, when the net muscle torque and the 
direction of angular motion at a joint are in opposite directions, the work 
done by the muscles is considered to be negative. Although many move-
ments of the human body involve co-contraction of agonist and antagonist 
muscle groups, when concentric contraction prevails the work is positive, 
and when eccentric contraction prevails the work is negative. During an 
activity such as running on a level surface, the net negative work done by 
the muscles is equal to the net positive work done by the muscles.

Performing positive mechanical work typically requires greater caloric 
expenditure than performing the same amount of negative mechanical 
work. However, no simple relationship between the caloric energy required 
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Bounce heights of a 
basketball, golf ball, 
racquetball, and baseball 
all dropped onto the same 
surface from a height of 1 m.

•Increases in impact velocity 
and temperature increase the 
coeffi cient of restitution.

work
in a mechanical context, force 
multiplied by the displacement of the 
resistance in the direction of the force

•Mechanical work should not be 
confused with caloric expenditure.
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for performing equal amounts of positive and negative mechanical work 
has been discovered, and the picture is complicated by the fact that ago-
nist and other muscle groups often co-contract (1, 19).

Units of work are units of force multiplied by units of distance. In the 
metric system, the common unit of force (N) multiplied by a common unit 
of distance (m) is termed the joule (J).

 1 J 5 1 Nm

Power

Another term used in different contexts is power. In mechanics, power 
refers to the amount of mechanical work performed in a given time:

 power 5
work

change in time

 P 5
W
¢t

Using the relationships previously described, power can also be defi ned 
as the following:

 power 5
force 3 distance
change in time

 P 5
Fd
¢t

Because velocity equals the directed distance divided by the change in 
time, the equation can also be expressed as the following:

P 5 Fv

Units of power are units of work divided by units of time. In the metric 
system, joules divided by seconds are termed watts (W):

1 W 5 1 J/s

In activities such as throwing, jumping, and sprinting and in Olympic 
weight lifting, the athlete’s ability to exert mechanical power or the combi-
nation of force and velocity is critical to successful performance. Peak power 
is strongly associated with maximum isometric strength (26). A problem 
involving mechanical work and power is shown in Sample Problem 12.6.

Energy

Energy is defi ned generally as the capacity to do work. Mechanical 
energy is therefore the capacity to do mechanical work. Units of mechan-
ical energy are the same as units of mechanical work (joules, in the met-
ric system). There are two forms of mechanical energy: kinetic energy and 
potential energy.

Kinetic energy (KE) is the energy of motion. A body possesses kinetic 
energy only when in motion. Formally, the kinetic energy of linear motion 
is defi ned as one-half of a body’s mass multiplied by the square of its 
velocity:

KE 5 12 mv2

If a body is motionless (v 5 0), its kinetic energy is also zero. Because 
velocity is squared in the expression for kinetic energy, increases in a 

power
rate of work production, calculated 
as work divided by the time during 
which the work was done

•The ability to produce 
mechanical power is critical for 
athletes competing in explosive 
track-and-fi eld events.

kinetic energy
energy of motion, calculated as   1 _

 2   mv2 

potential energy
energy by virtue of a body’s position 
or confi guration, calculated as the 
product of weight and height
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body’s velocity create dramatic increases in its kinetic energy. For exam-
ple, a 2 kg ball rolling with a velocity of 1 m/s has a kinetic energy of 1 J:

 KE 5 12 mv2

 5 (0.5) (2 kg) (1 m/s)2

 5 (1 kg) (1 m2/s2)
 5 1 J

If the velocity of the ball is increased to 3 m/s, kinetic energy is signifi -
cantly increased:

 KE 5 12 mv2

 5 (0.5) (2 kg) (3 m/s)2

 5 (1 kg) (9 m2/s2)
 5 9 J

The other major category of mechanical energy is potential energy (PE), 
which is the energy of position. More specifi cally, potential energy is a 
body’s weight multiplied by its height above a reference surface:

 PE 5 wt � h
 PE 5 magh

In the second formula, m represents mass, ag is the acceleration of grav-
ity, and h is the body’s height. The reference surface is usually the fl oor 
or the ground, but in special circumstances, it may be defi ned as another 
surface.

Because in biomechanical applications the weight of a body is typically 
fi xed, changes in potential energy are usually based on changes in the 

S A M P L E  P R O B L E M  1 2 . 6

A 580 N person runs up a fl ight of 30 stairs of riser (height) of 25 cm dur-
ing a 15 s period. How much mechanical work is done? How much mechan-
ical power is generated?

Known

 wt (F) 5 580 N
 h 5 30 � 25 cm
 t 5 15 s

Solution
For mechanical work:

 W 5 Fd
  5 (580 N) (30 � 0.25 m)

 W 5 4350 J

For mechanical power:
 P 5

W
t

 5
4350 J

15 s

 P 5 290 watts

580 N
ht
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body’s height. For example, when a 50 kg bar is elevated to a height of 1 m, 
its potential energy at that point is 490.5 J:

 PE 5 magh
  5 (50 kg) (9.81 m/s2) (1 m)
 5 490.5 J

Potential energy may also be thought of as stored energy. The term poten-
tial implies potential for conversion to kinetic energy. A special form of 
potential energy is called strain energy (SE), or elastic energy. Strain 
energy may be defi ned as follows:

SE 5 12 kx2

In this formula, k is a spring constant, representing a material’s relative 
stiffness or ability to store energy on deformation, and x is the distance 
over which the material is deformed. When an object is stretched, bent, or 
otherwise deformed, it stores this particular form of potential energy for 
later use. For example, when the muscles and tendons of the human body 
are stretched, they store strain energy that is released to increase the 
force of subsequent contraction, as discussed in Chapter 6. During an 
activity such as a maximal-effort throw, stored energy in stretched mus-
culotendinous units can contribute signifi cantly to the force and power 
generated and to the resulting velocity of the throw (20). Because they are 
more extensible than muscle, it is primarily the tendons that store and 
return elastic energy, with longer tendons performing this function more 
effectively than shorter ones (3). The Achilles tendon, in particular, stores 
and returns large amounts of mechanical energy, providing a large com-
ponent of the mechanical work required for walking (24). Likewise, when 
the end of a diving board or a trampoline surface is depressed, strain 
energy is created. Subsequent conversion of the stored energy to kinetic 
energy enables the surface to return to its original shape and position. 
The poles used by vaulters store strain energy as they bend, and then 
release kinetic energy and increase the potential energy of the athlete as 
they straighten during the performance of the vault (2).

Conservation of Mechanical Energy

Consider the changes that occur in the mechanical energy of a ball tossed 
vertically into the air (Figure 12-14). As the ball gains height, it also gains 
potential energy (magh). However, since the ball is losing velocity with 
increasing height because of gravitational acceleration, it is also losing 
kinetic energy (  1 _ 2   mv2) At the apex of the ball’s trajectory (the instant 
between rising and falling), its height and potential energy are at a max-
imum value, and its velocity and kinetic energy are zero. As the ball starts 
to fall, it progressively gains kinetic energy while losing potential energy.

The correlation between the kinetic and potential energies of the ver-
tically tossed ball illustrates a concept that applies to all bodies when the 
only external force acting is gravity. The concept is known as the law of 
conservation of mechanical energy, which may be stated as follows:

When gravity is the only acting external force, a body’s mechanical 
energy remains constant.

Since the mechanical energy a body possesses is the sum of its potential and 
kinetic energies, the relationship may also be expressed as the following:

(PE � KE) 5 C

strain energy
capacity to do work by virtue of a 
deformed body’s return to its original 
shape

During the pole vault, the bent 
pole stores strain energy for 
subsequent release as kinetic 
energy and heat. Photo courtesy 
of Chu’s Marters, University of 
Delaware.
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In this formula, C is a constant; that is, it is a number that remains con-
stant throughout the period of time during which gravity is the only 
external force acting. Sample Problem 12.7 quantitatively illustrates this 
principle.

Principle of Work and Energy

There is a special relationship between the quantities of mechanical work 
and mechanical energy. This relationship is described as the principle of 
work and energy, which may be stated as follows:

The work of a force is equal to the change in energy that it produces in 
the object acted on.

Algebraically, the principle may be represented thus:

W 5 �KE � �PE � �TE

In this formula, KE is kinetic energy, PE is potential energy, and TE is ther-
mal energy (heat). The algebraic statement of the principle of work and 
energy indicates that the change in the sum of the forms of energy produced 
by a force is quantitatively equal to the mechanical work done by that force. 
When a tennis ball is projected into the air by a ball-throwing machine, the 
mechanical work performed on the ball by the machine results in an 
increase in the ball’s mechanical energy. Prior to projection, the ball’s poten-
tial energy is based on its weight and height, and its kinetic energy is zero. 
The ball-throwing machine increases the ball’s total mechanical energy by 
imparting kinetic energy to it. In this situation, the change in the ball’s 
thermal energy is negligible. Sample Problem 12.8 provides a quantitative 
illustration of the principle of work and energy.

The work–energy relationship is also evident during movements of the 
human body. For example, the arches in runners’ feet act as a mechanical 
spring to store, and subsequently return, strain energy as they cyclically 
deform and then regain their resting shapes. The ability of the arches to 
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FIGURE 12-14

Height, velocity, potential 
energy, and kinetic energy 
change for a 1 kg ball tossed 
upward from a height of 1 m. 
Note that PE � KE 5 C (a 
constant) throughout the 
trajectory.

•When gravity is the only acting 
external force, any change 
in a body’s potential energy 
necessitates a compensatory 
change in its kinetic energy.
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function as a spring reduces the amount of mechanical work that would 
otherwise be required during running.

Two-joint muscles in the human body also serve to transfer mechanical 
energy from one joint to another, thereby reducing the mechanical work 
required of the muscles crossing the second joint during a given movement. 
For example, during takeoff for a vertical jump, when the hip extensors 
work concentrically to produce hip extension, if the rectus femoris remains 
isometrically contracted, a secondary effect is an extensor torque exerted at 
the knee. In this case, it is the hip extensors that produce the knee extensor 
torque, since the length of the rectus femoris does not change.

It is important not to confuse the production of mechanical energy or 
mechanical work by the muscles of the human body with the consump-
tion of chemical energy or caloric expenditure. Factors such as concentric 
versus eccentric muscular contractions, the transfer of energy between 
body segments, elastic storage and reuse of energy, and limitations in 
joint ranges of motion complicate direct quantitative calculation of the 

S A M P L E  P R O B L E M  1 2 . 7

A 2 kg ball is dropped from a height of 1.5 m. What is its velocity immedi-
ately before impact with the fl oor?

Known

 m 5 2kg
 h 5 1.5 m

Solution
The principle of the conservation of mechanical energy may be used to 
solve the problem. The total energy possessed by the ball when it is held 
at a height of 1.5 m is its potential energy. Immediately before impact, the 
ball’s height (and potential energy) may be assumed to be zero, and 100% 
of its energy at that point is kinetic.
Total (constant) mechanical energy possessed by the ball:

 PE � KE 5 C
 (wt) (h) � 12 mv2 5 C
 (2 kg) (9.81 m/s2) (1.5 m) � 0 5 C
 29.43 J 5 C

Velocity of the ball before impact:

 PE � KE 5 29.43 J

 (wt) (h) � 12 mv2 5 29.43 J

 (2 kg) (9.81 m/s2) (0) � 12 (2 kg) v2 5 29.43 J

 v2 5 29.43 J/kg

 v 5 5.42 m/s

2 kg

1.5 m

v 5 ?
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relationship between mechanical and physiological energy estimates 
(28). Approximately 25% of the energy consumed by the muscles is con-
verted into work, with the remainder changed to heat or used in the 
body’s chemical processes.

Table 12-1 summarizes the formulas used in this chapter.

S A M P L E  P R O B L E M  1 2 . 8

How much mechanical work is required to catch a 1.3 kg ball traveling at 
a velocity of 40 m/s?

Known

 m 5 1.3 kg
 v 5 40 m/s

Solution
The principle of work and energy may be used to calculate the mechanical 
work required to change the ball’s kinetic energy to zero. Assume that the 
potential energy and thermal energy of the ball do not change:

 W 5 �Ke
 5 (1

2 mv2)2 � ( 12 mv2)1

 5 0 � (1
2) (1.3 kg) (40 m/s)2

 W 5 1040 J

v 5 40 m/s

1.3 kg

TABLE 12-1

Formula Summary
DESCRIPTION FORMULA

Force 5 (mass)(acceleration) F 5 ma

Friction 5 (coeffi cient of friction)(normal reaction force) F 5 �R

Linear momentum 5 (mass)(velocity) M 5 mv

Coeffi cient of restitution 5   
relative velocity after impact

   _________________________   
relative velocity before impact

  �e 5   
v1 � v2

 _______ u1 � u2
  

Work 5 (force) (displacement of resistance) W 5 Fd

Power 5   
work

 _____ time  P 5   
W

 ___ t  

Power 5 (force)(velocity) P 5 Fv

Kinetic energy 5   1 _ 2   (mass)(velocity squared) KE 5   1 _ 2   mv2

Potential energy 5 (weight)(height) PE 5 magh

Strain energy 5   1 _ 2   (spring constant)(deformation squared) SE 5   1 _ 2   kx2

Potential energy � kinetic energy 5 constant PE � KE 5 C

Work 5 change in energy W 5 �KE � �PE � �TE



SUMMARY

Linear kinetics is the study of the forces associated with linear motion. 
The interrelationships among many basic kinetic quantities are identi-
fi ed in the physical laws formulated by Sir Isaac Newton.

Friction is a force generated at the interface of two surfaces in contact 
when there is motion or a tendency for motion of one surface with respect to 
the other. The magnitudes of maximum static friction and kinetic friction 
are determined by the coeffi cient of friction between the two surfaces and by 
the normal reaction force pressing the two surfaces together. The direction 
of friction force always opposes the direction of motion or motion tendency.

Other factors that affect the behavior of two bodies in contact when a 
collision is involved are momentum and elasticity. Linear momentum is the 
product of an object’s mass and its velocity. The total momentum present in 
a given system remains constant barring the action of external forces. 
Changes in momentum result from impulses, external forces acting over a 
time interval. The elasticity of an impact governs the amount of velocity 
present in the system following the impact. The relative elasticity of two 
impacting bodies is represented by the coeffi cient of restitution.

Mechanical work is the product of force and the distance through which 
the force acts. Mechanical power is the mechanical work done over a time 
interval. Mechanical energy has two major forms: kinetic and potential. 
When gravity is the only acting external force, the sum of the kinetic and 
potential energies possessed by a given body remains constant. Changes in 
a body’s energy are equal to the mechanical work done by an external force.

INTRODUCTORY PROBLEMS

 1. How much force must be applied by a kicker to give a stationary 2.5 kg 
ball an acceleration of 40 m/s2? (Answer: 100 N)

 2. A high jumper with a body weight of 712 N exerts a force of 3 kN 
against the ground during takeoff. How much force does the ground 
exert on the high jumper? (Answer: 3 kN)

 3. What factors affect the magnitude of friction?
 4. If �s between a basketball shoe and a court is 0.56, and the normal 

reaction force acting on the shoe is 350 N, how much horizontal force is 
required to cause the shoe to slide? (Answer: �196 N)

 5. A football player pushes a 670 N blocking sled. The coeffi cient of static 
friction between sled and grass is 0.73, and the coeffi cient of kinetic 
friction between sled and grass is 0.68.
a. How much force must the player exert to start the sled in motion?
b. How much force is required to keep the sled in motion?
c. Answer the same two questions with a 100 kg coach standing on 

the back of the sled.
 (Answers: a. �489.1 N; b. 455.6 N; c. �1205.2 N, 1122.7 N)

 6. Lineman A has a mass of 100 kg and is traveling with a velocity of 4 m/s 
when he collides head-on with lineman B, who has a mass of 90 kg and is 
traveling at 4.5 m/s. If both players remain on their feet, what will hap-
pen? (Answer: lineman B will push lineman A backward with a velocity 
of 0.03 m/s)

 7. Two skaters gliding on ice run into each other head-on. If the two skaters 
hold onto each other and continue to move as a unit after the collision, 
what will be their resultant velocity? Skater A has a velocity of 5 m/s and 
a mass of 65 kg. Skater B has a velocity of 6 m/s and a mass of 60 kg. 
(Answer: v 5 0.28 m/s in the direction originally taken by skater B)
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 8. A ball dropped on a surface from a 2 m height bounces to a height of 
0.98 m. What is the coeffi cient of restitution between ball and sur-
face? (Answer: 0.7)

 9. A set of 20 stairs, each of 20 cm height, is ascended by a 700 N man in 
a period of 1.25 s. Calculate the mechanical work, power, and change in 
potential energy during the ascent. (Answer: W 5 2800 J, P 5 2240 W, 
PE 5 2800 J)

 10. A pitched ball with a mass of 1 kg reaches a catcher’s glove traveling 
at a velocity of 28 m/s.

 a. How much momentum does the ball have?
 b. How much impulse is required to stop the ball?
 c. If the ball is in contact with the catcher’s glove for 0.5 s during the 

catch, how much average force is applied by the glove?
 (Answers: a. 28 kg � m/s; b. 28 N s; c. 56 N)

ADDITIONAL PROBLEMS

 1. Identify three practical examples of each of Newton’s laws of motion, 
and clearly explain how each example illustrates the law.

 2. Select one sport or daily activity, and identify the ways in which the 
amount of friction present between surfaces in contact affects perfor-
mance outcome.

 3. A 2 kg block sitting on a horizontal surface is subjected to a horizon-
tal force of 7.5 N. If the resulting acceleration of the block is 3 m/s2, 
what is the magnitude of the friction force opposing the motion of the 
block? (Answer: 1.5 N)

 4. Explain the interrelationships among mechanical work, power, and 
energy within the context of a specifi c human motor skill.

 5. Explain in what ways mechanical work is and is not related to caloric 
expenditure. Include in your answer the distinction between positive 
and negative work and the infl uence of anthropometric factors.

 6. A 108 cm, 0.73 kg golf club is swung for 0.5 s with a constant accel-
eration of 10 rad/s2. What is the linear momentum of the club head 
when it impacts the ball? (Answer: 3.9 kg � m/s)

 7. A 6.5 N ball is thrown with an initial velocity of 20 m/s at a 35° angle 
from a height of 1.5 m.

 a. What is the velocity of the ball if it is caught at a height of 1.5 m?
 b. If the ball is caught at a height of 1.5 m, how much mechanical 

work is required?
 (Answers: a. 20 m/s; b. 132.5 J)
 8. A 50 kg person performs a maximum vertical jump with an initial 

velocity of 2 m/s.
 a. What is the performer’s maximum kinetic energy during the jump?
 b. What is the performer’s maximum potential energy during the jump?
 c. What is the performer’s minimum kinetic energy during the jump?
 d. How much is the performer’s center of mass elevated during the jump?
 (Answers: a. 100 J; b. 100 J; c. 0; d. 20 cm)
 9. Using the principle of conservation of mechanical energy, calculate 

the maximum height achieved by a 7 N ball tossed vertically upward 
with an initial velocity of 10 m/s. (Answer: 5.1 m)

 10. Select one of the following sport activities and speculate about the 
changes that take place between kinetic and potential forms of 
mechanical energy.

 a. A single leg support during running
 b. A tennis serve
 c. A pole vault performance
 d. A springboard dive
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NAME _________________________________________________________

DATE __________________________________________________________

LABORATORY EXPERIENCES

 1. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), go to Student Resources, 
Chapter 12, Lab Manual, Lab 1, then view Newton’s Laws Animation 1 and Animation 2 and Energy 
Animation 1. Identify the principles that are illustrated, and write explanations of what is demonstrated.

Principle in Newton’s Laws Animation 1: __________________________________________________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

Principle in Newton’s Laws Animation 2: __________________________________________________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

Principle in Energy Animation 1: _________________________________________________________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

 2. Following the instructions above, go to the online lab manual and click on Collisions in One Dimension. 
Play this simulation with all different possible combinations of variable settings. Identify the principle 
that is illustrated, and write an explanation of what is demonstrated.

Principle: _______________________________________________________________________________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Have each member of your lab group remove one shoe. Use a spring scale to determine the magni-
tude of maximum static friction for each shoe on two different surfaces. (Depending on the sensitivity 
of the spring scale, you may need to load the shoe with weight.) Present your results in a table, and 
write a paragraph explaining the results.

 Shoe Shoe Weight Applied Force �s

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
411



412 BASIC BIOMECHANICS

 4. Drop fi ve different balls from a height of 2 m on two different surfaces, and carefully observe and 
record the bounce heights. Calculate the coeffi cient of restitution for each ball on each surface, and 
write a paragraph explaining your results.

 Ball Drop Height Bounce Height e

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

________________________________  ___________________   _________________   ___________________

 5. Using a stopwatch, time each member of your lab group running up a fl ight of stairs. Use a ruler to 
measure the height of one stair, then multiply by the number of stairs to calculate the total change 
in height. Calculate work, power, and change in potential energy for each group member.

  Wt Mass Time Av. Vel. Ht � Work Power �PE
 Group Member (N) (kg) (s) (m/s) (m) (J) (W) (J)

__________________   ______   _______  ______   ______   _______  ______  _______   _______

__________________   ______   _______  ______   ______   _______  ______  _______   _______

__________________   ______   _______  ______   ______   _______  ______  _______   _______

__________________   ______   _______  ______   ______   _______  ______  _______   _______

__________________   ______   _______  ______   ______   _______  ______  _______   _______
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coeffi cient of friction number that serves as an index of the interaction between two surfaces in contact

coeffi cient of restitution number that serves as an index of elasticity for colliding bodies

friction force acting at the area of contact between two surfaces in the direction opposite that of 
motion or motion tendency

impact collision characterized by the exchange of a large force during a small time interval

impulse product of a force and the time interval over which the force acts

kinetic energy energy of motion calculated as 1⁄2 mv2

kinetic friction constant magnitude friction generated between two surfaces in contact during motion

linear momentum quantity of motion, measured as the product of a body’s mass and its velocity

maximum static friction maximum amount of friction that can be generated between two static surfaces

normal reaction force force acting perpendicular to two surfaces in contact

perfectly elastic impact impact during which the velocity of the system is conserved

perfectly plastic impact impact resulting in the total loss of system velocity

potential energy energy by virtue of a body’s position or confi guration, calculated as the product of weight 
and height

power rate of work production, calculated as work divided by the time during which the work was 
done

strain energy capacity to do work by virtue of a deformed body’s return to its original shape

work in a mechanical context, force multiplied by the displacement of the resistance in the direc-
tion of the force
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Equilibrium and 
Human Movement

After completing this chapter, you will be able to:

Defi ne torque, quantify resultant torques and identify the factors that affect 
resultant joint torques.

Identify the mechanical advantages associated with the different classes of levers 
and explain the concept of leverage within the human body.

Solve basic quantitative problems using the equations of static equilibrium.

Defi ne center of gravity and explain the signifi cance of center of gravity location 
in the human body.

Explain how mechanical factors affect a body’s stability.
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W hy do long jumpers and high jumpers lower their centers of gravity 
before takeoff? What mechanical factors enable a wheelchair to remain 

stationary on a graded ramp or a sumo wrestler to resist the attack of his 
opponent? A body’s mechanical stability is based on its resistance to both 
linear and angular motion. This chapter introduces the kinetics of angular 
motion, along with the factors that affect mechanical stability.

EQUILIBRIUM

Torque

As discussed in Chapter 3, the rotary effect created by an applied force is 
known as torque, or moment of force. Torque, which may be thought of as 
rotary force, is the angular equivalent of linear force. Algebraically, torque 
is the product of force and the force’s moment arm, or the perpendicular 
distance from the force’s line of action to the axis of rotation:

T 5 Fd�

Thus, both the magnitude of a force and the length of its moment arm 
equally affect the amount of torque generated (Figure 13-1). Moment arm 
is also sometimes referred to as force arm or lever arm.

As may be observed in Figure 13-2, the moment arm is the shortest 
distance between the force’s line of action and the axis of rotation. A force 
directed through an axis of rotation produces no torque, because the 
force’s moment arm is zero.

Within the human body, the moment arm for a muscle with respect to 
a joint center is the perpendicular distance between the muscle’s line 
of action and the joint center (Figure 13-3). As a joint moves through a 
range of motion, there are changes in the moment arms of the muscles 
crossing the joint. For any given muscle, the moment arm is largest when 
the angle of pull on the bone is closest to 90°. At the elbow, as the angle 
of pull moves away from 90° in either direction, the moment arm for the 
elbow fl exors is progressively diminished. Since torque is the product of 
moment arm and muscle force, changes in moment arm directly affect the 
joint torque that a muscle generates. For a muscle to generate a constant 
joint torque during an exercise, it must produce more force as its moment 
arm decreases.

Many athletic skills require 
mechanical stability.

torque
the rotary effect of a force about 
an axis of rotation, measured as 
the product of the force and the 
perpendicular distance between the 
force’s line of action and the axis

moment arm
shortest (perpendicular) distance 
between a force’s line of action and 
an axis of rotation

FIGURE 13-1

Which position of force 
application is best for 
opening the swinging door? 
Experience should verify that 
position C is best.

Top view

A

B

C
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Top view

Moment arm

Moment arm

Moment arm

Force line
of action

Force line
of action

Force line
of action

FIGURE 13-2

The moment arm of a force 
is the perpendicular distance 
from the force’s line of action 
to the axis of rotation (the 
door hinge).

FIGURE 13-3

A muscle’s moment arm 
is maximal at a 90° angle 
of pull. As the line of pull 
moves away from 90° in 
either direction, the moment 
arm becomes progressively 
smaller.

Fm

Fm

Fm

d'

d'

d'
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A

B

Stern

d2

d1

d3

d4

Stern

d2

d1

d3

d4

FIGURE 13-4

A. This crew arrangement 
creates a net torque about 
the stern of the boat because 
the sum of the top side oar 
moment arms (d1 � d2) is less 
than the sum of the bottom 
side moment arms (d3 � d4). 
B. This arrangement 
eliminates the problem, 
assuming that all rowers 
stroke simultaneously and 
produce equal force, because 
(d1 � d2) 5 (d3 � d4).

SternA

SternB

SternC

FIGURE 13-5

The Italians and Germans 
have used alternative 
positionings for eight-member 
crews. The torques produced 
by the oar forces with respect 
to the stern are balanced 
in arrangements B and C, 
but not in the traditional 
arrangement shown in A.

In the sport of rowing, where adjacent crew members traditionally row 
on opposite sides of the hull, the moment arm between the force applied 
by the oar and the stern of the boat is a factor affecting performance (Fig-
ure 13-4). With the traditional arrangement, the rowers on one side of the 
boat are positioned farther from the stern than their counterparts on the 
other side, thus causing a net torque and a resulting lateral oscillation 
about the stern during rowing (17). The Italian rig eliminates this prob-
lem by positioning rowers so that no net torque is produced, assuming 
that the force produced by each rower with each stroke is nearly the same 
(Figure 13-4). Italian and German rowers have similarly developed alter-
native positionings for the eight-member crew (Figure 13-5).

•It is easiest to initiate 
rotation when force is applied 
perpendicularly and as far away 
as possible from the axis of 
rotation.
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Another example of the signifi cance of moment arm length is provided 
by a dancer’s foot placement during preparation for execution of a total 
body rotation around the vertical axis. When a dancer initiates a turn, the 
torque producing the turn is provided by equal and oppositely directed 
forces exerted by the feet against the fl oor. A pair of equal and opposite 
forces is known as a force couple. Because the forces in a couple are posi-
tioned on opposite sides of the axis of rotation, they produce torque in the 
same direction. The torque generated by a couple is therefore the sum of 
the products of each force and its moment arm. Turning from fi fth position, 
with a small distance between the feet, requires greater force production by 
a dancer than turning at the same rate from fourth position, in which the 
moment arms of the forces in the couple are longer (Figure 13-6). Signifi -
cantly more force is required when the torque is generated by a single 
support foot, for which the moment arm is reduced to the distance between 
the metatarsals and the calcaneus.

Torque is a vector quantity and is therefore characterized by both mag-
nitude and direction. The magnitude of the torque created by a given force 
is equal to Fd�, and the direction of a torque may be described as clock-
wise or counterclockwise. As discussed in Chapter 11, the counterclock-
wise direction is conventionally referred to as the positive (�) direction, 
and the clockwise direction is regarded as negative (�). The magnitudes 
of two or more torques acting at a given axis of rotation can be added 
using the rules of vector composition (see Sample Problem 13.1).

Resultant Joint Torques

The concept of torque is important in the study of human movement, 
because torque produces movement of the body segments. As discussed in 
Chapter 6, when a muscle crossing a joint develops tension, it produces a 
force pulling on the bone to which it attaches, thereby creating torque at 
the joint the muscle crosses.

Much human movement involves simultaneous tension development 
in agonist and antagonist muscle groups. The tension in the antagonists 
controls the velocity of the movement and enhances the stability of the 
joint at which the movement is occurring. Since antagonist tension devel-
opment creates torque in the direction opposite that of the torque pro-
duced by the agonist, the resulting movement at the joint is a function of 
the net torque. When net muscle torque and joint movement occur in the 
same direction, the torque is termed concentric, and muscle torque in the 
direction opposite joint motion is considered to be eccentric. Although 

F

F
F

F

F

F

d'
d'

d'

FIGURE 13-6

The wider a dancer’s stance, 
the greater the moment arm 
for the force couple generated 
by the feet when a turn is 
executed. When rotation is 
initiated from a single-foot 
stance, the moment arm 
becomes the distance between 
the support points of the foot.

•The product of muscle tension 
and muscle moment arm 
produces a torque at the joint 
crossed by the muscle.

couple
pair of equal, oppositely directed 
forces that act on opposite sides of 
an axis of rotation to produce torque
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these terms are generally useful descriptors in analysis of muscular func-
tion, their application is complicated when two-joint or multijoint muscles 
are considered, since there may be concentric torque at one joint and 
eccentric torque at a second joint crossed by the same muscle.

Because directly measuring the forces produced by muscles during the 
execution of most movement skills is not practical, measurements or esti-
mates of resultant joint torques (joint moments) are often studied to 
investigate the patterns of muscle contributions. A number of factors, 
including the weight of the body segments, the motion of the body seg-
ments, and the action of external forces, may contribute to net joint 
torques. Joint torque profi les are typically matched to the requirements of 
the task at hand and provide at least general estimates of muscle group 
contribution levels.

To better understand muscle function during running, a number of 
investigators have studied resultant joint torques at the hip, knee, and 
ankle throughout the running stride. Figure 13-7 displays representative 
resultant joint torques and angular velocities for the hip, knee, and ankle 
during a running stride, as calculated from fi lm and force platform data. 
In Figure 13-7, when the resultant joint torque curve and the angular 
velocity curves are on the same side of the zero line, the torque is concen-
tric; the torque is eccentric when the reverse is true. As may be observed 
from Figure 13-7, both concentric and eccentric torques are present at the 
lower-extremity joints during running. Interestingly, it has been shown 

S A M P L E  P R O B L E M  1 3 . 1

Two children sit on opposite sides of a playground seesaw. If Joey, weighing 
200 N, is 1.5 m from the seesaw’s axis of rotation, and Susie, weighing 190 N, 
is 1.6 m from the axis of rotation, which end of the seesaw will drop?

Known

 Joey: wt(FJ) 5 200 N
  d�J 5 1.5 m
 Susie: wt(FS) 5 190 N
  d�S 5 1.6 m

Solution
The seesaw will rotate in the direction of the resultant torque at its axis 
of rotation. To fi nd the resultant torque, the torques created by both chil-
dren are summed according to the rules of vector composition. The torque 
produced by Susie’s body weight is in a counterclockwise (positive) direc-
tion, and the torque produced by Joey’s body weight is in a clockwise (neg-
ative) direction.

 Ta 5 (FS) (d�S) � (FJ) (d�J)
 5 (190 N) (1.6 m) � (200 N) (1.5 m)
 5 304 N-m � 300 N-m
 5 4 N-m

The resultant torque is in a positive direction, and Susie’s end of the 
seesaw will fall.

190 N
?

1.6 m 1.5 m

200 N
?
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that use of running shoes increases joint torques at the hip, knee, and 
ankle as compared to running barefoot (6).

Lower-extremity joint torques during cycling at a given power are 
affected by pedaling rate, seat height, length of the pedal crank arm, and 
distance from the pedal spindle to the ankle joint. Figure 13-8 shows the 
changes in average resultant torque at the hip, knee, and ankle joints 
with changes in pedaling rate at a constant power.

It is widely assumed that the muscular force (and subsequently, joint 
torque) requirements of resistance exercise increase as the amount of resis-
tance increases. Obese children, who carry extra weight as compared to 
normal weight children, generate signifi cantly higher torques at the hip, 
knee, and ankle with every step (16). During resistance exercises, another 
factor that affects joint torques is the kinematics of the movement. It has 
been shown, for example, that back squats generate signifi cantly higher 
extensor torques at the knee as compared to the front squat (2).

Another factor infl uencing joint torques during exercise is movement 
speed. When other factors remain constant, increased movement speed is 
associated with increased resultant joint torques during exercises such 
as the squat (12). However, increased movement speed during weight 
training is generally undesirable, because increased speed increases 
not only the muscle tension required but also the likelihood of incorrect 
technique and subsequent injury. Acceleration of the load early in the 
performance of a resistance exercise also generates momentum, which 
means that the involved muscles need not work so hard throughout the 
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FIGURE 13-7

Representative joint torques 
and angular velocity curves 
for the lower extremity during 
running. Modifi ed from Putnam 
CA and Kozey JW: Substantive 
issues in running. In Vaughan CL, 
ed: Biomechanics of sport, Boca 
Raton, FL, 1989, CRC Press.

The torques required at the 
hip, knee, and ankle during 
cycling at a given power are 
infl uenced by body position 
and cycle dimensions. Photo 
courtesy of Steve Allen/Brand X 
Pictures.
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range of motion as would otherwise be the case. For these reasons, it is 
both safer and more effective to perform exercises at slow, controlled 
movement speeds.

Levers

When muscles develop tension, pulling on bones to support or move the 
resistance created by the weight of the body segment(s) and possibly the 
weight of an added load, the muscle and bone are functioning mechani-
cally as a lever. A lever is a rigid bar that rotates about an axis, or ful-
crum. Force applied to the lever moves a resistance. In the human body, 
the bone acts as the rigid bar; the joint is the axis, or fulcrum; and the 
muscles apply force. The three relative arrangements of the applied force, 
resistance, and axis of rotation for a lever are shown in Figure 13-9.
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FIGURE 13-8

Absolute average joint 
torques for the hip, knee, and 
ankle versus pedaling rate 
during cycling. Modifi ed from 
Redfi eld R and Hull ML: On the 
relation between joint moments 
and pedalling at constant power in 
bicycling, J Biomech 19:317, 1986.

lever
a simple machine consisting of a 
relatively rigid, barlike body that may 
be made to rotate about an axis

fulcrum
the point of support, or axis, about 
which a lever may be made to rotate

First class

Second class

Third class

F R

FR

F R

FIGURE 13-9

Relative locations of the 
applied force, the resistance, 
and the fulcrum, or axis of 
rotation, determine lever 
classifi cations.
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With a fi rst-class lever, the applied force and resistance are located on 
opposite sides of the axis. The playground seesaw is an example of a fi rst-
class lever, as are a number of commonly used tools, including scissors, 
pliers, and crowbars (Figure 13-10). Within the human body, the simulta-
neous action of agonist and antagonist muscle groups on opposite sides 
of a joint axis is analogous to the functioning of a fi rst-class lever, with the 
agonists providing the applied force and the antagonists supplying a 
resistance force. With a fi rst-class lever, the applied force and resistance 
may be at equal distances from the axis, or one may be farther away from 
the axis than the other.

In a second-class lever, the applied force and the resistance are on the 
same side of the axis, with the resistance closer to the axis. A wheelbar-
row, a lug nut wrench, and a nutcracker are examples of second-class 
levers, although there are no completely analogous examples in the 
human body (Figure 13-10).

With a third-class lever, the force and the resistance are on the same side 
of the axis, but the applied force is closer to the axis. A canoe paddle and 
a shovel can serve as third-class levers (Figure 13-10). Most muscle–bone 
lever systems of the human body are also of the third class for concentric 
contractions, with the muscle supplying the applied force and attaching to 
the bone at a short distance from the joint center compared to the distance 
at which the resistance supplied by the weight of the body segment or that 
of a more distal body segment acts (Figure 13-11). As shown in Figure 13-12, 
however, during eccentric contractions, it is the muscle that supplies the 
resistance against the applied external force. During eccentric contractions, 
muscle and bone function as a second-class lever.

A lever system can serve one of two purposes (Figure 13-13). Whenever 
the moment arm of the applied force is greater than the moment arm 
of the resistance, the magnitude of the applied force needed to move a 
given resistance is less than the magnitude of the resistance. Whenever 
the resistance arm is longer than the force arm, the resistance may be 
moved through a relatively large distance. The mechanical effectiveness 

fi rst-class lever
lever positioned with the applied 
force and the resistance on opposite 
sides of the axis of rotation

FIGURE 13-10

A. First-class levers. 
B. Second-class levers. 
C. Third-class levers. Note 
that the paddle and shovel 
function as third-class levers 
only when the top hand does 
not apply force but serves as a 
fi xed axis of rotation.

second-class lever
lever positioned with the resistance 
between the applied force and the 
fulcrum

third-class lever
lever positioned with the applied 
force between the fulcrum and the 
resistance
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of a lever for moving a resistance may be expressed quantitatively as its 
mechanical advantage, which is the ratio of the moment arm of the force 
to the moment arm of the resistance:

mechanical advantage 5
moment arm 1force2

moment arm 1resistance2

Whenever the moment arm of the force is longer than the moment arm 
of the resistance, the mechanical advantage ratio reduces to a number 
that is greater than one, and the magnitude of the applied force required 

A

B

C Fulcrum

Resistance 

Force

Force

Resistance

Fulcrum

Resistance

Force

Fulcrum

FIGURE 13-11

Most levers within the human 
body are third class. A. The 
biceps at the elbow. B. The 
patellar tendon at the knee. 
C. The medial deltoid at the 
shoulder.

mechanical advantage
ratio of force arm to resistance arm 
for a given lever

•The moment arm of an applied 
force can also be referred to as 
the force arm, and the moment 
arm of a resistance can be 
referred to as the resistance arm.

FIGURE 13-12

The elbow fl exors contract 
eccentrically to apply a 
braking resistance and to 
control movement speed 
during the down phase of a 
curl exercise. In this case, the 
muscle–bone lever system is 
second class.

Resistance

Fulcrum

Force

Force

Direction
of motion
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to move the resistance is less than the magnitude of the resistance. The 
ability to move a resistance with a force that is smaller than the resistance 
offers a clear advantage when a heavy load must be moved. As shown in 
Figure 13-10, a wheelbarrow combines second-class leverage with rolling 
friction to facilitate transporting a load. When removing a lug nut from an 
automobile wheel, it is helpful to use as long an extension as is practical 
on the wrench to increase mechanical advantage.

Alternatively, when the mechanical advantage ratio is less than one, a 
force that is larger than the resistance must be applied to cause motion 
of the lever. Although this arrangement is less effective in the sense that 
more force is required, a small movement of the lever at the point of force 
application moves the resistance through a larger range of motion (see 
Figure 13-13).

Anatomical Levers

Skilled athletes in many sports intentionally maximize the length of the 
effective moment arm for force application to maximize the effect of the 
torque produced by muscles about a joint. During execution of the serve in 
tennis, expert players not only strike the ball with the arm fully extended 
but also vigorously rotate the body in the transverse plane, making the 
spine the axis of rotation and maximizing the length of the anatomical lever 
delivering the force. The same strategy is employed by accomplished base-
ball pitchers. As discussed in Chapter 11, the longer the radius of rotation, 
the greater the linear velocity of the racket head or hand delivering the 
pitch, and the greater the resultant velocity of the struck or thrown ball.

In the human body, most muscle–bone lever systems are of the third 
class, and therefore have a mechanical advantage of less than one. 
Although this arrangement promotes range of motion and angular speed 
of the body segments, the muscle forces generated must be in excess of the 
resistance force or forces if positive mechanical work is to be done.

The angle at which a muscle pulls on a bone also affects the mechan-
ical effectiveness of the muscle–bone lever system. The force of muscu-
lar tension is resolved into two force components—one perpendicular to 

F � 10 N R � 20 NA

B

'F

d'

FIGURE 13-13

A. A force can balance a 
larger resistance when its 
moment arm is longer than 
the moment arm of the 
resistance. B. A force can 
move a resistance through a 
larger range of motion when 
the moment arm of the force 
is shorter than the moment 
arm of the resistance.

Skilled pitchers often 
maximize the length of the 
moment arm between the ball 
hand and the total-body axis 
of rotation during the delivery 
of a pitch to maximize the 
effect of the torque produced 
by the muscles. Photo courtesy of 
Getty Images.
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the attached bone and one parallel to the bone (Figure 13-14). As dis-
cussed in Chapter 6, only the component of muscle force acting perpen-
dicular to the bone—the rotary component—actually causes the bone to 
rotate about the joint center. The component of muscle force directed 
parallel to the bone pulls the bone either away from the joint center (a 
dislocating component) or toward the joint center (a stabilizing compo-
nent), depending on whether the angle between the bone and the 
attached muscle is less than or greater than 90°. The angle of maximum 
mechanical advantage for any muscle is the angle at which the most 
rotary force can be produced. At a joint such as the elbow, the relative 
angle present at the joint is close to the angles of attachment of the 
elbow fl exors. The maximum mechanical advantages for the brachialis, 
biceps, and brachioradialis occur between angles at the elbow of approx-
imately 75° and 90° (Figure 13-15).

As joint angle and mechanical advantage change, muscle length also 
changes. Alterations in the lengths of the elbow fl exors associated with 
changes in angle at the elbow are shown in Figure 13-16. These changes 
affect the amount of tension a muscle can generate, as discussed in Chap-
ter 6. The angle at the elbow at which maximum fl exion torque is produced 
is approximately 80°, with torque capability progressively diminishing as 
the angle at the elbow changes in either direction (18).

The varying mechanical effectiveness of muscle groups for producing joint 
rotation with changes in joint angle is the underlying basis for the design of 
modern variable-resistance strength-training devices. These machines are 
designed to match the changing torque-generating capability of a muscle 
group throughout the range of motion at a joint. Machines manufactured 
by Universal (the Centurion) and Nautilus are examples. Although these 
machines offer more relative resistance through the extremes of joint range 
of motion than free weights, the resistance patterns incorporated are not an 
exact match for average human strength curves.

Isokinetic machines represent another approach to matching torque-
generating capability with resistance. These devices are generally designed 
so that an individual applies force to a lever arm that rotates at a constant 

Fm

Fm

Fm

Rotary
component

Rotary
component

Dislocating
component

Stabilizing
component

Angle of
attachment . 90º

Angle of
attachment , 90º

Angle of
attachment � 90º

(100% rotary)

FIGURE 13-14

Muscle force can be resolved 
into rotary and dislocating 
components.

•The force-generating capability 
of a muscle is affected by 
muscle length, cross-sectional 
area, moment arm, angle of 
attachment, shortening velocity, 
and state of training.

•Variable-resistance training 
devices are designed to match 
the resistance offered to the 
torque-generating capability of 
the muscle group as it varies 
throughout a range of motion.

•The term isokinetic implies 
constant angular velocity at a 
joint when applied to exercise 
machinery.
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angular velocity. If the joint center is aligned with the center of rotation of 
the lever arm, the body segment rotates with the same (constant) angular 
velocity of the lever arm. If volitional torque production by the involved 
muscle group is maximum throughout the range of motion, a maximum 
matched resistance theoretically is achieved. However, when force is initially 
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Mechanical advantage of the 
brachialis (�), biceps (�), 
and brachioradialis (�) as 
a function of elbow angle. 
Modifi ed from van Zuylen EJ, van 
Zelzen A, and van der Gon JJD: 
A biomechanical model for fl exion 
torques of human arm muscles as a 
function of elbow angle, J Biomech 
21:183, 1988.
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Contractile length of the 
brachialis (�), biceps (�), 
and brachioradialis (�) as 
a function of elbow angle. 
Modifi ed from van Zuylen EJ, van 
Zelzen A, and van der Gon JJD: 
A biomechanical model for fl exion 
torques of human arm muscles as a 
function of elbow angle, J Biomech 
21:183, 1988.
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applied to the lever arm of isokinetic machines, acceleration occurs, and the 
angular velocity of the arm fl uctuates until the set rotational speed is 
reached. Because optimal use of isokinetic resistance machines requires 
that the user be focused on exerting maximal effort throughout the range 
of motion, some individuals prefer other modes of resistance training.

Equations of Static Equilibrium

Equilibrium is a state characterized by balanced forces and torques (no 
net forces and torques). In keeping with Newton’s fi rst law, a body in equi-
librium is either motionless or moving with a constant velocity. Whenever 
a body is completely motionless, it is in static equilibrium. Three condi-
tions must be met for a body to be in a state of static equilibrium:

 1. The sum of all vertical forces (or force components) acting on the body 
must be zero.

 2. The sum of all horizontal forces (or force components) acting on the 
body must be zero.

 3. The sum of all torques must be zero:

 �Fv 5 0
 �Fh 5 0
 �T 5 0

The capital Greek letter sigma (�) means the sum of, Fv represents vertical 
forces, Fh represents horizontal forces, and T is torque. Whenever an object 
is in a static state, it may be inferred that all three conditions are in effect, 
since the violation of any one of the three conditions would result in motion 
of the body. The conditions of static equilibrium are valuable tools for solv-
ing problems relating to human movement (see Sample Problems 13.2, 
13.3, and 13.4).

S A M P L E  P R O B L E M  1 3 . 2

How much force must be produced by the biceps brachii, attaching at 
90° to the radius at 3 cm from the center of rotation at the elbow joint, to 
support a weight of 70 N held in the hand at a distance of 30 cm from the 
elbow joint? (Neglect the weight of the forearm and hand, and neglect any 
action of other muscles.)

Known

 dm 5 3 cm
 wt 5 70 N
 dwt 5 30 cm

Solution
Since the situation described is static, the sum of the torques acting at the 
elbow must be equal to zero:

 �Te 5 0
 �Te 5 (Fm) (dm) � (wt) (dwt)
 0 5 (Fm) (0.03 m) � (70 N) (0.30 m)

 Fm 5
170 N2 10.30 m2

0.03 m

 Fm 5 700 N

908

Fm

70 N
30 cm

3 
cm

A cam in a variable-resistance 
training machine is designed 
to match the resistance offered 
to the mechanical advantage 
of the muscle.

static equilibrium
a motionless state characterized by 
�Fv 5 0, �Fh 5 0, and �T 5 0

•The presence of a net force 
acting on a body results in 
acceleration of the body.
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Equations of Dynamic Equilibrium

Bodies in motion are considered to be in a state of dynamic equilibrium, 
with all acting forces resulting in equal and oppositely directed inertial 
forces. This general concept was fi rst identifi ed by the French mathemati-
cian D’Alembert, and is known as D’Alembert’s principle. Modifi ed versions 
of the equations of static equilibrium, which incorporate factors known as 
inertia vectors, describe the conditions of dynamic equilibrium. The equa-
tions of dynamic equilibrium may be stated as follows:

 �Fx � max 5 0
 �Fy � may 5 0
 �TG � I� 5 0

The sums of the horizontal and vertical forces acting on a body are �Fx 
and �Fy; max and may are the products of the body’s mass and the hori-
zontal and vertical accelerations of the body’s center of mass; �TG is the 
sum of torques about the body’s center of mass, and is the product of the 
body’s moment of inertia about the center of mass and the body’s angular 
acceleration (see Sample Problem 13.5). (The concept of moment of inertia 
is discussed in Chapter 14.)

A familiar example of the effect of D’Alembert’s principle is the change 
in vertical force experienced when riding in an elevator. As the elevator 
accelerates upward, an inertial force in the opposite direction is created, 
and body weight as measured on a scale in the elevator increases. As the 
elevator accelerates downward, an upwardly directed inertial force 
decreases body weight as measured on a scale in the elevator. Although 

dynamic equilibrium 
(D’Alembert’s principle)
concept indicating a balance 
between applied forces and inertial 
forces for a body in motion

S A M P L E  P R O B L E M  1 3 . 3

Two individuals apply force to opposite sides of a frictionless swinging 
door. If A applies a 30 N force at a 40° angle 45 cm from the door’s hinge 
and B applies force at a 90° angle 38 cm from the door’s hinge, what 
amount of force is applied by B if the door remains in a static position?

Known

 FA 5 30 N
 d�A 5 (0.45 m) (sin 40)
 d�B 5 0.38 m

Solution
The equations of static equilibrium are used to solve for FB. The solution 
may be found by summing the torques created at the hinge by both forces:

 �Th 5 0
 �Th 5 (FA) (d�A) � (FB) (d�B)
 0 5 (30 N) (0.45 m) (sin 40) � (FB) (0.38 m)

 FB 5 22.8 N

d'A

d'B

FA

FB 

40º

0.38 m

0.45 m
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S A M P L E  P R O B L E M  1 3 . 4

The quadriceps tendon attaches to the tibia at a 30° angle 4 cm from the 
joint center at the knee. When an 80 N weight is attached to the ankle 
28 cm from the knee joint, how much force is required of the quadriceps 
to maintain the leg in a horizontal position? What is the magnitude and 
direction of the reaction force exerted by the femur on the tibia? (Neglect 
the weight of the leg and the action of other muscles.)

 wt 5 80 N
 dwt 5 0.28 m
 dF 5 0.04 m

Solution
The equations of static equilibrium can be used to solve for the unknown 
quantities:

 �Tk 5 0
 �Tk 5 (Fm sin 30) (dF) � (wt) (dwt)
 0 5 (Fm sin 30) (0.04 m) � (80 N) (0.28 m)

 Fm 5 1120 N

The equations of static equilibrium can be used to solve for the vertical 
and horizontal components of the reaction force exerted by the femur on 
the tibia. Summation of vertical forces yields the following:

 �Fv 5 0
 �Fv 5 Rv � (Fm sin 30) � wt
 0 5 Rv � 1120 sin 30 N � 80 N
 Rv 5 �480 N

Summation of horizontal forces yields the following:

 �Fh 5 0
 �Fh 5 Rh � (Fm cos 30)
 0 5 Rh � 1120 cos 30 N
 Rh 5 970 N

The Pythagorean theorem can now be used to fi nd the magnitude of the 
resultant reaction force:

 R 5 212480 N22 1 1970 N22

 5 1082 N

The tangent relationship can be used to fi nd the angle of orientation of 
the resultant reaction force:

 tan a 5
480 N
970 N

 � 5 26.3

 R 5 1082 N, � 5 26.3 degrees

Fm

R

0.04 m
80 N

308

0.28 m

Rv

Rn

R

a
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body mass remains constant, the vertical inertial force changes the mag-
nitude of the reaction force measured on the scale.

CENTER OF GRAVITY

A body’s mass is the matter of which it is composed. Associated with every 
body is a unique point around which the body’s mass is equally distrib-
uted in all directions. This point is known as the center of mass, or the 
mass centroid, of the body. In the analysis of bodies subject to gravita-
tional force, the center of mass may also be referred to as the center of 
gravity (CG), the point about which a body’s weight is equally balanced in 
all directions, or the point about which the sum of torques produced by 
the weights of the body segments is equal to zero. This defi nition implies 
not that the weights positioned on opposite sides of the CG are equal, but 
that the torques created by the weights on opposite sides of the CG are 
equal. As illustrated in Figure 13-17, equal weight and equal torque gen-
eration on opposite sides of a point can be quite different. The terms cen-
ter of mass and center of gravity are more commonly used for biomechanics 
applications than mass centroid, although all three terms refer to exactly 
the same point. Because the masses of bodies on the earth are subject to 
gravitational force, the center of gravity is probably the most accurately 
descriptive of the three to use for biomechanical applications.

The CG of a perfectly symmetrical object of homogeneous density, and 
therefore homogeneous mass and weight distribution, is at the exact center 
of the object. For example, the CG of a spherical shot or a solid rubber ball 
is at its geometric center. If the object is a homogeneous ring, the CG is 
located in the hollow center of the ring. However, when mass distribution 

S A M P L E  P R O B L E M  1 3 . 5

A 580 N skydiver in free fall is accelerating at �8.8 m/s2 rather than 
�9.81 m/s2 because of the force of air resistance. How much drag force is 
acting on the skydiver?

Known

 wt 5 �580 N
 a 5 �8.8 m/s2

 mass 5
580 N

9.81 m/s2 5 59.12 kg

Solution
Since the skydiver is considered to be in dynamic equilibrium, D’Alembert’s 
principle may be used. All identifi ed forces acting are vertical forces, so 
the equation of dynamic equilibrium summing the vertical forces to zero 
is used:

�Fy � may 5 0

Given that �Fy 5 �580 N � Fd, substitute the known information into 
the equation:

 �580 N � Fd � (59.12 kg) (�8.8 m/s2) 5 0

 Fd 5 59.7 N

wt

Fd

center of mass 
mass centroid 
center of gravity
point around which the mass and 
weight of a body are balanced, no 
matter how the body is positioned
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within an object is not constant, the CG shifts in the direction of greater 
mass. It is also possible for an object’s CG to be located physically outside of 
the object (Figure 13-18).

Locating the Center of Gravity

The location of the CG for a one-segment object such as a baseball bat, 
broom, or shovel can be approximately determined using a fulcrum to 
determine the location of a balance point for the object in three different 
planes. Because the CG is the point around which the mass of a body is 
equally distributed, it is also the point around which the body is balanced 
in all directions.

The location of a body’s CG is of interest because, mechanically, a 
body behaves as though all of its mass were concentrated at the CG. For 
example, when the human body acts as a projectile, the body’s CG fol-
lows a parabolic trajectory, regardless of any changes in the confi gura-
tions of the body segments while in the air. Another implication is that 
when a weight vector is drawn for an object displayed in a free body 
diagram, the weight vector acts at the CG. Because the body’s mechani-
cal behavior can be traced by following the path of the total-body CG, 
this factor has been studied as a possible indicator of performance pro-
fi ciency in several sports.

The path of the CG during takeoff in several of the jumping events is one 
factor believed to distinguish skilled from less-skilled performance. Research 
indicates that better Fosbury fl op–style high jumpers employ both body lean 
and body fl exion (especially of the support leg) just before takeoff to lower 
the CG and prolong support foot contact time, thus resulting in increased 

FIGURE 13-17

The presence of equal torques 
on opposite sides of an axis of 
rotation does not necessitate 
the presence of equal weights 
on opposite sides of the axis.

15 N

 40 cm 10 cm

60 N

(15 N) (40 cm) 5 (60 N) (10 cm)
600 N–cm 5 600 N–cm

FIGURE 13-18

The center of gravity is the 
single point associated with a 
body around which the body’s 
weight is equally balanced in 
all directions.
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takeoff impulse (1). In the long jump, better athletes maintain a normal 
sprinting stride, with CG height relatively constant, through the second-last 
step (3). During the last step, however, they markedly lower CG height, then 
increase CG height going into the jump step (3). Among better pole vaulters, 
there is progressive elevation of the CG from the third-last step through 
takeoff. This is partially due to the elevation of the arms as the vaulter pre-
pares to plant the pole. However, research indicates that better vaulters 
lower their hips during the second-last step, then progressively elevate the 
hips (and the CG) through takeoff.

The strategy of lowering the CG prior to takeoff enables the athlete to 
lengthen the vertical path over which the body is accelerated during take-
off, thus facilitating a high vertical velocity at takeoff (Figure 13-19). The 
speed and angle of takeoff primarily determine the trajectory of the per-
former’s CG during the jump. The only other infl uencing factor is air 
resistance, which exerts an extremely small effect on performance in the 
jumping events.

Locating the Human Body Center of Gravity

Locating the CG for a body containing two or more movable, intercon-
nected segments is more diffi cult than doing so for a nonsegmented body, 
because every time the body changes confi guration, its weight distribu-
tion and CG location are changed. Every time an arm, leg, or fi nger moves, 
the CG location as a whole is shifted at least slightly in the direction in 
which the weight is moved.

Some relatively simple procedures exist for determining the location of 
the CG of the human body. In the seventeenth century, the Italian mathe-
matician Borelli used a simple balancing procedure for CG location that 
involved positioning a person on a wooden board (Figure 13-20). A more 
sophisticated version of this procedure enables calculation of the location of 
the plane passing through the CG of a person positioned on a reaction 
board. This procedure requires the use of a scale, a platform of the same 
height as the weighing surface of the scale, and a rigid board with sharp 
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FIGURE 13-19

Height of the athlete’s CG 
during preparation for takeoff 
in the long jump. Modifi ed from 
Nixdorf E and Bruggemann P: 
Zur Absprungvorbereitung beim 
Weitsprung—Eine biomechanische 
Untersuchung zum Problem der 
Korperschwerpunktsenkung, Lehre 
Leichtathlet, p. 1539, 1983.

reaction board
specially constructed board for 
determining the center of gravity 
location of a body positioned on top 
of it

The speed and projection 
angle of an athlete’s total-
body center of mass largely 
determine performance 
outcome in the high jump.
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supports on either end (Figure 13-21). The calculation of the location of the 
plane containing the CG involves the summation of torques acting about the 
platform support. Forces creating torques at the support include the person’s 
body weight, the weight of the board, and the reaction force of the scale on 
the platform (indicated by the reading on the scale). Although the platform 
also exerts a reaction force on the board, it creates no torque, because the 
distance of that force from the platform support is zero. Since the reaction 
board and the subject are in static equilibrium, the sum of the three torques 
acting at the platform support must be zero, and the distance of the subject’s 
CG plane to the platform may be calculated (see Sample Problem 13.6).

A commonly used procedure for estimating the location of the total 
body CG from projected fi lm images of the human body is known as the 
segmental method. This procedure is based on the concept that since the 
body is composed of individual segments (each with an individual CG), 

Top and bottom portions balanced

Front and back

portions balanced

Right and left

portions balanced

FIGURE 13-20

The relatively crude 
procedure devised by 
seventeenth-century 
mathematician Borelli 
for approximating the CG 
location of the human body.

•Location of the CG of the 
human body is complicated by 
the fact that its constituents 
(such as bone, muscle, and fat) 
have different densities and are 
unequally distributed throughout 
the body.

segmental method
procedure for determining total-body 
center of mass location based on the 
masses and center of mass locations 
of the individual body segments
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Reaction board

RF1 RF2Wtp

Wtb
d

a

l

∑ Ta 5 0 5 (RF2)(l) 2 (Wtp)(d) 2 (Wtb)(
1/2 l)

FIGURE 13-21

By summing torques at point 
a, d (the distance from a to 
the subject’s CG) may be 
calculated.

S A M P L E  P R O B L E M  1 3 . 6

Find the distance from the platform support to the subject’s CG, given the 
following information for the diagram in Figure 13-21:

Known

 mass (subject) 5 73 kg
 mass (board alone) 5 44 kg
 scale reading 5 66 kg
 lb 5 2m

Solution

 Wtp 5 (73 kg) (9.81 m/s2)
 5 716.13 N
 Wtb 5 (44 kg) (9.81 m/s2)
 5 431.64 N
 RF2 5 (66 kg) (9.81 m/s2)
 5 647.46 N

Use an equation of static equilibrium:

 �Ta 5 0 5 (RF2) (l) � (Wtp) (d) � (Wtb) (
1
2l)

 0 5 (647.46 N) (2 m) � (716.13 N) (d) � (431.64 N) (1
2) (2 m)

 d 5 1.2 m

the location of the total-body CG is a function of the locations of the 
respective segmental CGs. Some body segments, however, are much more 
massive than others and so have a larger infl uence on the location of the 
total-body CG. When the products of each body segment’s CG location and 
its mass are summed and subsequently divided by the sum of all segmen-
tal masses (total body mass), the result is the location of the total-body 

•The location of the CG of a 
multisegmented object is more 
infl uenced by the positions of the 
heavier segments than by those 
of the lighter segments.



438 BASIC BIOMECHANICS

CG. The segmental method uses data for average locations of individual 
body segment CGs as related to a percentage of segment length:

Xcg 5 �(xs) (ms)/�ms

Ycg 5 �(ys) (ms)/�ms

In this formula, Xcg and Ycg are the coordinates of the total-body CG, xs 
and ys are the coordinates of the individual segment CGs, and ms is indi-
vidual segment mass. Thus, the x-coordinate of each segment’s CG loca-
tion is identifi ed and multiplied by the mass of that respective segment. 
The (xs) (ms) products for all of the body segments are then summed and 
subsequently divided by total body mass to yield the x-coordinate of the 
total-body CG location. The same procedure is followed to calculate the 
y-coordinate for total-body CG location (see Sample Problem 13.7).

•The segmental method is most 
commonly implemented through 
a computer program that reads 
x,y coordinates of joint centers 
from a fi le created by a digitizer.

S A M P L E  P R O B L E M  1 3 . 7

The x,y-coordinates of the CGs of the upper arm, forearm, and hand seg-
ments are provided on the diagram below. Use the segmental method to 
fi nd the CG for the entire arm, using the data provided for segment 
masses from Appendix D.

Known

SEGMENT MASS % x (x) (MASS %) y (y) (MASS %)
Upper arm 0.45
Forearm 0.43
Hand 0.12
�

Solution
First list the x- and y-coordinates in their respective columns, and then 
calculate and insert the product of each coordinate and the mass percent-
age for each segment into the appropriate columns. Sum the product col-
umns, which yield the x,y-coordinates of the total arm CG.

SEGMENT MASS % x (x) (MASS %) y (y) (MASS %)
Upper arm 0.45 3 1.35 7 3.15
Forearm 0.43 5 2.15 4 1.72
Hand 0.12 7 0.84 5 0.60
�    4.34  5.47

x 5 4.34
y 5 5.47

(5,4)

(7,5)
(3,7)

y

x

0
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6
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2 4 6 8 10
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STABILITY AND BALANCE

A concept closely related to the principles of equilibrium is stability. Sta-
bility is defi ned mechanically as resistance to both linear and angular 
acceleration, or resistance to disruption of equilibrium. In some circum-
stances, such as a sumo wrestling contest or the pass protection of a quar-
terback by an offensive lineman, maximizing stability is desirable. In 
other situations, an athlete’s best strategy is to intentionally minimize 
stability. Sprinters and swimmers in the preparatory stance before the 
start of a race intentionally assume a body position allowing them to 
accelerate quickly and easily at the sound of the starter’s pistol. An indi-
vidual’s ability to control equilibrium is known as balance.

Different mechanical factors affect a body’s stability. According to 
Newton’s second law of motion (F 5 ma), the more massive an object is, 
the greater is the force required to produce a given acceleration. Football 
linemen who are expected to maintain their positions despite the forces 
exerted on them by opposing linemen are therefore more mechanically 
stable if they are more massive. In contrast, gymnasts are at a disadvan-
tage with greater body mass, because execution of most gymnastic skills 
involves disruption of stability.

The greater the amount of friction is between an object and the surface 
or surfaces it contacts, the greater is the force requirement for initiating 
or maintaining motion. Toboggans and racing skates are designed so 
that the friction they generate against the ice will be minimal, enabling 
a quick disruption of stability at the beginning of a run or race. However, 
racquetball, golf, and batting gloves are designed to increase the stability 
of the player’s grip on the implement.

Another factor affecting stability is the size of the base of support. This 
consists of the area enclosed by the outermost edges of the body in contact 
with the supporting surface or surfaces (Figure 13-22). When the line of 
action of a body’s weight (directed from the CG) moves outside the base of 
support, a torque is created that tends to cause angular motion of the body, 
thereby disrupting stability, with the CG falling toward the ground. The 
larger the base of support is, the lower is the likelihood that this will occur. 
Martial artists typically assume a wide stance during defensive situations 
to increase stability. Alternatively, sprinters in the starting blocks maintain 
a relatively small base of support so that they can quickly disrupt stability 

stability
resistance to disruption of equilibrium

balance
a person’s ability to control equilibrium

FIGURE 13-22

The base of support for A a 
square stance, B an angled 
stance, C a one-foot stance, 
D a three-point stance, and 
E a four-point stance. Areas 
of contact between body parts 
and the support surface are 
shaded. The base of support 
is the area enclosed by the 
dashed line.

A

D E

B C

base of support
area bound by the outermost regions 
of contact between a body and 
support surface or surfaces
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at the start of the race. Maintaining balance during an arabesque en pointe, 
in which the dancer is balanced on the toes of one foot, requires continual 
adjustment of CG location through subtle body movements.

The horizontal location of the CG relative to the base of support can 
also infl uence stability. The closer the horizontal location of the CG is to 
the boundary of the base of support, the smaller is the force required to 
push it outside the base of support, thereby disrupting equilibrium. Ath-
letes in the starting position for a race consequently assume stances that 
position the CG close to the forward edge of the base of support. Alterna-
tively, if a horizontal force must be sustained, stability is enhanced if the 
CG is positioned closer to the oncoming force, since the CG can be dis-
placed farther before being moved outside the base of support. Sumo 
wrestlers lean toward their opponents when being pushed.

The height of the CG relative to the base of support can also affect sta-
bility. The higher the positioning of the CG, the greater the potentially 
disruptive torque created if the body undergoes an angular displacement 
(Figure 13-23). Athletes often crouch in sport situations when added sta-
bility is desirable. A common instructional cue for beginners in many 
sports is “Bend your knees!” Researchers have proposed a formula for an 
extrapolated CG position (XcoM) that relates CG height to the base of 
support in a dynamic situation where a person is walking or running (5). 
They suggest that to maintain balance, XcoM should remain within the 
moving base of support. They defi ne XcoM as the vertical position of the 
CG plus its velocity times a factor of (l/ag)

1⁄2, where l is leg length and ag is 
the acceleration of gravity.

Although these principles of stability (summarized in Table 13-1) are 
generally true, their application to the human body should be made only 
with the recognition that neuromuscular factors are also infl uential. 
Because accidental falls are a signifi cant problem for the growing elderly 
population, the issue of balance control in this age group is receiving an 
increasing amount of research attention. Investigators have documented 
a reduction in anteroposterior CG motion and an increase in mediolateral 
CG motion in elderly patients with balance disorders as compared to 
young adults during walking (4). This is of concern because measures of 
mediolateral sway have been related to the risk of falling (15). Similarly, 
the ability to vary step width during gait has been shown to be more 
important for balance control than variations in either step length or step 
time (9). Researchers hypothesize that diffi culty with lateral balance con-
trol associated with aging may be related to impaired ability to abduct the 
leg at the hip with as much strength and speed as needed to maintain 
dynamic stability (8). Other research with young, healthy adults has 
shown that rapidly developed, large-magnitude moments at the hip, knee, 

Performing an arabesque 
en pointe requires excellent 
balance, because lateral 
movement of the dancer’s line 
of gravity outside the small 
base of support will result in 
loss of balance.

A swimmer on the blocks 
positions her CG close to the 
front boundary of her base of 
support to prepare for forward 
acceleration.

F

Fd1 5 T1 Fd2 5 T2

F

d2

d1

T1 . T2

FIGURE 13-23

The higher the CG location, 
the greater the amount of 
torque its motion creates 
about the intersection of 
the line of gravity and the 
support surface.
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and ankle were required in order to prevent a fall when tripping over an 
obstacle (11). Both weight-training and aerobic exercise programs can 
signifi cantly improve postural sway among elderly individuals for whom 
balance is a concern (7).

Although under normal conditions the size of the base of support is a 
primary determiner of stability, research shows that a variety of other 
factors can also limit control of balance. Friction coeffi cient levels of less 
than 0.82, decreased resting muscle tension, and impairments in muscle 
strength, joint movement, balance, gait, hearing, vision, and cognition are 
all risk factors for falling (10, 13, 14). More research is needed to clarify 
the application of the principles of stability to human balance.

SUMMARY

Rotary motion is caused by torque, a vector quantity with magnitude and 
direction. When a muscle develops tension, it produces torque at the joint 
or joints that it crosses. Rotation of the body segment occurs in the direc-
tion of the resultant joint torque.

Mechanically, muscles and bones function as levers. Most joints func-
tion as third-class lever systems, well structured for maximizing range of 
motion and movement speed, but requiring muscle force of greater mag-
nitude than that of the resistance to be overcome. The angle at which a 
muscle pulls on a bone also affects its mechanical effectiveness, because 
only the rotary component of muscle force produces joint torque.

When a body is motionless, it is in static equilibrium. The three condi-
tions of static equilibrium are �Fv 5 0, �Fh 5 0, and �T 5 0. A body in 
motion is in dynamic equilibrium when inertial factors are considered.

The mechanical behavior of a body subject to force or forces is greatly 
infl uenced by the location of its center of gravity: the point around which 
the body’s weight is equally balanced in all directions. Different proce-
dures are available for determining center of gravity location.

A body’s mechanical stability is its resistance to both linear and angu-
lar acceleration. A number of factors infl uence a body’s stability, including 
mass, friction, center of gravity location, and base of support.

INTRODUCTORY PROBLEMS

 1. Why does a force directed through an axis of rotation not cause rota-
tion at the axis?

 2. Why does the orientation of a force acting on a body affect the amount 
of torque it generates at an axis of rotation within the body?

 3. A 23 kg boy sits 1.5 m from the axis of rotation of a seesaw. At what 
distance from the axis of rotation must a 21 kg boy be positioned on the 
other side of the axis to balance the seesaw? (Answer: 1.6 m)

TABLE 13-1

Principles of Mechanical 

Stability

When other factors are held constant, a body’s ability to maintain equilibrium is increased by the 
following:
1. Increasing body mass

2. Increasing friction between the body and the surface or surfaces contacted
3.  Increasing the size of the base of support in the direction of the line of action of an external 

force
4.  Horizontally positioning the center of gravity near the edge of the base of support on the side 

of the oncoming external force
5. Vertically positioning the center of gravity as low as possible



 4. How much force must be produced by the biceps brachii at a perpen-
dicular distance of 3 cm from the axis of rotation at the elbow to sup-
port a weight of 200 N at a perpendicular distance of 25 cm from the 
elbow? (Answer: 1667 N)

 5. Two people push on opposite sides of a swinging door. If A exerts a force 
of 40 N at a perpendicular distance of 20 cm from the hinge and B exerts 
a force of 30 N at a perpendicular distance of 25 cm from the hinge, what 
is the resultant torque acting at the hinge, and which way will the door 
swing? (Answer: Th 5 0.5 N-m; in the direction that A pushes)

 6. To which lever classes do a golf club, a swinging door, and a broom 
belong? Explain your answers, including free body diagrams.

 7. Is the mechanical advantage of a fi rst-class lever greater than, less 
than, or equal to one? Explain.

 8. Using a diagram, identify the magnitudes of the rotary and stabiliz-
ing components of a 100 N muscle force that acts at an angle of 20° 
to a bone. (Answer: rotary component 5 34 N, stabilizing component 
5 94 N)

 9. A 10 kg block sits motionless on a table in spite of an applied horizon-
tal force of 2 N. What are the magnitudes of the reaction force and 
friction force acting on the block? (Answer: R 5 98.1 N, F 5 2 N)

 10. Given the following data for the reaction board procedure, calculate the 
distance from the platform support to the subject’s CG: RF2 5 400 N, 
1 5 2.5 m, wt 5 600 N. (Answer: 1.67 m)

ADDITIONAL PROBLEMS

 1. For one joint of the lower extremity, explain why eccentric torque 
occurs during gait.

 2. Select one human motor skill with which you are familiar, and sketch 
a graph showing how you would expect CG height to change during 
that skill.

 3. A 35 N hand and forearm are held at a 45° angle to the vertically ori-
ented humerus. The CG of the forearm and hand is located at a dis-
tance of 15 cm from the joint center at the elbow, and the elbow fl exor 
muscles attach at an average distance of 3 cm from the joint center. 
(Assume that the muscles attach at an angle of 45° to the bones.)

 a.  How much force must be exerted by the forearm fl exors to maintain 
this position?

 b.  How much force must the forearm fl exors exert if a 50 N weight is 
held in the hand at a distance along the arm of 25 cm? (Answers: 
a. 175 N; b. 591.7 N)
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Fm

wta

wtb
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 4. A hand exerts a force of 90 N on a scale at 32 cm from the joint center 
at the elbow. If the triceps attach to the ulna at a 90° angle and at a 
distance of 3 cm from the elbow joint center, and if the weight of the 



forearm and hand is 40 N with the hand/forearm CG located 17 cm 
from the elbow joint center, how much force is being exerted by the 
triceps? (Answer: 733.3 N)

 5. A patient rehabilitating a knee injury performs knee extension exer-
cises wearing a 15 N weight boot. Calculate the amount of torque gen-
erated at the knee by the weight boot for the four positions shown, 
given a distance of 0.4 m between the weight boot’s CG and the joint 
center at the knee. (Answers: a. 0; b. 3 N-m; c. 5.2 N-m; d. 6 N-m)

 6. A 600 N person picks up a 180 N suitcase positioned so that the suit-
case’s CG is 20 cm lateral to the location of the person’s CG before pick-
ing up the suitcase. If the person does not lean to compensate for the 
added load in any way, where is the combined CG location for the per-
son and suitcase with respect to the person’s original CG location? 
(Answer: Shifted 4.6 cm toward the suitcase)

 7. A worker leans over and picks up a 90 N box at a distance of 0.7 m from 
the axis of rotation in her spine. Neglecting the effect of body weight, 
how much added force is required of the low back muscles with an 
average moment arm of 6 cm to stabilize the box in the position shown? 
(Answer: 1050 N)

 8. A man carries a 3 m, 32 N board over his shoulder. If the board extends 
1.8 m behind the shoulder and 1.2 m in front of the shoulder, how much 
force must the man apply vertically downward with his hand that rests 
on the board 0.2 m in front of the shoulder to stabilize the board in this 
position? (Assume that the weight of the board is evenly distributed 
throughout its length.) (Answer: 48 N)
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Fm

wta

d 5 0.7 m
wt

908

608

308

d

wt



 9. A therapist applies a lateral force of 80 N to the forearm at a distance 
of 25 cm from the axis of rotation at the elbow. The biceps attaches to 
the radius at a 90° angle and at a distance of 3 cm from the elbow 
joint center.

 a. How much force is required of the biceps to stabilize the arm in 
this position?

 b. What is the magnitude of the reaction force exerted by the humerus 
on the ulna? (Answers: a. 666.7 N; b. 586.7 N)

 10. Tendon forces Ta and Tb are exerted on the patella. The femur exerts 
force F on the patella. If the magnitude of Tb is 80 N, what are the 
magnitudes of Ta and F, if no motion is occurring at the joint? 
(Answer: Ta 5 44.8 N, F 5 86.1 N)
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. Experiment by loosening lug nuts from an automobile tire with a lug wrench, a lug wrench with a 
short extension on the handle, and a lug wrench with a longer extension on the handle. Write a para-
graph explaining your fi ndings, and draw a free body diagram showing the applied force, resistance, 
and axis of rotation. What provides the resistance?

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Free Body Diagram:

 2. Position a pole across the back of a chair (serving as a fulcrum), and hang a 2 lb weight on one end 
of the pole. Position a 5 lb weight on the other side of the pole such that the weights are balanced. 
Measure and record the distances of the two weights from the fulcrum, and write an explanation of 
your results.

Distance of 5 lb weight from fulcrum: _____________________

Distance of 2 lb weight from fulcrum:  _____________________

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. Perform curl-up exercises under the following conditions: (a) arms folded across the chest, (b) hands 
behind the neck, and (c) holding a 5 lb weight above the head. Write a paragraph explaining your 
fi ndings, and draw a free body diagram showing the applied force, resistance, and axis of rotation.

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Free Body Diagram:
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 4. Use the reaction board procedure to calculate the sagittal, frontal, and transverse plane positions of 
the center of gravity of a subject in anatomical position. Repeat the calculations with the subject (a) 
extending both arms overhead and (b) extending one arm to the right. Present your results in a table 
and write a paragraph of explanation.

Subject weight:  ______________

Board weight:  _______________

 Scale reading 1:  _______________  Scale reading 2:  _______________  Scale reading 3:  _______________

 d1:  _______________  d2:  _______________  d3:  _______________

Calculations:

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 5. Using a picture of a person from a magazine or photograph and the anthropometric data from 
Appendix D, calculate and mark the location of total-body center of gravity using the segmental 
method. First draw and scale x- and y-axes around the picture. Next, mark the approximate locations 
of segmental centers of gravity on the picture, using the data from Appendix D. Finally, construct a 
table using the table in Sample Problem 13.7 as a model.

 Segment Mass % x (x) (Mass %) y (y) (Mass %)

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________

_________________   _____________   ______________   ______________   _____________  ______________
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K E Y  T E R M S

balance a person’s ability to control equilibrium

base of support area bound by the outermost regions of contact between a body and support surface or surfaces

center of mass  point around which the mass and weight of a body are balanced, no matter how the body
mass centroid is positioned
center of gravity

couple pair of equal, oppositely directed forces that act on opposite sides of an axis of rotation to 
produce torque

dynamic equilibrium  concept indicating a balance between applied forces and inertial forces for a body in motion
(D’ Alembert’s principle)

fi rst-class lever lever positioned with the applied force and the resistance on opposite sides of the axis of rotation

fulcrum the point of support, or axis, about which a lever may be made to rotate

lever a simple machine consisting of a relatively rigid, barlike body that may be made to rotate 
about an axis

mechanical advantage ratio of force arm to resistance arm for a given lever

moment arm shortest (perpendicular) distance between a force’s line of action and an axis of rotation

reaction board specially constructed board for determining the center of gravity location of a body posi-
tioned on top of it

second-class lever lever positioned with the resistance between the applied force and the fulcrum

segmental method procedure for determining total-body center of mass location based on the masses and 
center of mass locations of the individual body segments

stability resistance to disruption of equilibrium

static equilibrium motionless state characterized by �SFv 5 0, �SFh 5 0, and �ST 5 0

third-class lever lever positioned with the applied force between the fulcrum and the resistance

torque the rotary effect of a force about an axis of rotation, measured as the product of the force 
and the perpendicular distance between the force’s line of action and the axis



Angular Kinetics 
of Human Movement

After completing this chapter, you will be able to:

Identify the angular analogues of mass, force, momentum, and impulse.

Explain why changes in the configuration of a rotating airborne body can 
produce changes in the body’s angular velocity.

Identify and provide examples of the angular analogues of Newton’s  laws 
of motion.

Defi ne centripetal force and explain where and how it acts.

Solve quantitative problems relating to the factors that cause or modify 
angular motion.
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W hy do sprinters run with more swing phase fl exion at the knee than 
do distance runners? Why do dancers and ice skaters spin more 

rapidly when their arms are brought in close to the body? How do cats 
always land on their feet? In this chapter, we explore more concepts per-
taining to angular kinetics, from the perspective of the similarities and 
differences between linear and angular kinetic quantities.

RESISTANCE TO ANGULAR ACCELERATION

Moment of Inertia

Inertia is a body’s tendency to resist acceleration (see Chapter 3). Although 
inertia itself is a concept rather than a quantity that can be measured in 
units, a body’s inertia is directly proportional to its mass (Figure 14-1). 
According to Newton’s second law, the greater a body’s mass, the greater 
its resistance to linear acceleration. Therefore, mass is a body’s inertial 
characteristic for considerations relative to linear motion.

Resistance to angular acceleration is also a function of a body’s mass. 
The greater the mass, the greater the resistance to angular acceleration. 
However, the relative ease or diffi culty of initiating or halting angular 
motion depends on an additional factor: the distribution of mass with 
respect to the axis of rotation.

Consider the baseball bats shown in Figure 14-2. Suppose a player 
warming up in the on-deck circle adds a weight ring to the bat he is swing-
ing. Will the relative ease of swinging the bat be greater with the weight 
positioned near the striking end of the bat or with the weight near the 
bat’s grip? Similarly, is it easier to swing a bat held by the grip (the nor-
mal hand position) or a bat turned around and held by the barrel?

Experimentation with a baseball bat or some similar object makes it 
apparent that the more closely concentrated the mass is to the axis of rota-
tion, the easier it is to swing the object. Conversely, the more mass is posi-
tioned away from the axis of rotation, the more diffi cult it is to initiate (or 
stop) angular motion. Resistance to angular acceleration, therefore, depends 
not only on the amount of mass possessed by an object but also on the dis-
tribution of that mass with respect to the axis of rotation. The inertial prop-
erty for angular motion must therefore incorporate both factors.

The inertial property for angular motion is moment of inertia, repre-
sented as I. Every body is composed of particles of mass, each with its own 
particular distance from a given axis of rotation. The moment of inertia 
for a single particle of mass may be represented as the following:

I 5 mr2

In this formula, m is the particle’s mass and r is the particle’s radius 
of rotation. The moment of inertia of an entire body is the sum of 

•The more closely mass is 
distributed to the axis of rotation, 
the easier it is to initiate or stop 
angular motion.

moment of inertia
inertial property for rotating bodies 
representing resistance to angular 
acceleration; based on both mass and 
the distance the mass is distributed 
from the axis of rotation

m 5 m 5 m

M 5 M 5 M

VFIGURE 14-1

The distribution of mass in 
a system does not affect its 
linear momentum.
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the moments of inertia of all the mass particles the object contains 
(Figure 14-3):

I 5 �mr2

The distribution of mass with respect to the axis of rotation is more impor-
tant than the total amount of body mass in determining resistance to 
angular acceleration, because r is squared. Since r is the distance between 
a given particle and an axis of rotation, values of r change as the axis of 
rotation changes. Thus, when a player grips a baseball bat, “choking up” 
on the bat reduces the bat’s moment of inertia with respect to the axis of 
rotation at the player’s wrists, and concomitantly increases the relative 
ease of swinging the bat. Little League baseball players often unknow-
ingly make use of this concept when swinging bats that are longer and 
heavier than they can effectively handle. Interestingly, research shows 
that when baseball players warm up with a weighted bat (with a larger 
moment of inertia than a regular bat) post-warm-up swing velocity is 
actually reduced (18).

Within the human body, the distribution of mass with respect to an 
axis of rotation can dramatically infl uence the relative ease or diffi culty of 
moving the body limbs. For example, during gait, the distribution of a 
given leg’s mass, and therefore its moment of inertia with respect to the 
primary axis of rotation at the hip, depends largely on the angle present 
at the knee. In sprinting, maximum angular acceleration of the legs is 
desired, and considerably more fl exion at the knee is present during the 
swing phase than while running at slower speeds. This greatly reduces 
the moment of inertia of the leg with respect to the hip, thus reducing 
resistance to hip fl exion. Runners who have leg morphology involving 
mass distribution closer to the hip, with more massive thighs and slim-
mer lower legs than others, have a smaller moment of inertia of the leg 
with respect to the hip. This is an anthropometric characteristic that is 
advantageous for sprinters. During walking, in which minimal angular 
acceleration of the legs is required, fl exion at the knee during the swing 
phase remains relatively small, and the leg’s moment of inertia with 
respect to the hip is relatively large.

A

B

FIGURE 14-2

Although both bats have the 
same mass, bat A is harder to 
swing than bat B, because the 
weight ring on it is positioned 
farther from the axis of 
rotation.

Axis

m m
m

m
d d

d

d

FIGURE 14-3

Moment of inertia is the 
sum of the products of each 
particle’s mass and radius of 
rotation squared.

During sprinting, extreme 
fl exion at the knee reduces 
the moment of inertia of the 
swinging leg.
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Modern-day golf irons are commonly constructed with the heads bot-
tom weighted, perimeter weighted, or heel and toe weighted. These 
manipulations of the amount of mass and the distribution of mass within 
the head of the club are designed to increase club head inertia, thus reduc-
ing the tendency of the club to rotate about the shaft during an off-center 
hit. Research fi ndings indicate that perimeter-weighted club heads per-
form best for eccentric ball contacts outside the club head center of grav-
ity (CG), with a simple blade head club superior for contacts below the 
club head CG (16). The most consistent performance, however, was exhib-
ited by a toe-and-bottom-weighted club head, which was second best for 
all eccentric hits (16). A golfer’s individual preference, feel, and experi-
ence should ultimately determine selection of club type. 

Determining Moment of Inertia

Assessing moment of inertia for a body with respect to an axis by measur-
ing the distance of each particle of body mass from an axis of rotation and 
then applying the formula is obviously impractical. In practice, mathe-
matical procedures are used to calculate moment of inertia for bodies of 
regular geometric shapes and known dimensions. Because the human 
body is composed of segments that are of irregular shapes and heteroge-
neous mass distributions, either experimental procedures or mathemati-
cal models are used to approximate moment-of-inertia values for 
individual body segments and for the body as a whole in different posi-
tions. Moment of inertia for the human body and its segments has been 
approximated by using average measurements from cadaver studies, 
measuring the acceleration of a swinging limb, employing photogrammet-
ric methods, and applying mathematical modeling.

Once moment of inertia for a body of known mass has been assessed, 
the value may be characterized using the following formula:

I 5 mk2

In this formula, I is moment of inertia with respect to an axis, m is total 
body mass, and k is a distance known as the radius of gyration. The radius 
of gyration represents the object’s mass distribution with respect to a 
given axis of rotation. It is the distance from the axis of rotation to a point 
at which the mass of the body can theoretically be concentrated without 
altering the inertial characteristics of the rotating body. This point is not 
the same as the segmental CG (Figure 14-4). Since the radius of gyration 

•The fact that bone, muscle, 
and fat have different densities 
and are distributed dissimilarly in 
individuals complicates efforts to 
calculate human body segment 
moments of inertia.

•Because there are formulas 
available for calculating the 
moment of inertia of regularly 
shaped solids, some investigators 
have modeled the human 
body as a composite of various 
geometric shapes.

radius of gyration
distance from the axis of rotation to 
a point where the body’s mass could 
be concentrated without altering its 
rotational characteristics

k1

k3
k1

k2

k3

k2

FIGURE 14-4

Knee angle affects the 
moment of inertia of the 
swinging leg with respect to 
the hip because of changes in 
the radius of gyration for the 
lower leg (k2) and foot (k3).
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is based on r2 for individual particles, it is always longer than the radius 
of rotation, the distance to the segmental CG.

The length of the radius of gyration changes as the axis of rotation 
changes. As mentioned earlier, it is easier to swing a baseball bat when the 
bat is grasped by the barrel end rather than by the bat’s grip. When the bat 
is held by the barrel, k is much shorter than when the bat is held properly, 
since more mass is positioned close to the axis of rotation. Likewise, the 
radius of gyration for a body segment such as the forearm is greater with 
respect to the wrist than with respect to the elbow.

The radius of gyration is a useful index of moment of inertia when a 
given body’s resistance to rotation with respect to different axes is dis-
cussed. Units of moment of inertia parallel the formula defi nition of the 
quantity, and therefore consist of units of mass multiplied by units of 
length squared (kg � m2)

Human Body Moment of Inertia

Moment of inertia can only be defi ned with respect to a specifi c axis of 
rotation. The axis of rotation for a body segment in sagittal and frontal 
plane motions is typically an axis passing through the center of a body 
segment’s proximal joint. When a segment rotates around its own longi-
tudinal axis, its moment of inertia is quite different from its moment of 
inertia during fl exion and extension or abduction and adduction, because 
its mass distribution, and therefore its moment of inertia, is markedly 
different with respect to this axis of rotation. Figure 14-5 illustrates the 
difference in the lengths of the radii of gyration for the forearm with 
respect to the transverse and longitudinal axes of rotation.

The moment of inertia of the human body as a whole is also different 
with respect to different axes. When the entire human body rotates free of 
support, it moves around one of three principal axes: the transverse (or 
frontal), the anteroposterior (or sagittal), or the longitudinal (or vertical) 
axis, each of which passes through the total body CG. Moment of inertia 
with respect to one of these axes is known as a principal moment of inertia. 

Flexion/extension

k

k

Axis of rotation

Axis of
rotation

Pronation/supination

principal axes
three mutually perpendicular axes 
passing through the total body center 
of gravity

principal moment of 
inertia
total-body moment of inertia relative 
to one of the principal axes

FIGURE 14-5

The radius of gyration (k) 
of the forearm for fl exion/
extension movements is much 
larger than for pronation/
supination.
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Figure 14-6 shows quantitative estimates of principal moments of inertia 
for the human body in several different positions. When the body assumes 
a tucked position during a somersault, its principal moment of inertia 
(and resistance to angular motion) about the transverse axis is clearly 
less than when the body is in anatomical position. Divers performing a 
somersaulting dive undergo changes in principal moment of inertia about 
the transverse axis on the order of 15 kg � m2 to 6.5 kg � m2 as the body 
goes from a layout position to a pike position (7).

As children grow from childhood through adolescence and into adult-
hood, developmental changes result in changing proportions of body seg-
ment lengths, masses, and radii of gyration, all affecting segment moments 
of inertia. Segment moments of inertia affect resistance to angular rota-
tion, and therefore performance capability, in sports such as gymnastics 
and diving. Because of smaller moments of inertia, smaller gymnasts 
have an advantage in performing skills involving whole-body rotations, 
despite the fact that larger gymnasts may have greater strength and be 
able to generate more power (1). Several prominent female gymnasts who 
achieved world-class status during early adolescence faded from the pub-
lic view before reaching age 20 because of declines in their performance 
capabilities generally attributed to changes in body proportions with 
growth.

ANGULAR MOMENTUM

Since moment of inertia is the inertial property for rotational movement, 
it is an important component of other angular kinetic quantities. As dis-
cussed in Chapter 12, the quantity of motion that an object possesses is 
referred to as its momentum. Linear momentum is the product of the lin-
ear inertial property (mass) and linear velocity. The quantity of angular 
motion that a body possesses is likewise known as angular momentum. 
Angular momentum, represented as H, is the product of the angular iner-
tial property (moment of inertia) and angular velocity:

 For linear motion: M 5 mv
 For angular motion: H 5 I�
 Or: H 5 mk2�

Three factors affect the magnitude of a body’s angular momentum: (a) its 
mass (m), (b) the distribution of that mass with respect to the axis of rotation 
(k), and (c) the angular velocity of the body (�). If a body has no angular 
velocity, it has no angular momentum. As mass or angular velocity increases, 
angular momentum increases proportionally. The factor that most dramati-

(1) Anteroposterior
(2) 12.0215.0

(1) Mediolateral 
(2) 10.5213.0

(1) Mediolateral 
(2) 4.025.0

(1) Longitudinal
(2) 1.021.2

(1) Longitudinal
(2) 2.022.5

FIGURE 14-6

Principal moments of inertia 
of the human body in different 
positions with respect to 
different principal axes: 
(1) principal axis; (2) moment 
of inertia (kg � m2). Modifi ed 
from Hochmuth G: Biomechanik 
sportlicher bewegungen, Frankfurt, 
Germany, 1967, Wilhelm Limpart, 
Verlag.

angular momentum
quantity of angular motion possessed 
by a body; measured as the product 
of moment of inertia and angular 
velocity

The ratio of muscular strength 
(the ability of a muscle group 
to produce torque about a 
joint) to segmental moments of 
inertia (resistance to rotation 
at a joint) is an important 
contributor to performance 
capability in gymnastic events. 
Photo courtesy of Photodisc/Getty 
Images.
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cally infl uences angular momentum is the distribution of mass with respect 
to the axis of rotation, because angular momentum is proportional to the 
square of the radius of gyration (see Sample Problem 14.1). Units of angular 
momentum result from multiplying units of mass, units of length squared, 
and units of angular velocity, which yields kg � m2/s.

For a multisegmented object such as the human body, angular momen-
tum about a given axis of rotation is the sum of the angular momenta of 
the individual body segments. During an airborne somersault, the angu-
lar momentum of a single segment, such as the lower leg, with respect to 
the principal axis of rotation passing through the total body CG consists 
of two components: the local term and the remote term. The local term is 
based on the segment’s angular momentum about its own segmental CG, 
and the remote term represents the segment’s angular momentum about 
the total body CG. Angular momentum for this segment about a principal 
axis is the sum of the local term and the remote term:

H 5 Is�s 1 mr2�g

In the local term, Is is the segment’s moment of inertia and �s is the seg-
ment’s angular velocity, both with respect to a transverse axis through 

S A M P L E  P R O B L E M  1 4 . 1

Consider a rotating 10 kg body for which k 5 0.2 m and � 5 3 rad/s. What 
is the effect on the body’s angular momentum if the mass doubles? The 
radius of gyration doubles? The angular velocity doubles?

Solution
The body’s original angular momentum is the following:

 H 5 mk2�
 H 5 (10 kg) (0.2 m)2 (3 rad/s)
 H 5 1.2 kg � m2/s

With mass doubled:

 H 5 mk2�
 H 5 (20 kg) (0.2 m)2 (3 rad/s)
 H 5 2.4 kg � m2/s

H is doubled.

With k doubled:

 H 5 mk2�
 H 5 (10 kg) (0.4 m)2 (3 rad/s)
 H 5 4.8 kg � m2/s

H is quadrupled.

With � doubled:

 H 5 mk2�
 H 5 (10 kg) (0.2 m)2 (6 rad/s)
 H 5 2.4 kg � m2/s

H is doubled.
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the segment’s own CG. In the remote term, m is the segment’s mass, r is 
the distance between the total body and segmental CGs, and �g is the 
angular velocity of the segmental CG about the principal transverse axis 
(Figure 14-7). The sum of the angular momenta of all the body segments 
about a principal axis yields the total-body angular momentum about 
that axis.

During takeoff from a springboard or platform, a competitive diver 
must attain suffi cient linear momentum to reach the necessary height 
(and safe distance from the board or platform) and suffi cient angular 
momentum to perform the required number of rotations. For multiple-
rotation, nontwisting platform dives, the angular momentum generated 
at takeoff increases as the rotational requirements of the dive increase 
(6). When a twist is also incorporated into a somersaulting dive, the angu-
lar momentum required is further increased. Inclusion of a twist during 
forward one-and-a-half springboard dives is associated with increased 
angular momentum at takeoff of 6–19% (17). Adding a somersault while 
rotating in a tuck rather than a pike position also requires a small 
increase in angular momentum (14).

Conservation of Angular Momentum

Whenever gravity is the only acting external force, angular momentum is 
conserved. For angular motion, the principle of conservation of momen-
tum may be stated as follows:

The total angular momentum of a given system remains constant in the 
absence of external torques.

Gravitational force acting at a body’s CG produces no torque because d� 
equals zero and so it creates no change in angular momentum.

The principle of conservation of angular momentum is particularly 
useful in the mechanical analysis of diving, trampolining, and gymnastics 
events in which the human body undergoes controlled rotations while 
airborne. In a one-and-a-half front somersault dive, the diver leaves the 
springboard with a fi xed amount of angular momentum. According to the 
principle of conservation of angular momentum, the amount of angular 

FIGURE 14-7

The angular momentum of 
the swinging leg is the sum 
of its local term, Is�s and its 
remote term, mr2�g.

CG

CGs
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•The magnitude and direction 
of the angular momentum vector 
for an airborne performer are 
established at the instant of 
takeoff.
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momentum present at the instant of takeoff remains constant throughout 
the dive. As the diver goes from an extended layout position into a tuck, 
the radius of gyration is decreased, thus reducing the body’s principal 
moment of inertia about the transverse axis. Because angular momentum 
remains constant, a compensatory increase in angular velocity must 
accompany the decrease in moment of inertia (Figure 14-8). The tighter 
the diver’s tuck, the greater the angular velocity. Once the somersault is 
completed, the diver extends to a full layout position, thereby increasing 
total-body moment of inertia with respect to the axis of rotation. Again, 
because angular momentum remains constant, an equivalent decrease in 
angular velocity occurs. For the diver to appear to enter the water per-
fectly vertically, minimal angular velocity is desirable. Sample Problem 
14.2 quantitatively illustrates this example.

Other examples of conservation of angular momentum occur when an 
airborne performer has a total-body angular momentum of zero and a 
forceful movement such as a jump pass or volleyball spike is executed. 
When a volleyball player performs a spike, moving the hitting arm with a 
high angular velocity and a large angular momentum, there is a compen-
satory rotation of the lower body, producing an equal amount of angular 
momentum in the opposite direction (Figure 14-9). The moment of inertia 
of the two legs with respect to the hips is much greater than that of the 
spiking arm with respect to the shoulder. The angular velocity of the legs 
generated to counter the angular momentum of the swinging arm is 
therefore much less than the angular velocity of the spiking arm.

Transfer of Angular Momentum

Although angular momentum remains constant in the absence of exter-
nal torques, transferring angular velocity at least partially from one prin-
cipal axis of rotation to another is possible. This occurs when a diver 
changes from a primarily somersaulting rotation to one that is primarily 
twisting, and vice versa. An airborne performer’s angular velocity vector 
does not necessarily occur in the same direction as the angular momen-
tum vector. It is possible for a body’s somersaulting angular momentum 
and its twisting angular momentum to be altered in midair, though the 
vector sum of the two (the total angular momentum) remains constant in 
magnitude and direction.

Researchers have observed several procedures for changing the total-
body axis of rotation. Asymmetrical arm movements and rotation of the 
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H = Iv H = Iv
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FIGURE 14-8

When angular momentum is 
conserved, changes in body 
confi guration produce a trade-
off between moment of inertia 
and angular velocity, with 
a tuck position producing 
greater angular velocity.
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hips (termed hula movement) can tilt the axis of rotation out of the origi-
nal plane of motion (Figure 14-10). The less-often-used hula movement 
can produce tilting of the principal axis of rotation when the body is som-
ersaulting in a piked position. These asymmetrical movements can be 
used to generate twist and to eliminate twist (20). 

Even when total-body angular momentum is zero, generating a twist in 
midair is possible using skillful manipulation of a body composed of at 
least two segments. Prompted by the observation that a domestic cat 
seems always to land on its feet no matter what position it falls from, 
scientists have studied this apparent contradiction of the principle of con-
servation of angular momentum (5). Gymnasts and divers can use this 
procedure, referred to as cat rotation, without violating the conservation 
of angular momentum.

S A M P L E  P R O B L E M  1 4 . 2

A 60 kg diver is positioned so that his radius of gyration is 0.5 m as he 
leaves the board with an angular velocity of 4 rad/s. What is the diver’s 
angular velocity when he assumes a tuck position, altering his radius of 
gyration to 0.25 m?

Known

 m 5 60 kg
 k 5 0.5 m
 � 5 4 rad/s

 m 5 60 kg
 k 5 0.25 m

Solution
To fi nd �, calculate the amount of angular momentum that the diver pos-
sesses when he leaves the board, since angular momentum remains con-
stant during the airborne phase of the dive:

Position 1:

 H 5 mk2�
 5 (60 kg) (0.5 m)2 (4 rad/s)
 5 60 kg � m2/s

Use this constant value for angular momentum to determine � when 
k 5 0.25 m:

Position 2:

 H 5 mk2�
 60 kg � m2/s 5 (60 kg) (0.25 m)2 (�)

 � 5 16 rad/s

Position 1

Position 2
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Cat rotation is basically a two-phase process. It is accomplished most 
effectively when the two body segments are in a 90° pike position, so that 
the radius of gyration of one segment is maximal with respect to the lon-
gitudinal axis of the other segment (Figure 14-11). The fi rst phase con-
sists of the internally generated rotation of Segment 1 around its 
longitudinal axis. Because angular momentum is conserved, there is a 
compensatory rotation of Segment 2 in the opposite direction around the 
longitudinal axis of Segment 1. However, the resulting rotation is of a 
relatively small velocity, because k for Segment 2 is relatively large with 
respect to Axis 1. The second phase of the process consists of rotation of 
Segment 2 around its longitudinal axis in the same direction originally 

FIGURE 14-9

During the airborne execution 
of a spike in volleyball, a 
compensatory rotation of 
the lower extremity offsets 
the forcefully swinging arm 
so that total body angular 
momentum is conserved.

FIGURE 14-10

Asymmetrical positioning of 
the arms with respect to the 
axis of angular momentum 
can shift the axis of rotation.
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taken by Segment 1. Accompanying this motion is a compensatory rota-
tion of Segment 1 in the opposite direction around Axis 2. Again, angular 
velocity is relatively small, because k for Segment 1 is relatively large 
with respect to Axis 2. Using this procedure, a skilled diver can initiate a 
twist in midair and turn through as much as 450° (5). Cat rotation is per-
formed around the longitudinal axes of the two major body segments. It is 
easier to initiate rotation about the longitudinal principal axis than about 
either the transverse or the anteroposterior principal axes, because total-
body moment of inertia with respect to the longitudinal axis is much 
smaller than the total-body moments of inertia with respect to the other 
two axes.

Change in Angular Momentum

When an external torque does act, it changes the amount of angular 
momentum present in a system predictably. Just as with changes in lin-
ear momentum, changes in angular momentum depend not only on the 
magnitude and direction of acting external torques but also on the length 
of the time interval over which each torque acts:

 linear impulse 5 Ft
 angular impulse 5 Tt

When an angular impulse acts on a system, the result is a change in the 
total angular momentum of the system. The impulse–momentum rela-
tionship for angular quantities may be expressed as the following:

 Tt 5 �H
 5 (I�)2 � (I�)1

As before, the symbols T, t, H, I, and � represent torque, time, angular 
momentum, moment of inertia, and angular velocity, respectively, and 
subscripts 1 and 2 denote initial and second or fi nal points in time. 
Because angular impulse is the product of torque and time, signifi cant 
changes in an object’s angular momentum may result from the action of a 

k2

k2

k1

k1

Axis 1 Axis 2

FIGURE 14-11

A skillful human performer 
can rotate 180° or more in 
the air with zero angular 
momentum because in a 
piked position there is a large 
discrepancy between the 
radii of gyration for the upper 
and lower extremities with 
respect to the longitudinal 
axes of these two major body 
segments.

angular impulse
change in angular momentum equal 
to the product of torque and time 
interval over which the torque acts
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large torque over a small time interval or from the action of a small torque 
over a large time interval. Since torque is the product of a force’s magni-
tude and the perpendicular distance to the axis of rotation, both of these 
factors affect angular impulse. The effect of angular impulse on angular 
momentum is shown in Sample Problem 14.3.

In the throwing events in track and fi eld, the object is to maximize the 
angular impulse exerted on an implement before release, to maximize its 
momentum and the ultimate horizontal displacement following release. 
As discussed in Chapter 11, linear velocity is directly related to angular 
velocity, with the radius of rotation serving as the factor of proportionality. 
As long as the moment of inertia (mk2) of a rotating body remains con-
stant, increased angular momentum translates directly to increased lin-
ear momentum when the body is projected. This concept is particularly 
evident in the hammer throw, in which the athlete fi rst swings the ham-
mer two or three times around the body with the feet planted, and then 
executes the next three or four whole-body turns while facing the hammer 
before release. Some hammer throwers perform the fi rst one or two of the 
whole body turns with the trunk in slight fl exion (called countering with 
the hips), thereby enabling a farther reach with the hands (Figure 14-12). 
This tactic increases the radius of rotation, and thus the moment of inertia 
of the hammer with respect to the axis of rotation, so that if angular veloc-
ity is not reduced, the angular momentum of the thrower/hammer system 
is increased. For this strategy, the fi nal turns are completed with the entire 
body leaning away from the hammer, or countering with the shoulders. 
Researchers have suggested that, although the ability to lean forward 
throughout the turns should increase the angular momentum imparted to 
the hammer, a natural tendency to protect against excessive spinal stresses 

S A M P L E  P R O B L E M  1 4 . 3

What average amount of force must be applied by the elbow fl exors insert-
ing at an average perpendicular distance of 1.5 cm from the axis of rota-
tion at the elbow over a period of 0.3 s to stop the motion of the 3.5 kg arm 
swinging with an angular velocity of 5 rad/s when k 5 20 cm?

Known

 d 5 0.015 m
 t 5 0.3 s
 m 5 3.5 kg
 k 5 0.20 m
 � 5 5 rad/s

Solution
The impulse–momentum relationship for angular motion can be used.

 Tt 5 �H
 Fdt 5 (mk2�)2 � (mk2�)1

 F(0.015 m) (0.3 s) 5 0 � (3.5 kg) (0.20 m)2 (5 rad/s)

 F 5 �155.56 N

k

F
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Backward
somersault
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FIGURE 14-13

The product of the 
springboard reaction force 
(F) and its moment arm with 
respect to the diver’s center of 
gravity (d�) creates a torque, 
which generates the angular 
impulse that produces the 
diver’s angular momentum at 
takeoff.

or shoulder strength limitations may prevent the thrower from accom-
plishing this technique modifi cation (4).

The angular momentum required for the total body rotations executed 
during aerial skills is primarily derived from the angular impulse created 
by the reaction force of the support surface during takeoff. During back 
dives performed from a platform, the major angular impulse is produced 
during the fi nal weighting of the platform, when the diver comes out of a 
crouched position through extension at the hip, knee, and ankle joints and 
executes a vigorous arm swing simultaneously (15). The vertical compo-
nent of the platform reaction force, acting in front of the diver’s CG, creates 
most of the backward angular momentum required (Figure 14-13).

On a springboard, the position of the fulcrum with respect to the tip of 
the board can usually be adjusted and can infl uence performance. Setting 
the fulcrum farther back from the tip of the board results in greater down-
ward board tip vertical velocity at the beginning of takeoff, which allows 
the diver more time in contact with the board to generate angular momen-
tum and increased vertical velocity going into the dive (9). Concomitant 
disadvantages, however, include the requirement of increased hurdle 

d1

d2

A

B

FIGURE 14-12

A hammer thrower must 
counter the centrifugal force 
of the hammer to avoid being 
pulled out of the throwing 
ring. Countering with the 
shoulders A results in a 
smaller radius of rotation for 
the hammer than countering 
with the hips B.
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fl ight duration and the necessity of reversing downward motion from a 
position of greater fl exion at the knees (9). In an optimum reverse dive 
from a springboard, peak knee extension torque is generated just prior to 
maximum springboard depression, so that the diver exerts force against 
a stiffer board (19).

The motions of the body segments during takeoff determine the magni-
tude and direction of the reaction force generating linear and angular 
impulses. During both platform and springboard dives, the rotation of the 
arms at takeoff generally contributes more to angular momentum than 
the motion of any other segment (6, 13). Highly skilled divers perform the 
arm swing with the arms fully extended, thus maximizing the moment of 
inertia of the arms and the angular momentum generated. Less-skilled 
divers often must use fl exion at the elbow to reduce the moment of inertia 
of the arms about the shoulders so that arm swing can be completed dur-
ing the time available (13). In contrast to the takeoff during a dive, during 
the takeoff for aerial somersaults performed from the fl oor in gymnastics, 
it is forceful extension of the legs that contributes the most to angular 
momentum (3). Optimizing performance of aerial somersaults requires 
generating high linear and angular velocities during the approach, as 
well as precise timings of body segment motions (11).

Angular impulse produced through the support surface reaction force is 
also essential for performance of the tour jeté, a dance movement that con-
sists of a jump accompanied by a 180° turn, with the dancer landing on the 
foot opposite the takeoff foot. When the movement is performed properly, the 
dancer appears to rise straight up and then rotate about the principal verti-
cal axis in the air. In reality, the jump must be executed so that a reaction 
torque around the dancer’s vertical axis is generated by the fl oor. The 
extended leg at the initiation of the jump creates a relatively large moment 
of inertia relative to the axis of rotation, thereby resulting in a relatively low 
total-body angular velocity. At the peak of the jump, the dancer’s legs simul-
taneously cross the axis of rotation and the arms simultaneously come 
together overhead, close to the axis of rotation. These movements dramati-
cally reduce moment of inertia, thus increasing angular velocity (12).

Similarly, when a skater performs a double or triple axel in fi gure skat-
ing, angular momentum is generated by the skater’s movements and 
changes in total-body moment of inertia prior to takeoff. Over half of the 
angular momentum for a double axel is generated during the preparatory 
glide on one skate going into the jump (2). Most of this angular momen-
tum is contributed by motion of the free leg, which is extended somewhat 
horizontally to increase total-body moment of inertia around the skater’s 
vertical axis (2). As the skater becomes airborne, both legs are extended 
vertically, and the arms are tightly crossed. Because angular velocity is 
controlled primarily by the skater’s moment of inertia, tight positioning of 
the arms and legs close to the axis of rotation is essential for maximizing 
revolutions while airborne (10).

In overhead sporting movements such as throwing a ball, striking a 
volleyball, or serving in tennis, the arm functions as what has been 
described as a “kinetic chain.” Accordingly, as the arm moves forcefully 
forward, angular momentum is progressively transferred from proximal 
to distal segments. During the overarm throw, the motions of elbow exten-
sion and wrist fl exion are accelerated by the motions of the trunk and 
upper arm, as angular momentum is transferred from segment to seg-
ment (8). In the performance of the tennis serve, angular momentum is 
produced by the movements of the trunk, arms, and legs, with a transfer of 
momentum from the extending lower extremity and rotating trunk to the 
racket arm, and fi nally to the racket.

The arm swing during takeoff 
contributes signifi cantly to the 
diver’s angular momentum.

The surface reaction force is 
used by the dancer to generate 
angular momentum during 
the takeoff of the tour jeté.
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ANGULAR ANALOGUES OF NEWTON’S LAWS 
OF MOTION

Table 14-1 presents linear and angular kinetic quantities in a parallel for-
mat. With the many parallels between linear and angular motion, it is not 
surprising that Newton’s laws of motion may also be stated in terms of 
angular motion. It is necessary to remember that torque and moment of 
inertia are the angular equivalents of force and mass in substituting terms.

Newton’s First Law

The angular version of the fi rst law of motion may be stated as follows:

A rotating body will maintain a state of constant rotational motion unless 
acted on by an external torque.

In the analysis of human movement in which mass remains constant 
throughout, this angular analogue forms the underlying basis for the 
principle of conservation of angular momentum. Because angular velocity 
may change to compensate for changes in moment of inertia resulting 
from alterations in the radius of gyration, the quantity that remains con-
stant in the absence of external torque is angular momentum.

Newton’s Second Law

In angular terms, Newton’s second law may be stated algebraically and in 
words as the following:

T 5 I�

A net torque produces angular acceleration of a body that is directly pro-
portional to the magnitude of the torque, in the same direction as the 
torque, and inversely proportional to the body’s moment of inertia.

In accordance with Newton’s second law for angular motion, the angular 
acceleration of the forearm is directly proportional to the magnitude of 
the net torque at the elbow and in the direction (fl exion) of the net torque 
at the elbow. The greater the moment of inertia is with respect to the axis 
of rotation at the elbow, the smaller is the resulting angular acceleration 
(see Sample Problem 14.4).

Newton’s Third Law

The law of reaction may be stated in angular form as the following:

For every torque exerted by one body on another, there is an equal and 
opposite torque exerted by the second body on the fi rst.

When a baseball player forcefully swings a bat, rotating the mass of the 
upper body, a torque is created around the player’s longitudinal axis. If 

TABLE 14-1

Linear and Angular Kinetic 

Quantities

LINEAR ANGULAR

mass (m) moment of inertia (I)

force (F) torque (T)

momentum (M) angular momentum (H)

impulse (Ft) angular impulse (Tt)
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the batter’s feet are not fi rmly planted, the lower body tends to rotate 
around the longitudinal axis in the opposite direction. However, since the 
feet usually are planted, the torque generated by the upper body is trans-
lated to the ground, where the earth generates a torque of equal magni-
tude and opposite direction on the cleats of the batter’s shoes.

CENTRIPETAL FORCE

Bodies undergoing rotary motion around a fi xed axis are also subject to a 
linear force. When an object attached to a line is whirled around in a cir-
cular path and then released, the object fl ies off on a path that forms a 
tangent to the circular path it was following at the point at which it was 
released, since this is the direction it was traveling in at the point of 
release (Figure 14-14). Centripetal force prevents the rotating body from 
leaving its circular path while rotation occurs around a fi xed axis. The 

S A M P L E  P R O B L E M  1 4 . 4

The knee extensors insert on the tibia at an angle of 308 at a distance of 
3 cm from the axis of rotation at the knee. How much force must the knee 
extensors exert to produce an angular acceleration at the knee of 1 rad/s2, 
given a mass of the lower leg and foot of 4.5 kg and k 5 23 cm?

Known

 d 5 0.03 m
 � 5 1 rad/s2

 m 5 4.5 kg
 k 5 0.23 m

Solution
The angular analogue of Newton’s second law of motion may be used to 
solve the problem:

 T 5 I�
 Fd 5 mk2�
 (F sin 30 N) (0.03 m) 5 (4.5 kg) (0.23 m)2(1 rad/s2)

 F 5 15.9 N

308

k

o

centripetal force
force directed toward the center 
of rotation for a body in rotational 
motion

FIGURE 14-14

An object swung in a circle 
and then released will follow 
a linear path tangential to the 
curve at the point of release, 
since this is the direction of 
motion at the point of release.



466 BASIC BIOMECHANICS

direction of a centripetal force is always toward the center of rotation; this 
is the reason it is also known as center-seeking force. Centripetal force 
produces the radial component of the acceleration of a body traveling on 
a curved path (see Chapter 11). The following formula quantifi es the mag-
nitude of a centripetal force in terms of the tangential linear velocity of 
the rotating body:

Fc 5
mv2

r

In this formula, Fc is centripetal force, m is mass, v is the tangential 
linear velocity of the rotating body at a given point in time, and r is the 
radius of rotation. Centripetal force may also be defi ned in terms of 
angular velocity:

Fc 5 mr�2

As is evident from both equations, the speed of rotation is the most infl u-
ential factor on the magnitude of centripetal force, because centripetal 
force is proportional to the square of velocity or angular velocity.

When a cyclist rounds a curve, the ground exerts centripetal force on 
the tires of the cycle. The forces acting on the cycle/cyclist system are 
weight, friction, and the ground reaction force (Figure 14-15). The horizon-
tal component of the ground reaction force and laterally directed friction 
provide the centripetal force, which also creates a torque about the cycle/
cyclist CG. To prevent rotation toward the outside of the curve, the 
cyclist must lean to the inside of the curve so that the moment arm of the 
system’s weight relative to the contact point with the ground is large 
enough to produce an oppositely directed torque of equal magnitude. In 
the absence of leaning into the curve, the cyclist would have to reduce 
speed to reduce the magnitude of the ground reaction force, in order to 
prevent loss of balance.

When rounding a corner in an automobile, there is a sensation of being 
pushed in the direction of the outside of the curve. What is felt has been 
referred to as centrifugal force. What is actually occurring, however, is 
that in accordance with Newton’s fi rst law, the body’s inertia tends to 

Cyclists and runners lean into 
a curve to offset the torque 
created by centripetal force 
acting on the base of support.

FIGURE 14-15

Free body diagram of a 
cyclist on a curve. RH is 
centripetal force. When the 
cyclist is balanced, summing 
torques at the cyclist’s CG, 
(Rv)(dRv) 5 (RH)(dRH).

RH Rv

Rv

dRH
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cause it to continue traveling on a straight, rather than a curved, path. 
The car seat, the seat belt, and possibly the car door provide a reaction 
force that changes the direction of body motion. “Centrifugal force,” then, 
is a fi ctitious force that might more appropriately be described as the 
absence of centripetal force acting on an object.

Table 14-2 summarizes the formulas used in this chapter.

SUMMARY

Whereas a body’s resistance to linear acceleration is proportional to its 
mass, resistance to angular acceleration is related to both mass and the 
distribution of mass with respect to the axis of rotation. Resistance to 
angular acceleration is known as moment of inertia, a quantity that incor-
porates both the amount of mass and its distribution relative to the center 
of rotation.

Just as linear momentum is the product of the linear inertial property 
(mass) and linear velocity, angular momentum is the product of moment of 
inertia and angular velocity. In the absence of external torques, angular 
momentum is conserved. An airborne human performer can alter total-
body angular velocity by manipulating moment of inertia through changes 
in body confi guration relative to the principal axis around which rotation is 
occurring. Skilled performers can also alter the axis of rotation and initiate 
rotation when no angular momentum is present while airborne. The prin-
ciple of conservation of angular momentum is based on the angular version 
of Newton’s fi rst law of motion. The second and third laws of motion may 
also be expressed in angular terms by substituting moment of inertia for 
mass, torque for force, and angular acceleration for linear acceleration.

A linear force that acts on all rotating bodies is centripetal (or a center-
seeking) force, which is always directed toward the center of rotation. The 
magnitude of centripetal force depends on the mass, speed, and radius of 
rotation of the rotating body.

DESCRIPTION FORMULA

Moment of Inertia 5 (mass)(radius of gyration squared) I 5 mk2

Angular momentum 5 (moment of inertia)(angular velocity) H 5 I�

Local term for angular momentum 5 (segment moment of 
inertia about segment CG)(segment angular velocity about 

segment CG)

H1 5 Isvs

Remote term for angular momentum 5 (segment mass) 
(distance between total body and segment CGs, squared) 

(angular velocity of segment about the principal axis)

Hr 5 mr2�g

Angular impulse 5 change in angular momentum Tt 5 �H
Tt 5 (mk2�)2 � (mk2�)1

Newton’s second law (rotational version) T 5 I�

Centripetal force 5   
(mass) (velocity squared)

   _____________________  
radius of rotation

  Fc 5   
mv2

 ____ r  

Centripetal force 5 (mass)(radius of rotation)(angular 
velocity squared)

Fc 5 mr�2

TABLE 14-2

Formula Summary



INTRODUCTORY PROBLEMS

 1. If you had to design a model of the human body composed entirely of 
regular geometric solids, which solid shapes would you choose? Using 
a straightedge, sketch a model of the human body that incorporates 
the solid shapes you have selected.

 2. Construct a table displaying common units of measure for both linear 
and angular quantities of the inertial property, momentum, and impulse.

 3. Skilled performance of a number of sport skills is characterized by 
“follow-through.” Explain the value of “follow-through” in terms of the 
concepts discussed in this chapter.

 4. Explain the reason the product of body mass and body height squared 
is a good predictor of body moment of inertia in children.

 5. A 1.1 kg racquet has a moment of inertia about a grip axis of rotation 
of 0.4 kg � m2. What is its radius of gyration? (Answer: 0.6 m)

 6. How much angular impulse must be supplied by the hamstrings to 
bring a leg swinging at 8 rad/s to a stop, given that the leg’s moment 
of inertia is 0.7 kg � m2? (Answer: 5.6 kg � m2/s).

 7. Given the following principal transverse axis moments of inertia and 
angular velocities, calculate the angular momentum of each of the 
following gymnasts. What body confi gurations do these moments of 
inertia represent?
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Icg(kg � m2) (rad/s)

A  3.5 20.00

B  7.0 10.00

C 15.0 4.67

  (Answers: A 5 70 kg � m2/s; B 5 70 kg � m2/s; C 5 70 kg � m2/s)
 8. A volleyball player’s 3.7 kg arm moves at an average angular velocity 

of 15 rad/s during execution of a spike. If the average moment of iner-
tia of the extending arm is 0.45 kg � m2, what is the average radius of 
gyration for the arm during the spike? (Answer: 0.35 m)

 9. A 50 kg diver in a full layout position, with a total body radius of gyra-
tion with respect to her transverse principal axis equal to 0.45 m, 
leaves a springboard with an angular velocity of 6 rad/s. What is the 
diver’s angular velocity when she assumes a tuck position, reducing 
her radius of gyration to 0.25 m? (Answer: 19.4 rad/s)

 10. If the centripetal force exerted on a swinging tennis racket by a play-
er’s hand is 40 N, how much reaction force is exerted on the player by 
the racket? (Answer: 40 N)

ADDITIONAL PROBLEMS

 1. The radius of gyration of the thigh with respect to the transverse 
axis at the hip is 54% of the segment length. The mass of the thigh 
is 10.5% of total body mass, and the length of the thigh is 23.2% of 
total body height. What is the moment of inertia of the thigh with 
respect to the hip for males of the following body masses and 
heights?



  (Answers: A 5 0.25 kg � m2, B 5 0.32 kg � m2, C 5 0.30 kg � m2, 
D 5 0.37 kg � m2)

 2. Select three sport or daily living implements, and explain the ways in 
which you might modify each implement’s moment of inertia with 
respect to the axis of rotation to adapt it for a person of impaired 
strength.

 3. A 0.68 kg tennis ball is given an angular momentum of 2.72 � 10�3 � m2/s 
when struck by a racket. If its radius of gyration is 2 cm, what is its 
angular velocity? (Answer: 10 rad/s)

 4. A 7.27 kg shot makes seven complete revolutions during its 2.5 s 
fl ight. If its radius of gyration is 2.54 cm, what is its angular momen-
tum? (Answer: 0.0817 kg � m2/s)

 5. What is the resulting angular acceleration of a 1.7 kg forearm and 
hand when the forearm fl exors, attaching 3 cm from the center of 
rotation at the elbow, produce 10 N of tension, given a 90° angle at the 
elbow and a forearm and hand radius of gyration of 20 cm? (Answer: 
4.41 rad/s2)

 6. The patellar tendon attaches to the tibia at a 20° angle 3 cm from the 
axis of rotation at the knee. If the tension in the tendon is 400 N, what 
is the resulting acceleration of the 4.2 kg lower leg and foot given a 
radius of gyration of 25 cm for the lower leg/foot with respect to the 
axis of rotation at the knee? (Answer: 15.6 rad/s2)

 7. A cavewoman swings a 0.75 m sling of negligible weight around her 
head with a centripetal force of 220 N. What is the initial velocity of a 
9 N stone released from the sling? (Answer: 13.4 m/s)

 8. A 7.27 kg hammer on a 1 m wire is released with a linear velocity of 
28 m/s. What reaction force is exerted on the thrower by the hammer 
at the instant before release? (Answer: 5.7 kN)

 9. Discuss the effect of banking a curve on a racetrack. Construct a free 
body diagram to assist with your analysis.

 10. Using the data in Appendix D, calculate the locations of the radii of 
gyration of all body segments with respect to the proximal joint cen-
ter for a 1.7 m tall woman.

MASS (kg) HEIGHT (m)

A 60 1.6

B 60 1.8

C 70 1.6

D 70 1.8
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NAME _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), go to Student Center, 
Chapter 14, Lab Manual, Lab 1, and then view the Angular Momentum Animation of a swinging ball 
on a rope wrapping around a pole. Answer the following questions.
a. As the rope winds around the pole, what happens to the angular velocity of the ball? 

 ___________________________________________________________________________________________

b.  As the rope winds around the pole, what happens to the radius of rotation of the ball? 

 ___________________________________________________________________________________________

c. As the rope winds around the pole, what happens to the angular momentum of the ball? 

 Explain:  __________________________________________________________________________________

 2. View either a video or a live performance of a long jump from the side view. Explain the motions of 
the jumper’s arms and legs in terms of the concepts presented in this chapter.

Contributions of arms: ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Contributions of legs:  ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 3. View either a video or a live performance of a dive incorporating a pike or a somersault from the side 
view. Explain the motions of the diver’s arms and legs in terms of the concepts presented in this chapter.

Contributions of arms: ___________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Contributions of legs: ____________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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 4. Stand on a rotating platform with both arms abducted at the shoulders at 90°, and have a partner 
spin you at a moderate angular velocity. Once the partner has let go, quickly fold your arms across 
your chest, being careful not to lose your balance. Write a paragraph explaining the change in angu-
lar velocity.

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

Is angular momentum in this situation constant?  __________________________________________________

 5. Stand on a rotating platform and use a hula-hooping motion of the hips to generate rotation. Explain 
how total body rotation results.

Explanation: ____________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________
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K E Y  T E R M S

angular impulse change in angular momentum equal to the product of torque and time interval over which 
the torque acts

angular momentum quantity of angular motion possessed by a body; measured as the product of moment of 
inertia and angular velocity

centripetal force force directed toward the center of rotation for a body in rotational motion

moment of inertia inertial property for rotating bodies representing resistance to angular acceleration; based 
on both mass and the distance the mass is distributed from the axis of rotation

principal axes three mutually perpendicular axes passing through the total body center of gravity

principal moment of inertia total-body moment of inertia relative to one of the principal axes

radius of gyration distance from the axis of rotation to a point where the body’s mass could be concentrated 
without altering its rotational characteristics



Human Movement 
in a Fluid Medium

After completing this chapter, you will be able to:

Explain the ways in which the composition and fl ow characteristics of a fl uid 
 affect fl uid forces.

Defi ne buoyancy and explain the variables that determine whether a human body 
will fl oat.

Defi ne drag, identify the components of drag, and identify the factors that affect 
the magnitude of each component.

Defi ne lift and explain the ways in which it can be generated.

Discuss the theories regarding propulsion of the human body in swimming.
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W hy are there dimples in a golf ball? Why are some people able to 
fl oat while others cannot? Why are cyclists, swimmers, downhill 

skiers, and speed skaters concerned with streamlining their bodies dur-
ing competition?

Both air and water are fl uid mediums that exert forces on bodies mov-
ing through them. Some of these forces slow the progress of a moving 
body; others provide support or propulsion. A general understanding of 
the actions of fl uid forces on human movement activities is an important 
component of the study of the biomechanics of human movement. This 
chapter introduces the effects of fl uid forces on both human and projectile 
motion.

THE NATURE OF FLUIDS

Although in general conversation the term fl uid is often used interchange-
ably with the term liquid, from a mechanical perspective, a fl uid is any 
substance that tends to fl ow or continuously deform when acted on by a 
shear force. Both gases and liquids are fl uids with similar mechanical 
behaviors.

Relative Motion

Because a fl uid is a medium capable of fl ow, the infl uence of the fl uid on a 
body moving through it depends not only on the body’s velocity but also on 
the velocity of the fl uid. Consider the case of waders standing in the shal-
low portion of a river with a moderately strong current. If they stand still, 

The ability to control the action 
of fl uid forces differentiates 
elite from average swimmers.

fl uid
substance that fl ows when subjected 
to a shear stress

•Air and water are fl uids that 
exert forces on the human body.

•The velocity of a body 
relative to a fl uid infl uences the 
magnitude of the forces exerted 
by the fl uid on the body.

Velocity of cyclist relative to wind (20 m/s)

Cyclist’s velocity (15 m/s)

Velocity of cyclist relative to wind (10 m/s)

Cyclist’s velocity (15 m/s)

Head wind
velocity
(5 m/s)

Tail wind
velocity
(5 m/s)

FIGURE 15-1

The relative velocity of a 
moving body with respect to 
a fl uid is equal to the vector 
subtraction of the velocity of 
the wind from the velocity of 
the body.
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they feel the force of the current against their legs. If they walk upstream 
against the current, the current’s force against their legs is even stronger. 
If they walk downstream, the current’s force is reduced and perhaps even 
imperceptible.

When a body moves through a fl uid, the relative velocity of the body 
with respect to the fl uid infl uences the magnitude of the acting forces. If 
the direction of motion is directly opposite the direction of the fl uid 
fl ow, the magnitude of the velocity of the moving body relative to the fl uid 
is the algebraic sum of the speeds of the moving body and the fl uid (Figure 
15-1). If the body moves in the same direction as the surrounding fl uid, the 
magnitude of the body’s velocity relative to the fl uid is the difference in 
the speeds of the object and the fl uid. In other words, the relative velocity 
of a body with respect to a fl uid is the vector subtraction of the absolute 
velocity of the fl uid from the absolute velocity of the body (see Sample 
Problem 15.1). Likewise, the relative velocity of a fl uid with respect to a 

relative velocity
velocity of a body with respect to the 
velocity of something else, such as the 
surrounding fl uid

vc

vw

vb

S A M P L E  P R O B L E M  1 5 . 1

A sailboat is traveling at an absolute speed of 3 m/s against a 0.5 m/s cur-
rent and with a 6 m/s tailwind. What is the velocity of the current with 
respect to the boat? What is the velocity of the wind with respect to the 
boat?

Known

 vb 5 3 m/s £
 vc 5 0.5 m/s ¢
 vw 5 6 m/s £

Solution
The velocity of the current with respect to the boat is equal to the vector 
subtraction of the absolute velocity of the boat from the absolute velocity 
of the current.

 vc/b 5 vc � vb

 5 (0.5 m/s ¢) � (3 m/s £)
 5 (3.5 m/s ¢)

The velocity of the current with respect to the boat is 3.5 m/s in the 
direction opposite that of the boat.

The velocity of the wind with respect to the boat is equal to the vector 
subtraction of the absolute velocity of the boat from the absolute velocity 
of the wind.

 vw/b 5 vw � vb

 5 (6 m/s £) � (3 m/s £)
 5 (3 m/s £)

The velocity of the wind with respect to the boat is 3 m/s in the direc-
tion in which the boat is sailing.
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body moving through it is the vector subtraction of the velocity of the body 
from the velocity of the fl uid.

Laminar versus Turbulent Flow

When an object such as a human hand or a canoe paddle moves through 
water, there is little apparent disturbance of the immediately surround-
ing water if the relative velocity of the object with respect to the water is 
low. However, if the relative velocity of motion through the water is suffi -
ciently high, waves and eddies appear.

When an object moves with suffi ciently low velocity relative to any 
fl uid medium, the fl ow of the adjacent fl uid is termed laminar fl ow. Lami-
nar fl ow is characterized by smooth layers of fl uid molecules fl owing par-
allel to one another (Figure 15-2).

When an object moves with suffi ciently high velocity relative to a sur-
rounding fl uid, the layers of fl uid near the surface of the object mix, and 
the fl ow is termed turbulent. The rougher the surface of the body, the 
lower the relative velocity at which turbulence is caused. Laminar fl ow 
and turbulent fl ow are distinct categories. If any turbulence is present, 
the fl ow is nonlaminar. The nature of the fl uid fl ow surrounding an object 
can dramatically affect the fl uid forces exerted on the object. In the case 
of the human body during swimming, fl ow is neither completely laminar 
nor completely turbulent, but transitional between the two (30).

Fluid Properties

Other factors that infl uence the magnitude of the forces a fl uid generates 
are the fl uid’s density, specifi c weight, and viscosity. As discussed in Chap-
ter 3, density (�) is defi ned as mass/volume, and the ratio of weight to 
volume is known as specifi c weight (�). The denser and heavier the fl uid 
medium surrounding a body, the greater the magnitude of the forces the 
fl uid exerts on the body. The property of fl uid viscosity involves the inter-
nal resistance of a fl uid to fl ow. The greater the extent to which a fl uid 
resists fl ow under an applied force, the more viscous the fl uid is. A thick 
molasses, for example, is more viscous than a liquid honey, which is more 
viscous than water. Increased fl uid viscosity results in increased forces 
exerted on bodies exposed to the fl uid.

Atmospheric pressure and temperature infl uence a fl uid’s density, spe-
cifi c weight, and viscosity, with more mass concentrated in a given unit of 
fl uid volume at higher atmospheric pressures and lower temperatures. 

FIGURE 15-2

Laminar fl ow is characterized 
by smooth, parallel layers of 
fl uid.

laminar fl ow
fl ow characterized by smooth, parallel 
layers of fl uid

turbulent fl ow
fl ow characterized by mixing of 
adjacent fl uid layers

•Atmospheric pressure and 
temperature infl uence a fl uid’s 
density, specifi c weight, and 
viscosity.
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Because molecular motion in gases increases with temperature, the vis-
cosity of gases also increases. The viscosity of liquids decreases with 
increased temperature because of a reduction in the cohesive forces 
among the molecules. The densities, specifi c weights, and viscosities of 
common fl uids are shown in Table 15-1.

BUOYANCY

Characteristics of the Buoyant Force

Buoyancy is a fl uid force that always acts vertically upward. The factors 
that determine the magnitude of the buoyant force were originally 
explained by the ancient Greek mathematician Archimedes. Archimedes’ 
principle states that the magnitude of the buoyant force acting on a given 
body is equal to the weight of the fl uid displaced by the body. The latter 
factor is calculated by multiplying the specifi c weight of the fl uid by the 
volume of the portion of the body that is surrounded by the fl uid. Buoy-
ancy (Fb) is calculated as the product of the displaced volume (Vd) and the 
fl uid’s specifi c weight �:

Fb 5 Vd�

For example, if a water polo ball with a volume of 0.2 m3 is completely 
submerged in water at 20°C, the buoyant force acting on the ball is equal 
to the ball’s volume multiplied by the specifi c weight of water at 20°C:

 Fb 5 Vd�
 5 (0.2 m3) (9790 N/m3)
 5 1958 N

The more dense the surrounding fl uid, the greater the magnitude of 
the buoyant force. Since seawater is more dense than freshwater, a given 
object’s buoyancy is greater in seawater than in freshwater. Because the 
magnitude of the buoyant force is directly related to the volume of the sub-
merged object, the point at which the buoyant force acts is the object’s 
center of volume, which is also known as the center of buoyancy. The center 
of volume is the point around which a body’s volume is equally distributed.

Flotation

The ability of a body to fl oat in a fl uid medium depends on the relationship 
between the body’s buoyancy and its weight. When weight and the buoyant 
force are the only two forces acting on a body and their magnitudes are 

TABLE 15-1

Approximate Physical 

Properties of Common 

Fluids

FLUID* DENSITY (kg/m3)
SPECIFIC WEIGHT 

(n/m3) VISCOSITY (ns/m2)

Air  1.20  11.8 .000018

Water  998  9,790 .0010

Seawater+  1,026  10,070 .0014

Ethyl alcohol  799  7,850 .0012

Mercury  13,550.20  133,000.0 .0015

*Fluids are measured at 20°C and standard atmospheric pressure.
+10°C, 3.3% salinity.

Archimedes’ principle
physical law stating that the buoyant 
force acting on a body is equal to 
the weight of the fl uid displaced by 
the body

center of volume
point around which a body’s volume 
is equally distributed and at which 
the buoyant force acts
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•In order for a body to fl oat, the 
buoyant force it generates must 
equal or exceed its weight.

equal, the body fl oats in a motionless state, in accordance with the prin-
ciples of static equilibrium. If the magnitude of the weight is greater than 
that of the buoyant force, the body sinks, moving downward in the direc-
tion of the net force.

Most objects fl oat statically in a partially submerged position. The vol-
ume of a freely fl oating object needed to generate a buoyant force equal to 
the object’s weight is the volume that is submerged.

Flotation of the Human Body

In the study of biomechanics, buoyancy is most commonly of interest rela-
tive to the fl otation of the human body in water. Some individuals cannot 
fl oat in a motionless position, and others fl oat with little effort. This dif-
ference in fl oatability is a function of body density. Since the density of 
bone and muscle is greater than the density of fat, individuals who are 
extremely muscular and have little body fat have higher average body 
densities than individuals with less muscle, less dense bones, or more 
body fat. If two individuals have an identical body volume, the one with 
the higher body density weighs more. Alternatively, if two people have the 
same body weight, the person with the higher body density has a smaller 
body volume. For fl otation to occur, the body volume must be large enough 
to create a buoyant force greater than or equal to body weight (see Sam-
ple Problem 15.2). Many individuals can fl oat only when holding a large 
volume of inspired air in the lungs, a tactic that increases body volume 
without altering body weight.

The orientation of the human body as it fl oats in water is determined 
by the relative position of the total-body center of gravity relative to the 
total-body center of volume. The exact locations of the center of gravity 
and center of volume vary with anthropometric dimensions and body 
composition. Typically, the center of gravity is inferior to the center of 
volume due to the relatively large volume and relatively small weight of 
the lungs. Because weight acts at the center of gravity and buoyancy acts 
at the center of volume, a torque is created that rotates the body until it 
is positioned so that these two acting forces are vertically aligned and the 
torque ceases to exist (Figure 15-3).

When beginning swimmers try to fl oat on their back, they typically 
assume a horizontal body position. Once the swimmer relaxes, the 
lower end of the body sinks, because of the acting torque. An experi-
enced teacher instructs beginning swimmers to assume a more diago-
nal position in the water before relaxing into the back fl oat. This 
position minimizes torque and the concomitant sinking of the lower 
extremity. Other strategies that a swimmer can use to reduce torque on 
the body when entering a back fl oat position include extending the 
arms backward in the water above the head and fl exing the knees. Both 
tactics elevate the location of the center of gravity, positioning it closer 
to the center of volume.

During swimming with the front crawl stroke, the center of buoyancy 
is shifted toward the feet when the recovery arm and part of the head are 
above the surface of the water. At this point in the stroke cycle, the buoy-
ant torque tends to elevate the feet, rather than the reverse (49).

DRAG

Drag is a force caused by the dynamic action of a fl uid that acts in the 
direction of the free-stream fl uid fl ow. Generally, a drag is a resistance 
force: a force that slows the motion of a body moving through a fl uid. The 

•People who cannot fl oat in 
swimming pools may fl oat 
in Utah’s Great Salt Lake, in 
which the density of the water 
surpasses even that of seawater.
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drag force acting on a body in relative motion with respect to a fl uid is 
defi ned by the following formula:

FD 5 1⁄2 CD� Apv
2

In this formula, FD is drag force, CD is the coeffi cient of drag, � is the 
fl uid density, Ap is the projected area of the body or the surface area of the 
body oriented perpendicular to the fl uid fl ow, and v is the relative velocity 

S A M P L E  P R O B L E M  1 5 . 2

When holding a large quantity of inspired air in her lungs, a 22 kg girl 
has a body volume of 0.025 m3. Can she fl oat in fresh water if � equals 
9810 N/m3? Given her body volume, how much could she weigh and still 
be able to fl oat?

Known

 m 5 22 kg
 V 5 0.025 m3

 � 5 9810 N/m3

Solution
Two forces are acting on the girl: her weight and the buoyant force. 
According to the conditions of static equilibrium, the sum of the vertical 
forces must be equal to zero for the girl to fl oat in a motionless position. If 
the buoyant force is less than her weight, she will sink, and if the buoyant 
force is equal to her weight, she will fl oat completely submerged. If the 
buoyant force is greater than her weight, she will fl oat partly submerged. 
The magnitude of the buoyant force acting on her total body volume is the 
product of the volume of displaced fl uid (her body volume) and the specifi c 
weight of the fl uid:

 Fb 5 V�

  5 (0.025 m3) (9810 N/m3)
 5 245.52 N

Her body weight is equal to her body mass multiplied by the acceleration 
of gravity:

 wt 5 (22 kg) (9.81 m/s2)
 5 215.82 N

Since the buoyant force is greater than her body weight, the girl will fl oat 
partly submerged in freshwater.

Yes, she will fl oat.

To calculate the maximum weight that the girl’s body volume can support 
in freshwater, multiply the body volume by the specifi c weight of water.

 wtmax 5 (0.025 m3) (9810 N/m3)

 wtmax 5 245.25 N

Fb

wt

coeffi cient of drag
unitless number that is an index 
of a body’s ability to generate fl uid 
resistance
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of the body with respect to the fl uid. The coeffi cient of drag is a unitless 
number that serves as an index of the amount of drag an object can gener-
ate. Its size depends on the shape and orientation of a body relative to the 
fl uid fl ow, with long, streamlined bodies generally having lower coeffi -
cients of drag than blunt or irregularly shaped objects. Approximate coef-
fi cients of drag for the human body in positions commonly assumed during 
participation in several sports are shown in Figure 15-4.

The formula for the total drag force demonstrates the exact way in 
which each of the identifi ed factors affects drag. If the coeffi cient of drag, 
the fl uid density, and the projected area of the body remain constant, drag 
increases with the square of the relative velocity of motion. This relation-
ship is referred to as the theoretical square law. According to this law, if 
cyclists double their speed and other factors remain constant, the drag 
force opposing them increases fourfold. The effect of drag is more conse-
quential when a body is moving with a high velocity, which occurs in sports 
such as cycling, speed skating, downhill skiing, the bobsled, and the luge.

In swimming, the drag on a moving body is 500–600 times higher than 
it would be in the air, with the magnitude of drag varying with the anthro-
pometric characteristics of the individual swimmer, as well as with the 
stroke used (41). Researchers distinguish between passive drag, which is 
generated by the swimmer’s body size, shape, and position in the water, 
and active drag, which is associated with the swimming motion. Passive 
drag is inversely related to a swimmer’s buoyancy, which has been found 
to have a small but important infl uence on sprint swimming perfor-

Buoyant
force

Buoyant
force

Center of
volume

Center of
volume

Center of
gravity

Center of
gravity

Weight

Weight

A

B

FIGURE 15-3

A. A torque is created on a 
swimmer by body weight 
(acting at the center of 
gravity) and the buoyant 
force (acting at the center of 
volume). B. When the center 
of gravity and the center of 
volume are vertically aligned, 
this torque is eliminated.

theoretical square law
drag increases approximately with 
the square of velocity when relative 
velocity is low
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mance (28). Passive drag on male swimmers is also signifi cantly reduced 
with shoulder-to-knee and shoulder-to-ankle swimsuits as compared to 
briefs (30).

Three forms of resistance contribute to the total drag force. The compo-
nent of resistance that predominates depends on the nature of the fl uid 
fl ow immediately adjacent to the body.

Skin Friction

One component of the total drag is known as skin friction, surface drag, or 
viscous drag. This drag is similar to the friction force described in Chapter 
12. Skin friction is derived from the sliding contacts between successive 
layers of fl uid close to the surface of a moving body (Figure 15-5). The 
layer of fl uid particles immediately adjacent to the moving body is slowed 
because of the shear stress the body exerts on the fl uid. The next adjacent 
layer of fl uid particles moves with slightly less speed because of friction 
between the adjacent molecules, and the next layer is affected in turn. 
The number of layers of affected fl uid becomes progressively larger as the 
fl ow moves in the downstream direction along the body. The entire region 
within which fl uid velocity is diminished because of the shearing resis-
tance caused by the boundary of the moving body is the boundary layer. 
The force the body exerts on the fl uid in creating the boundary layer 

CD 5 0.26A

CD 5 1.20C

CD 5 0.36 B

FIGURE 15-4

Approximate coeffi cients of 
drag for the human body. 
A. Frontal drag on a speed 
skater. B. Frontal drag on a 
cyclist in touring position. 
C. Vertical drag on a 
parachutist falling with 
the parachute fully opened. 
Modifi ed from Roberson JA and 
Crowe CT: Engineering fl uid 
mechanics (2nd ed), Boston, 1980, 
Houghton Miffl in.

skin friction 
surface drag 
viscous drag
resistance derived from friction 
between adjacent layers of fl uid near 
a body moving through the fl uid

Laminar boundary
layer

Turbulent boundary
layer

FIGURE 15-5

The fl uid boundary layer for 
a thin, fl at plate, shown from 
the side view. The laminar 
boundary layer gradually 
becomes thicker as fl ow 
progresses along the plate.

boundary layer
layer of fl uid immediately adjacent 
to a body
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results in an oppositely directed reaction force exerted by the fl uid on the 
body. This reaction force is known as skin friction.

Several factors affect the magnitude of skin friction drag. It increases 
proportionally with increases in the relative velocity of fl uid fl ow, the sur-
face area of the body over which the fl ow occurs, the roughness of the body 
surface, and the viscosity of the fl uid. Skin friction is always one compo-
nent of the total drag force acting on a body moving relative to a fl uid, and 
it is the major form of drag present when the fl ow is primarily laminar. 
For front crawl swimming, kayaking, and rowing, skin friction drag pre-
dominates at velocities between 1 and 3 m/s (35).

Among these factors, the one that a competitive athlete can readily 
alter is the relative roughness of the body surface. Athletes can wear 
tight-fi tting clothing composed of a smooth fabric rather than loose-fi tting 
clothing or clothing made of a rough fabric. A 10% reduction of drag occurs 
when a speed skater wears a smooth spandex suit as opposed to the tra-
ditional wool outfi t (46). A 6% decrease in air resistance results from 
cyclists’ use of appropriate clothing, including sleeves, tights, and smooth 
covers over the laces of the shoes (21). Competitive male swimmers and 
cyclists often shave body hair to reduce skin friction.

The other factor affecting skin friction that athletes can alter in some 
circumstances is the amount of surface area in contact with the fl uid. Car-
rying an extra passenger such as a coxswain in a rowing event results in 
a larger wetted surface area of the hull because of the added weight; as a 
result, skin friction drag is increased.

Form Drag

A second component of the total drag acting on a body moving through a 
fl uid is form drag, which is also known as profi le drag or pressure drag. 
Form drag is always one component of the drag on a body moving relative 
to a fl uid. When the boundary layer of fl uid molecules next to the surface 
of the moving body is primarily turbulent, form drag predominates. Form 
drag is the major contributor to overall drag during most human and 
projectile motion. It is the predominant type of drag for front crawl swim-
ming, kayaking, and rowing at velocities of less than 1 m/s (35).

When a body moves through a fl uid medium with suffi cient velocity to 
create a pocket of turbulence behind the body, an imbalance in the pressure 
surrounding the body—a pressure differential—is created (Figure 15-6). At 
the upstream end of the body where fl uid particles meet the body head-on, a 
zone of relative high pressure is formed. At the downstream end of the body 
where turbulence is present, a zone of relative low pressure is created. 
Whenever a pressure differential exists, a force is directed from the region 
of high pressure to the region of low pressure. For example, a vacuum cleaner 
creates a suction force because a region of relative low pressure (the relative 
vacuum) exists inside the machine housing. This force, directed from front 
to rear of the body in relative motion through a fl uid, constitutes form drag.

form drag 
profi le drag 
pressure drag
resistance created by a pressure 
differential between the lead and 
rear sides of a body moving through 
a fl uid

Motion of

sphere

Region of
turbulence

FIGURE 15-6

Form drag results from the 
suctionlike force created 
between the positive pressure 
zone on a body’s leading edge 
and the negative pressure 
zone on the trailing edge 
when turbulence is present.
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Several factors affect the magnitude of form drag, including the rela-
tive velocity of the body with respect to the fl uid, the magnitude of the 
pressure gradient between the front and rear ends of the body, and the 
size of the surface area that is aligned perpendicular to the fl ow. Both 
the size of the pressure gradient and the amount of surface area perpen-
dicular to the fl uid fl ow can be reduced to minimize the effect of form drag 
on the human body. For example, streamlining the overall shape of the 
body reduces the magnitude of the pressure gradient. Streamlining mini-
mizes the amount of turbulence created and hence minimizes the nega-
tive pressure that is created at the object’s rear (Figure 15-7). Assuming 
a more crouched body position also reduces the body’s projected surface 
area oriented perpendicular to the fl uid fl ow.

Competitive cyclists, skaters, and skiers assume a streamlined body 
position with the smallest possible area of the body oriented perpendicu-
lar to the oncoming airstream. Even though the low-crouched aero-
position assumed by competitive cyclists increases the cyclist’s metabolic 
cost as compared to an upright position, the aerodynamic benefi t is an over 
tenfold reduction in drag (16). Similarly, race cars, yacht hulls, and some 
cycling helmets are designed with streamlined shapes. The aerodynamic 
frame and handlebar designs for racing cycles also reduce drag (5, 37).

Streamlining is also an effective way to reduce form drag in the water. 
The ability to streamline body position during freestyle swimming is a 
characteristic that distinguishes elite from subelite performers (6). Using a 
triathlon wet suit can reduce the drag on a competitor swimming at a typi-
cal triathlon race pace of 1.25 m/s by as much as 14%, because the buoyant 
effect of the wet suit results in reduced form drag on the swimmer (11, 43).

The nature of the boundary layer at the surface of a body moving 
through a fl uid can also infl uence form drag by affecting the pressure 
gradient between the front and rear ends of the body. When the boundary 
layer is primarily laminar, the fl uid separates from the boundary close to 
the front end of the body, creating a large turbulent pocket with a large 
negative pressure and thereby a large form drag (Figure 15-8). In con-
trast, when the boundary layer is turbulent, the point of fl ow separation 
is closer to the rear end of the body, the turbulent pocket created is smaller, 
and the resulting form drag is smaller.

•Streamlining helps to minimize 
form drag.

A

B

FIGURE 15-7

The effect of streamlining is 
a reduction in the turbulence 
created at the trailing edge of 
a body in a fl uid. 
A. A streamlined shape. 
B. A sphere.
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The nature of the boundary layer depends on the roughness of the 
body’s surface and the body’s velocity relative to the fl ow. As the relative 
velocity of motion for an object such as a golf ball increases, changes in the 
acting drag occur (Figure 15-9). As relative velocity increases up to a cer-
tain critical point, the theoretical square law is in effect, with drag 
increasing with the square of velocity. After this critical velocity is reached, 
the boundary layer becomes more turbulent than laminar, and form drag 
diminishes because the pocket of reduced pressure on the trailing edge of 
the ball becomes smaller. As velocity increases further, the effects of skin 
friction and form drag grow, increasing the total drag. The dimples in a 
golf ball are carefully engineered to produce a turbulent boundary layer 
at the ball’s surface that reduces form drag on the ball over the range of 
velocities at which a golf ball travels.

A streamlined cycling helmet.

Separation
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separation

Turbulent
separation
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B

FIGURE 15-8

A. Laminar fl ow results in 
an early separation of fl ow 
from the boundary and a 
larger drag producing wake 
as compared to B, turbulent 
boundary fl ow.
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FIGURE 15-9

Drag increases approximately 
with the square of velocity 
until there is suffi cient 
relative velocity (v1) to 
generate a turbulent 
boundary layer. As velocity 
increases beyond this point, 
form drag decreases. After 
a second critical relative 
velocity (v2) is reached, the 
drag again increases.
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Another way in which form drag can be manipulated is through draft-
ing, the process of following closely behind another participant in speed-
based sports such as cycling and automobile racing. Drafting provides the 
advantage of reducing form drag on the follower, since the leader partially 
shelters the follower’s leading edge from increased pressure against the 
fl uid. Depending on the size of the pocket of reduced pressure behind the 
leader, a suctionlike force may also help to propel the follower forward. In 
swimming, the optimal drafting distance behind another swimmer in a 
swimming pool is 0–50 cm from the toes of the lead swimmer (7). Drafting 
has even been found to improve performance during a long-distance swim, 
particularly for faster and leaner swimmers (8).

Wave Drag

The third type of drag acts at the interface of two different fl uids, for 
example, at the interface between water and air. Although bodies that are 
completely submerged in a fl uid are not affected by wave drag, this form 
of drag can be a major contributor to the overall drag acting on a human 
swimmer, particularly when the swim is done in open water. When a 
swimmer moves a body segment along, near, or across the air and water 
interface, a wave is created in the more dense fl uid (the water). The reac-
tion force the water exerts on the swimmer constitutes wave drag.

The magnitude of wave drag increases with greater up-and-down motion 
of the body and increased swimming speed. The height of the bow wave gen-
erated in front of a swimmer increases proportionally with swimming veloc-
ity, although at a given velocity, skilled swimmers produce smaller waves 
than less-skilled swimmers, presumably due to better technique (less up-
and-down motion) (42). At fast swimming speeds (over 3 m/s), wave drag is 
generally the largest component of the total drag acting on the swimmer (35). 
For this reason, competitive swimmers typically propel themselves underwa-
ter to eliminate wave drag for a small portion of the race in events in which 
the rules permit it. One underwater stroke is allowed following the dive or a 
turn in the breaststroke, and a distance of up to 15 m is allowed underwater 
after a turn in the backstroke. In most swimming pools, the lane lines are 
designed to minimize wave action by dissipating moving surface water.

Cyclists drafting to minimize 
form drag.

wave drag
resistance created by the generation 
of waves at the interface between 
two different fl uids, such as air and 
water
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LIFT FORCE

While drag forces act in the direction of the free-stream fl uid fl ow, another 
force, known as lift, is generated perpendicular to the fl uid fl ow. Although 
the name lift suggests that this force is directed vertically upward, it may 
assume any direction, as determined by the direction of the fl uid fl ow and 
the orientation of the body. The factors affecting the magnitude of lift are 
basically the same factors that affect the magnitude of drag:

FL 5 1⁄2 CL�Apv
2

In this equation, FL represents lift force, CL is the coeffi cient of lift, � is 
the fl uid density, Ap is the surface area against which lift is generated, 
and v is the relative velocity of a body with respect to a fl uid. The factors 

The bow wave generated by a 
competitive swimmer.

lift
force acting on a body in a fl uid in a 
direction perpendicular to the fl uid 
fl ow

coeffi cient of lift
unitless number that is an index of a 
body’s ability to generate lift

The lane lines in modern 
swimming pools are designed 
to minimize wave action, 
enabling faster racing times.
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affecting the magnitudes of the fl uid forces discussed are summarized in 
Table 15-2.

Foil Shape

One way in which lift force may be created is for the shape of the moving 
body to resemble that of a foil (Figure 15-10). When the fl uid stream encoun-
ters a foil, the fl uid separates, with some fl owing over the curved surface 
and some fl owing straight back along the fl at surface on the opposite side. 
The fl uid that fl ows over the curved surface is positively accelerated rela-
tive to the fl uid fl ow, creating a region of relative high-velocity fl ow. The 
difference in the velocity of fl ow on the curved side of the foil as opposed to 
the fl at side of the foil creates a pressure difference in the fl uid, in accor-
dance with a relationship derived by the Italian scientist Bernoulli. Accord-
ing to the Bernoulli principle, regions of relative high-velocity fl uid fl ow 
are associated with regions of relative low pressure, and regions of relative 
low-velocity fl ow are associated with regions of relative high pressure. 
When these regions of relative low and high pressure are created on oppo-
site sides of the foil, the result is a lift force directed perpendicular to the 
foil from the zone of high pressure toward the low-pressure zone.

TABLE 15-2

Factors Affecting the 

Magnitudes of Fluid Forces

FORCE FACTORS

Buoyant force Specifi c weight of the fl uid
Volume of fl uid displaced

Skin friction Density of the fl uid 
Relative velocity of the fl uid
Amount of body surface area exposed to the fl ow
Roughness of the body surface
Viscosity of the fl uid

Form drag Density of the fl uid 
Relative velocity of the fl uid
Pressure differential between leading and rear edges of the body
Amount of body surface area perpendicular to the fl ow

Wave drag Relative velocity of the wave
Amount of surface area perpendicular to the wave
Viscosity of the fl uid

Lift force Relative velocity of the fl uid
Density of the fl uid
Size, shape, and orientation of the body

Lift

low pressureHigh velocity flow

high pressureLow velocity flow

FIGURE 15-10

Lift force generated by a 
foil shape is directed from 
the region of relative high 
pressure on the fl at side of 
the foil toward the region of 
relative low pressure on the 
curved side of the foil.

foil
shape capable of generating lift in 
the presence of a fl uid fl ow

Bernoulli principle
an expression of the inverse 
relationship between relative velocity 
and relative pressure in a fl uid fl ow
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Different factors affect the magnitude of the lift force acting on a foil. 
The greater the velocity of the foil relative to the fl uid, the greater the 
pressure differential and the lift force generated. Other contributing fac-
tors are the fl uid density and the surface area of the fl at side of the foil. 
As both of these variables increase, lift increases. An additional factor of 
infl uence is the coeffi cient of lift, which indicates a body’s ability to gener-
ate lift based on its shape.

The human hand resembles a foil shape when viewed from a lateral 
perspective. When a swimmer slices a hand through the water, it gener-
ates lift force directed perpendicular to the palm. Synchronized swim-
mers use a sculling motion, rapidly slicing their hands back and forth, to 
maneuver their bodies through various positions in the water. The lift 
force generated by rapid sculling motions enables elite synchronized 
swimmers to support their bodies in an inverted position with both legs 
extended completely out of the water.

The semifoil shapes of projectiles such as the discus, javelin, football, 
boomerang, and frisbee generate some lift force when oriented at appro-
priate angles with respect to the direction of the fl uid fl ow. Spherical pro-
jectiles such as a shot or a ball, however, do not suffi ciently resemble a foil 
and cannot generate lift by virtue of their shape.

The angle of orientation of the projectile with respect to the fl uid fl ow—
the angle of attack—is an important factor in launching a lift-producing 
projectile for maximum range (horizontal displacement). A positive angle 
of attack is necessary to generate a lift force (Figure 15-11). As the angle of 
attack increases, the amount of surface area exposed perpendicularly to 
the fl uid fl ow also increases, thereby increasing the amount of form drag 
acting. With too steep an attack angle, the fl uid cannot fl ow along the 
curved side of the foil to create lift. Airplanes that assume too steep an 
ascent can stall and lose altitude until pilots reduce the attack angle of the 
wings to enable lift (25).

To maximize the fl ight distance of a projectile such as the discus or jav-
elin, it is advantageous to maximize lift and minimize drag. Form drag, 
however, is minimum at an angle of attack of 0°, which is a poor angle for 
generating lift. The optimum angle of attack for maximizing range is the 
angle at which the lift/drag ratio is maximum. The largest lift/drag ratio for 
a discus traveling at a relative velocity of 24 m/s is generated at an angle of 
attack of 10° (14). For both the discus and the javelin, however, the single 
most important factor related to distance achieved is release speed (1, 17).

When the projectile is the human body during the performance of a jump, 
maximizing the effects of lift while minimizing the effects of drag is more 
complicated. In the ski jump, because of the relatively long period during 
which the body is airborne, the lift/drag ratio for the human body is particu-
larly important. Research on ski jumping indicates that for optimal perfor-
mance, ski jumpers should have a fl attened body with a large frontal area 
(for generating lift) and a small body weight (for enabling greater accelera-
tion) during takeoff. The effect of lift is immediate at takeoff, resulting in a 
higher initial vertical velocity than the jumper generates through impulse 
against the ramp surface (47). During the fi rst part of the fl ight, jumpers 
should assume a small angle of attack to minimize drag (Figure 15-12). Dur-
ing the latter part of the fl ight, they should increase attack angle up to that 
of maximum lift. Jumping into a headwind dramatically increases jump 
length because of the increase in lift acting on the jumper (31).

Magnus Effect

Spinning objects also generate lift. When an object in a fl uid medium 
spins, the boundary layer of fl uid molecules adjacent to the object spins 

angle of attack
angle between the longitudinal axis 
of a body and the direction of the 
fl uid fl ow

lift/drag ratio
the magnitude of the lift force divided 
by the magnitude of the total drag 
force acting on a body at a given 
time



CHAPTER 15: HUMAN MOVEMENT IN A FLUID MEDIUM 491

Lift

Drag

Lift

Lift

Drag

Drag

Drag

5 0

1

1

1

1

2

2

2

2

A

B

C

D

FIGURE 15-11

A. Drag and lift are small 
because the angle of 
attack (�) does not create a 
suffi ciently high pressure 
differential across the top and 
bottom surfaces of the foil. 
B. An angle of attack that 
promotes lift. C. When the 
angle of attack is too large, 
the fl uid cannot fl ow over the 
curved surface of the foil, and 
no lift is generated. D. When 
the angle of attack is below 
the horizontal, lift is created 
in a downward direction. 
Modifi ed from Maglischo E: 
Swimming faster: A comprehensive 
guide to the science of swimming, 
Palo Alto, CA, 1982, Mayfi eld.

FIGURE 15-12

The angle of attack is the 
angle formed between the 
primary axis of a body and 
the direction of the fl uid fl ow.
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with it. When this happens, the fl uid molecules on one side of the spinning 
body collide head-on with the molecules in the fl uid free-stream (Figure 
15-14). This creates a region of relative low velocity and high pressure. On 
the opposite side of the spinning object, the boundary layer moves in the 
same direction as the fl uid fl ow, thereby creating a zone of relative high 
velocity and low pressure. The pressure differential creates what is called 
the Magnus force, a lift force directed from the high-pressure region to the 
low-pressure region.

Magnus force affects the fl ight path of a spinning projectile as it travels 
through the air, causing the path to deviate progressively in the direction 
of the spin, a deviation known as the Magnus effect. When a tennis ball or 
table tennis ball is hit with topspin, the ball drops more rapidly than it 
would without spin, and the ball tends to rebound low and fast, often 
making it more diffi cult for the opponent to return the shot. The nap on a 
tennis ball traps a relatively large boundary layer of air with it as it spins, 
thereby accentuating the Magnus effect. The Magnus effect can also 
result from sidespin, as when a pitcher throws a curveball (Figure 15-15). 
The modern-day version of the curveball is a ball that is intentionally 
pitched with spin, causing it to follow a curved path in the direction of the 
spin throughout its fl ight path.

The extent to which a ball curves, or “breaks,” in the horizontal and 
vertical planes is dependent on the orientation of the spinning ball’s axis 
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The relationship between 
ski jump length and the 
performer’s angle of attack. 
Modifi ed from Denoth J, Luethi SM, 
and Gasser HH: Methodological 
problems in optimization of the 
fl ight phase in ski jumping, Int J 
Sport Biomech 3:404, 1987.

Magnus force
lift force created by spin

Magnus effect
deviation in the trajectory of a 
spinning object toward the direction of 
spin, resulting from the Magnus force

•A ball projected with spin 
follows a trajectory that curves in 
the direction of the spin.
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force

Relative low velocity flow
Relative high pressure

Relative high velocity flow
Relative low pressure

Topspin

Magnus
force

Relative high velocity flow
Relative low pressure

Relative low velocity flow
Relative high pressure

Backspin
FIGURE 15-14

Magnus force results from the 
pressure differential created 
by a spinning body.
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of rotation. If the axis of rotation is perfectly vertical, all of the Magnus 
effect occurs in the horizontal plane. Alternatively, if the axis of rotation is 
oriented horizontally, the Magnus effect is restricted to the vertical plane. 
Curveballs thrown by major league pitchers spin as quickly as 27 revolu-
tions per second and deviate horizontally as much as 40 cm over the 
pitcher-to-batter distance (44).

Soccer players also use the Magnus effect when it is advantageous for 
a kicked ball to follow a curved path, as may be the case when a player 
executing a free kick attempts to score. The “banana shot” consists of a 
kick executed so that the kicker places a lateral spin on the ball, curving 
it around the wall of defensive players in front of the goal (Figure 15-16).

The Magnus effect is maximal when the axis of spin is perpendicular to 
the direction of relative fl uid velocity. Golf clubs are designed to impart 
some backspin to the struck ball, thereby creating an upwardly directed 
Magnus force that increases fl ight time and fl ight distance (Figure 15-17). 

FIGURE 15-15

The trajectory of a ball 
thrown with sidespin follows 
a regular curve due to the 
Magnus effect. The dashed 
line shows the illusion seen 
by the players on the fi eld.
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Goal
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head
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FIGURE 15-16

A banana shot in soccer 
results from imparting 
sidespin to the ball.

FIGURE 15-17

The loft on a golf club is 
designed to produce backspin 
on the ball. A properly hit ball 
rises because of the Magnus 
effect.
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When a golf ball is hit laterally off-center, a spin about a vertical axis is 
also produced, causing a laterally deviated Magnus force that causes the 
ball to deviate from a straight path. When backspin and sidespin have 
been imparted to the ball, the resultant effect of the Magnus force on the 
path of the ball depends on the orientation of the ball’s resultant axis of 
rotation to the airstream and on the velocity with which the ball was 
struck. When a golf ball is struck laterally off-center by a right-handed 
golfer, the ball unfortunately follows a curved path to one side—commonly 
known as a hook (to the left) or a slice (to the right).

PROPULSION IN A FLUID MEDIUM

Whereas a headwind slows a runner or cyclist by increasing the acting 
drag force, a tailwind can actually contribute to forward propulsion. 
Theoretical calculations indicate that a tailwind of 2 m/s improves run-
ning time during a 100 m sprint by approximately 0.18 s (48). A tailwind 
affects the relative velocity of a body with respect to the air, thereby 
modifying the resistive drag acting on the body. Thus, a tailwind of a 
velocity greater than the velocity of the moving body produces a drag 
force in the direction of motion (Figure 15-18). This force has been 
termed propulsive drag.

Analyzing the fl uid forces acting on a swimmer is more complicated. 
Resistive drag acts on a swimmer, yet the propulsive forces exerted by the 
water in reaction to the swimmer’s movements are responsible for the 
swimmer’s forward motion through the water. The motions of the body 
segments during swimming produce a complex combination of drag and 
lift forces throughout each stroke cycle, and even among elite swimmers, 
a wide range of kinetic patterns during stroking have been observed. As a 
result, researchers have proposed several theories regarding the ways in 
which swimmers propel themselves through the water.

Propulsive Drag Theory

The oldest theory of swimming propulsion is the propulsive drag theory, 
which was proposed by Counsilman and Silvia (9) and is based on 
 Newton’s third law of motion. According to this theory, as a swimmer’s 
hands and arms move backward through the water, the forwardly directed 
reaction force generated by the water produces propulsion. The theory 
also suggests that the horizontal components of the downward and back-
ward motion of the foot and the upward and backward motion of the oppo-
site foot generate a forwardly directed reaction force from the water.

vcyclist

Fd

vwindFIGURE 15-18

Drag force acting in the 
same direction as the body’s 
motion may be thought of as 
propulsive drag because it 
contributes to the forward 
velocity of the body.

propulsive drag
force acting in the direction of a 
body’s motion

propulsive drag theory
theory attributing propulsion in 
swimming to propulsive drag on the 
swimmer
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When high-speed movie fi lms of skilled swimmers revealed that swim-
mers’ hands and feet followed a zigzag rather than a straight-back path 
through the water, the theory was modifi ed. It was suggested that this 
type of movement pattern enabled the body segments to push against still 
or slowly moving water instead of water already accelerated backward, 
thereby creating more propulsive drag. Research shows that holding the 
hands with the fi ngers comfortably spread with approximately 12 degrees 
between them, or a resting hand posture, is optimal for increasing drag 
against the palm during swimming (26, 29). However, propulsive drag 
may not be the major contributor to propulsion in swimming.

Propulsive Lift Theory

The propulsive lift theory was proposed by Counsilman in 1971 (4). 
According to this theory, swimmers use the foillike shape of the hand by 
employing rapid lateral movements through the water to generate lift. 
The lift is resisted by downward movement of the hand and by stabiliza-
tion of the shoulder joint, which translates the forward-directed force to 
the body, propelling it past the hand. The theory was modifi ed by Firby 
(13) in 1975, with the suggestion that swimmers use their hands and feet 
as propellers, constantly changing the pitches of the body segments to use 
the most effective angle of attack.

A number of investigators have since studied the forces generated by the 
body segments during swimming. It has been shown that lift does contrib-
ute to propulsion and that a combination of lift and drag forces acts through-
out a stroke cycle. The relative contributions of lift and drag vary with the 
stroke performed, the phase within the stroke, and the individual swimmer. 
For example, lift is the primary force acting during the breaststroke, whereas 
lift and drag contribute differently to various phases of the front crawl 
stroke (38). Drag generated by the swimmer’s hand is maximal when hand 
orientation is nearly perpendicular to the fl ow, and lift is maximal when the 
hand moves in the direction of either the thumb or the little fi nger (2).

Vortex Generation

Researchers have found a poor correlation between physiological and 
mechanical approaches to calculating propelling effi ciency in swimming 
(3). This has led to the speculation that some unknown processes may 
play a role in swimming propulsion, with one possibility being the gen-
eration of vortices in the water by the swimmer. Vortex shedding has been 
found to play a role in the propulsion of both fl ying and swimming verte-
brates and insects (12, 36). The generation of thrust in racing canoe and 
kayak paddling has also been described in terms of the mechanics of 
 vortex–ring wakes (18). The observation that a swimmer performing the 
dolphin kick leaves behind a series of bound vortices, or columns of rotat-
ing water, has also been made (45). More research is needed to clarify the 
role of vortex generation in swimming propulsion.

Stroke Technique

Just as running speed is the product of stride length and stride rate, swim-
ming speed is the product of stroke length (SL) and stroke rate (SR). Of the 
two, SL is more directly related to swimming speed among competitive 
freestyle swimmers (10, 40). Comparison of male and female swimmers per-
forming at the same competitive distances reveals nearly identical SRs, but 
longer SLs resulting in higher velocities for the males (34). At slower speeds, 
skilled freestyle swimmers are able to maintain constant, high levels of SL, 
with a progressive reduction in SL as exercise intensity increases due to 

propulsive lift theory
theory attributing propulsion in 
swimming at least partially to lift 
acting on the swimmer
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local muscle fatigue (19). The same phenomenon has been observed over the 
course of distance events, with a general decrease in SL and swimming speed 
after the fi rst 100 m (22). Research suggests that recreational freestyle swim-
mers seeking to improve swimming performance should concentrate on 
applying more force to the water during each stroke to increase SL, as 
opposed to stroking faster. (50). Interestingly, the contribution of the fl utter 
kick in the front crawl is more related to superior ankle fl exibility than to 
vertical jump power or body size (27). Among backstrokers, although the abil-
ity to achieve a high swimming speed is related to SL at submaximal levels, 
increased speed is achieved through increased SR and decreased SL (20). 
Better performance in the breaststroke is achieved through highly effective 
work per stroke, optimal stroke rate, and a glide phase, with less skilled per-
formers tending to use faster stroke rates and less gliding (15, 23, 39).

Another technique variable of importance during freestyle swimming 
is body roll. In one study, competitive swimmers were found to roll an 
average of approximately 60° to the nonbreathing side (24). Research 
shows that body roll in swimming is caused by the turning effect of the 
fl uid forces acting on the swimmer’s body. The contribution of body roll is 
important, since it enables the swimmer to employ the large, powerful 
muscles of the trunk rather than relying solely on the muscles of the 
shoulder and arm. It also facilitates the breathing action without any 
interruption of stroke mechanics (32). Body roll can infl uence the path of 
the hand through the water almost as much as the mediolateral motions 
of the hand relative to the trunk (24). In particular, an increase in body 
roll has been shown to increase the swimmer’s hand speed in the plane 
perpendicular to the swimming direction, thereby increasing the poten-
tial for the hand to develop propulsive lift forces (33). With increasing 
swimming speed, general body roll decreases, although trunk twist 
increases, allowing swimmers to benefi t from the rolling of the upper 
trunk, while limiting the increase in the drag of the lower extremity (51).

SUMMARY

The relative velocity of a body with respect to a fl uid and the density, spe-
cifi c weight, and viscosity of the fl uid affect the magnitudes of fl uid forces. 
The fl uid force that enables fl otation is buoyancy. The buoyant force acts 
vertically upward; its point of application is the body’s center of volume; 
and its magnitude is equal to the product of the volume of the displaced 
fl uid and the specifi c gravity of the fl uid. A body fl oats in a static position 
only when the magnitude of the buoyant force and body weight are equal 
and when the center of volume and the center of gravity are vertically 
aligned.

Drag is a fl uid force that acts in the direction of the free-stream fl uid 
fl ow. Skin friction is a component of drag that is derived from the sliding 
contacts between successive layers of fl uid close to the surface of a moving 
body. Form drag, another component of the total drag, is caused by a pres-
sure differential between the lead and trailing edges of a body moving 
with respect to a fl uid. Wave drag is created by the formation of waves at 
the interface between two different fl uids, such as water and air.

Lift is a force that can be generated perpendicular to the free-stream 
fl uid fl ow by a foil-shaped object. Lift is created by a pressure differential 
in the fl uid on opposite sides of a body that results from differences in the 
velocity of the fl uid fl ow. The lift generated by spin is known as the Mag-
nus force. Propulsion in swimming appears to result from a complex 
interplay of propulsive drag and lift.



INTRODUCTORY PROBLEMS

For all problems, assume that the specifi c weight of freshwater equals 
9810 N/m3 and the specifi c weight of seawater (saltwater) equals 
10,070 N/m3.

 1. A boy is swimming with an absolute speed of 1.5 m/s in a river where 
the speed of the current is 0.5 m/s. What is the velocity of the swim-
mer with respect to the current when the boy swims directly 
upstream? Directly downstream? (Answer: 2 m/s in the upstream 
direction; 1 m/s in the downstream direction)

 2. A cyclist is riding at a speed of 14 km/hr into a 16 km/hr headwind. 
What is the wind velocity relative to the cyclist? What is the cyclist’s 
velocity with respect to the wind? (Answer: 30 km/hr in the direction 
of the wind; 30 km/hr in the direction of the cyclist)

 3. A skier traveling at 5 m/s has a speed of 5.7 m/s relative to a head-
wind. What is the absolute wind speed? (Answer 0.7 m/s)

 4. A 700 N man has a body volume of 0.08 m3. If submerged in fresh-
water, will he fl oat? Given his body volume, how much could he weigh 
and still fl oat? (Answer: Yes; 784.8 N)

 5. A racing shell has a volume of 0.38 m3. When fl oating in freshwater, 
how many 700 N people can it support? (Answer: 5)

 6. How much body volume must a 60 kg person have to fl oat in fresh-
water? (Answer: 0.06 m3)

 7. Explain the implications for fl otation due to the difference between the 
specifi c weight of freshwater and the specifi c weight of seawater.

 8. What strategy can people use to improve their chances of fl oating in 
water? Explain your answer.

 9. What types of individuals may have a diffi cult time fl oating in water? 
Explain your answer.

 10. A beach ball weighing 1 N and with a volume of 0.03 m3 is held sub-
merged in seawater. How much force must be exerted vertically down-
ward to hold the ball completely submerged? To hold the ball one-half 
submerged? (Answer: 301.1 N; 150.05 N)

ADDITIONAL PROBLEMS

 1. A cyclist riding against a 12 km/hr headwind has a velocity of 28 
km/hr with respect to the wind. What is the cyclist’s absolute velocity? 
(Answer: 16 km/hr)

 2. A swimmer crossing a river proceeds at an absolute speed of 2.5 m/s 
on a course oriented at a 45° angle to the 1 m/s current. Given that 
the absolute velocity of the swimmer is equal to the vector sum of the 
velocity of the current and the velocity of the swimmer with respect to 
the current, what is the magnitude and direction of the velocity of the 
swimmer with respect to the current? (Answer: 3.3 m/s at an angle of 
32.6° to the current)
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 3. What maximum average density can a body possess if it is to fl oat in 
freshwater? Seawater?

 4. A scuba diver carries camera equipment in a cylindrical container 
that is 45 cm long, 20 cm in diameter, and 22 N in weight. For optimal 
maneuverability of the container under water, how much should its 
contents weigh? (Answer 120.36 N)

 5. A 50 kg person with a body volume of 0.055 m3 fl oats in a motionless 
position. How much body volume is above the surface in freshwater? 
In saltwater? (Answer: 0.005 m3; 0.0063 m3)

 6. A 670 N swimmer oriented horizontally in freshwater has a body vol-
ume of 0.07 m3 and a center of volume located 3 cm superior to the 
center of gravity.

 a. How much torque does the swimmer’s weight generate?
 b. How much torque does the buoyant force acting on the swimmer 

generate?
 c. What can the swimmer do to counteract the torque and maintain 

a horizontal position?
  (Answer: 0; 20.6 N-m)
 7. Based on your knowledge of the action of fl uid forces, speculate as to 

why a properly thrown boomerang returns to the thrower.
 8. Explain the aerodynamic benefi ts of drafting on a bicycle or in an 

automobile.
 9. What is the practical effect of streamlining? How does streamlining 

alter the fl uid forces acting on a moving body?
 10. Explain why a curveball curves. Include a discussion of the aerody-

namic role of the seams on the ball.
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NAME  _________________________________________________________

DATE  _________________________________________________________

LABORATORY EXPERIENCES

 1. At the Basic Biomechanics Online Learning Center (www.mhhe.com/hall6e), go to Student Center, 
Chapter 15, Lab Manual, Lab 1, then view Fluids Animation 1. Identify the principle illustrated, and 
write an explanation of what is demonstrated.

Principle:  ______________________________________________________________________________________

Explanation:  ___________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

________________________________________________________________________________________________

 2. Slice a hollow ball such as a table tennis ball or a racquet ball in half and fl oat one-half of the ball 
(concave side up) in a container of water. Gradually add lead shot to the half ball until it fl oats with 
the cut edge at the surface of the water. Remove the half ball from the water, then measure its di-
ameter and calculate its volume. Weigh the ball along with the lead shot that was placed in the ball. 
Using your measurements, calculate the specifi c weight of the water in the container. Repeat the 
experiment using water at different temperatures or using different liquids.

Ball diameter:  _________________  ball volume:  ___________________  weight of shot:  ________________

Specifi c weight of water:  ______________________  specifi c weight of second fl uid:  ____________________

Calculations:

 3. Position a container of water on a scale and record its weight. Insert your hand, fi ngers fi rst, into the 
water until the water line is at the wrist joint. Record the weight registered on the scale. Subtract 
the original weight of the container from the new weight, divide the difference in half, and add the 
result to the original weight of the container to arrive at the target weight. Slowly elevate your hand 
from the water until the target weight is reached. Mark the water line on your hand. What does this 
line represent?  _______________________________________________________________________________

 4. Using a stopwatch, time yourself while riding an escalator. Either measure or estimate the length of 
the escalator and calculate the escalator’s speed. Again using a stopwatch, time yourself while care-
fully running up the escalator and calculate your speed. Calculate your speed relative to the speed of 
the escalator.

Time riding escalator:  ________________________  time running up escalator:  ________________________

Your speed relative to the elevator’s speed:  __________________________

Calculation:
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 5. Use a variable-speed fan and a spring scale to construct a mock wind tunnel. Position the fan so that 
it blows vertically upward, and suspend the spring scale from a rigid arm above the fan. This appa-
ratus can be used to test the relative drag on different objects suspended from the scale. Notice that 
relative drag among different objects may change with fan speed.

 Object Drag

______________________________________________________________   _______________________________

______________________________________________________________   _______________________________

______________________________________________________________   _______________________________

______________________________________________________________   _______________________________

______________________________________________________________   _______________________________
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K E Y  T E R M S

angle of attack angle between the longitudinal axis of a body and the direction of the fl uid fl ow

Archimedes’ principle physical law stating that the buoyant force acting on a body is equal to the weight of the 
fl uid displaced by the body

Bernoulli principle an expression of the inverse relationship between relative velocity and relative pressure in a 
fl uid fl ow

boundary layer layer of fl uid immediately adjacent to a body

center of volume point around which a body’s volume is equally balanced and at which the buoyant force acts

coeffi cient of drag unitless number that is an index of a body’s ability to generate fl uid resistance

coeffi cient of lift unitless number that is an index of a body’s ability to generate lift

fl uid substance that fl ows when subjected to a shear stress

foil shape capable of generating lift in the presence of a fl uid fl ow

form drag  resistance created by a pressure differential between the lead and rear sides of 
pressure drag  a body moving through a fl uid
profi le drag

laminar fl ow fl ow characterized by smooth, parallel layers of fl uid

lift force acting on a body in a fl uid in a direction perpendicular to the fl uid fl ow 

lift/drag ratio the magnitude of the lift force divided by the magnitude of the total drag force acting on a 
body at a given time

Magnus effect deviation in the trajectory of a spinning object toward the direction of spin, resulting from 
the Magnus force

Magnus force lift force created by spin

propulsive drag force acting in the direction of a body’s motion

propulsive drag theory theory attributing propulsion in swimming to propulsive drag on the swimmer

propulsive lift theory theory attributing propulsion in swimming at least partially to lift acting on the swimmer

relative velocity velocity of a body with respect to the velocity of something else, such as the surrounding fl uid

skin friction  resistance derived from friction between adjacent layers of fl uid near a body 
surface drag moving through the fl uid
viscous drag

theoretical square law drag increases approximately with the square of velocity when relative velocity is low

turbulent fl ow fl ow characterized by mixing of adjacent fl uid layers

wave drag resistance created by the generation of waves at the interface between two different fl uids, 
such as air and water



A P P E N D I X

ABasic Mathematics 
and Related Skills

NEGATIVE NUMBERS

Negative numbers are preceded by a minus sign. Although the physical 
quantities used in biomechanics do not have values that are less than zero 
in magnitude, the minus sign is often used to indicate the direction opposite 
the direction regarded as positive. Therefore, it is important to recall the fol-
lowing rules regarding arithmetic operations involving negative numbers:

 1. Addition of a negative number yields the same results as subtraction 
of a positive number of the same magnitude:

 6 1 (24) 5 2
 10 1 (23) 5 7
 6 1 (28) 5 22
 10 1 (223) 5 213
 (26) 1 (23) 5 29
 (210) 1 (27) 5 217

 2. Subtraction of a negative number yields the same result as addition of 
a positive number of the same magnitude:

 5 2 (27) 5 12
 8 2 (26) 5 14
 25 2 (23) 5 22
 28 2 (24) 5 24
 25 2 (212) 5 7
 28 2 (210) 5 2

 3.  Multiplication or division of a number by a number of the opposite sign 
yields a negative result:

 2 3 (23) 5 26
 (24) 3 5 5 220
 9 4 (23) 5 23
 (210) 4 2 5 25

 4.  Multiplication or division of a number by a number of the same sign 
(positive or negative) yields a positive result:

 3 3 4 5 12
 (23) 3 (22) 5 6
 10 4 5 5 2
 (215) 4 (23) 5 5
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EXPONENTS

Exponents are superscript numbers that immediately follow a base num-
ber, indicating how many times that number is to be self-multiplied to 
yield the result:

 52 5 5 3 5
 5 25
 32 5 3 3 3
 5 9
 53 5 5 3 5 3 5
 5 125
 33 5 3 3 3 3 3
 5 27

SQUARE ROOTS

Taking the square root of a number is the inverse operation of squaring a 
number (multiplying a number by itself). The square root of a number is 
the number that yields the original number when multiplied by itself. The 
square root of 25 is 5, and the square root of 9 is 3. Using mathematics 
notation, these relationships are expressed as the following:

 125 5 5
 19 5 3

Because 25 multiplied by itself also equals 25, 25 is also a square root of 
25. The following notation is sometimes used to indicate that square roots 
may be either positive or negative:

 125 5 15
 19 5 13

ORDER OF OPERATIONS

When a computation involves more than a single operation, a set of rules 
must be used to arrive at the correct result. These rules may be summa-
rized as follows:

 1. Addition and subtraction are of equal precedence; these operations are 
carried out from left to right as they occur in an equation:

 7 2 3 1 5 5 4 1 5
 5 9
 5 1 2 2 1 1 10 5 7 2 1 1 10
 5 6 1 10
 5 16

 2. Multiplication and division are of equal precedence; these operations 
are carried out from left to right as they occur in an equation:

 10 4 5 3 4 5 2 3 4
 5 8
 20 4 4 3 3 4 5 5 5 3 3 4 5
 5 15 4 5
 5 3
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 3. Multiplication and division take precedence over addition and subtrac-
tion. In computations involving some combination of operations not of 
the same level of precedence, multiplication and division are carried 
out before addition and subtraction are carried out:

 3 1 18 4 6 5 3 1 3
 5 6
 9 2 2 3 3 1 7 5 9 2 6 1 7
 5 3 1 7
 5 10
 8 4 4 1 5 2 2 3 2 5 2 1 5 2 2 3 2
 5 2 1 5 2 4
 5 7 2 4
 5 3

 4. When parentheses ( ), brackets [ ], or braces { } are used, the op-
erations enclosed are performed fi rst, before the other rules of prece-
dence are applied:

 2 3 7 1 (10 2 5) 5 2 3 7 1 5
 5 14 1 5
 5 19
 20 4 (2 1 2) 2 3 3 4 5 20 4 4 2 3 3 4
 5 5 2 3 3 4
 5 5 2 12
 5 27

USE OF A CALCULATOR

Simple computations in biomechanics problems are often performed 
quickly and easily with a handheld calculator. However, the correct re-
sult can be obtained on a calculator only when the computation is set 
up properly and the rules for ordering of operations are followed. Most 
calculators come with an instruction manual that contains sample cal-
culations. It is worthwhile to completely familiarize yourself with your 
calculator’s capabilities, particularly use of the memory, before using it 
to solve problems.

PERCENTAGES

A percentage is a part of 100. Thus, 37% represents 37 parts of 100. To 
fi nd 37% of 80, multiply the number 80 by 0.37:

80 3 0.37 5 29.6

The number 29.6 is 37% of 80. If you want to determine the percentage of 
the number 55 that equals 42, multiply the fraction by 100%:

42
55

 3 100% 5 76.4%

The number 42 is 76.4% of 55.

SIMPLE ALGEBRA

The solution of many problems involves setting up an equation contain-
ing one or more unknown quantities represented as variables such as 
x. An equation is a statement of equality implying that the quantities 
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expressed on the left side of the equals sign are equal to the quanti-
ties expressed on the right side of the equals sign. Solving a problem 
typically requires calculation of the unknown quantity or quantities con-
tained in the equation.

The general procedure for calculating the value of a variable in an 
equation is to isolate the variable on one side of the equals sign and then 
to carry out the operations among the numbers expressed on the other 
side of the equals sign. The process of isolating a variable usually involves 
performing a series of operations on both sides of the equals sign. As long 
as the same operation is carried out on both sides of the equals sign, 
equality is preserved and the equation remains valid:

x 1 7 5 10

Subtract 7 from both sides of the equation:

 x 1 7 2 7 5 10 27
 x 1 0 5 10 2 7
 x 5 3
 y 2 3 5 12

Add 3 to both sides of the equation:

 y 2 3 1 3 5 12 1 3
 y 2 0 5 12 1 3
 y 5 15
 z 3 3 5 18

Divide both sides of the equation by 3:

 z 3 3 4 3 5 
18
3

 z 3 1 5 
18
3

 z 5 6
 q 4 4 5 2

Multiply both sides of the equation by 4:

 q 4 4 3 4 5 2 3 4
 q 5 2 3 4
 q 5 8
 x 4 3 1 5 5 8

Subtract 5 from both sides of the equation:

 x 4 3 1 5 2 5 5 8 2 5
 x 4 3 5 3

Multiply both sides of the equation by 3:

 x 4 3 3 3 5 3 3 3
 x 5 9
 y 4 4 2 7 5 22

Add 7 to both sides of the equation:

 y 4 4 2 7 1 7 5 22 1 7
 y 4 4 5 5
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Multiply both sides of the equation by 4:

 y 4 4 3 4 5 5 3 4
 y 5 20
 z2 5 36

Take the square root of both sides of the equation:

z 5 6

MEASURING ANGLES

The following procedure is used for measuring an angle with a protractor:

 1. Place the center of the protractor on the vertex of the angle.
 2. Align the zero line on the protractor with one of the sides of the angle.
 3. The size of the angle is indicated on the protractor scale where the 

other side of the angle intersects the scale. (Be sure to read from the 
correct scale on the protractor. Is the angle greater or less than 90°?)

If you are unfamiliar with the use of a protractor, check yourself by verify-
ing the sizes of the following three angles:

(Answer: A 5 45°, B 5 60°, C 5 123°)

Vertex

Side

Side

?

Center of
protractor

0 50

A

C

B
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B Trigonometric Functions

T rigonometric functions are based on relationships present between 
the sides and angles of triangles. Many functions are derived from 

a right triangle—a triangle containing a right (90°) angle. Consider the 
right triangle below with sides A, B, and C, and angles �, �, and �.

Side C, which is the longest side and the side opposite the right angle, is 
known as the hypotenuse of the triangle.

A commonly used trigonometric relationship for right triangles is the 
Pythagorean theorem. The Pythagorean theorem is an expression of the 
relationship between the hypotenuse and the other two sides of a right 
triangle:

The sum of the squares of the lengths of the two sides of a right triangle 
is equal to the square of the length of the hypotenuse.

Using the sides of the labeled triangle yields the following:

A2 1 B2 5 C2

Suppose that sides A and B are 3 and 4 units long, respectively. The Py-
thagorean theorem can be used to solve for the length of side C:

 C2 5 A2 1 B2

 5 32 1 42

 5 9 1 16
 5 25
 C 5 5

Three trigonometric relationships are based on the ratios of the lengths 
of the sides of a right triangle. The sine (abbreviated sin) of an angle is 
defi ned as the ratio of the length of the side of the triangle opposite the 

A

B
a

b

g

C



angle to the length of the hypotenuse. Using the labeled triangle yields 
the following:

 sin a 5
opposite

hypotenuse
5

A
C

 sin b 5
opposite

hypotenuse
5

B
C

With A 5 3, B 5 4, and C 5 5:

sin a 5
A
C

5
3
5

5 0.6

sig b 5
B
C

5
4
5

5 0.8

The cosine (abbreviated cos) of an angle is defi ned as the ratio of the 
length of the side of the triangle adjacent to the angle to the length of the 
hypotenuse. Using the labeled triangle yields the following:

cos a 5
adjacent

hypotenuse
5

B
C

cos b 5
adjacent

hypotenuse
5

A
C

With A 5 3, B 5 4, and C 5 5:

cos a 5
B
C

5
4
5

5 0.8

cos b 5
A
C

5
3
5

5 0.6

The third function, the tangent (abbreviated tan) of an angle, is defi ned 
as the ratio of the length of the side of the triangle opposite the angle to 
that of the side adjacent to the angle. Using the labeled triangle yields 
the following:

tan a 5
opposite
adjacent

5
A
B

tan b 5
opposite
adjacent

5
B
A

With A 5 3, B 5 4, and C 5 5:

tan a 5
A
B

5
3
4

5 0.75

tan b 5
B
A

5
4
3

5 1.33

Two useful trigonometric relationships are applicable to all triangles. 
The fi rst is known as the law of sines:

The ratio between the length of any side of a triangle and the angle op-
posite that side is equal to the ratio between the length of any other side 
of the triangle and the angle opposite that side.

With respect to the labeled triangle, this may be stated as the following:

A
sin a

5
B

sin b
5

C
sin g
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A second trigonometric relationship applicable to all triangles is the law 
of cosines:

The square of the length of any side of a triangle is equal to the sum of 
the squares of the lengths of the other two sides of the triangle minus two 
times the product of the lengths of the other two sides and the cosine of 
the angle opposite the original side.

This relationship yields the following for each of the sides of the labeled 
triangle:

A2 5 B2 1 C2 2 2BC cos �
B2 5 A2 1 C2 2 2AC cos �
C2 5 A2 1 B2 2 2AB cos �

A table of the values of the basic trigonometric functions follows.

Table of Basic 

Trigonometric Function 

Values

DEG SIN COS TAN DEG SIN COS TAN

00 .0000 1.0000 .0000 — — — —
01 .0175 .9998 .0175 46 .7193 .6947 1.0355
02 .0349 .9994 .0349 47 .7314 .6820 1.0723
03 .0523 .9986 .0524 48 .7431 .6691 1.1106
04 .0698 .9976 .0699 49 .7547 .6561 1.1504
05 .0872 .9962 .0875 50 .7660 .6428 1.1918
06 .1045 .9945 .1051 51 .7771 .6293 1.2349
07 .1219 .9925 .1228 52 .7880 .6157 1.2799
08 .1392 .9903 .1405 53 .7986 .6018 1.3270
09 .1564 .9877 .1584 54 .8090 .5878 1.3764
10 .1736 .9848 .1763 55 .8192 .5736 1.4281
11 .1908 .9816 .1944 56 .8290 .5592 1.4826
12 .2079 .9781 .2126 57 .8387 .5446 1.5399
13 .2250 .9744 .2309 58 .8480 .5299 1.6003
14 .2419 .9703 .2493 59 .8572 .5150 1.6643
15 .2588 .9659 .2679 60 .8660 .5000 1.7321
16 .2756 .9613 .2867 61 .8746 .4848 1.8040
17 .2924 .9563 .3057 62 .8829 .4695 1.8807
18 .3090 .9511 .3249 63 .8910 .4540 1.9626
19 .3256 .9455 .3443 64 .8988 .4384 2.0503
20 .3420 .9397 .3640 65 .9063 .4226 2.1445
21 .3584 .9336 .3839 66 .9135 .4067 2.2460
22 .3746 .9272 .4040 67 .9205 .3907 2.3559
23 .3907 .9205 .4245 68 .9279 .3746 2.4751
24 .4067 .9135 .4452 69 .9336 .3584 2.6051
25 .4226 .9063 .4663 70 .9397 .3420 2.7475
26 .4384 .8988 .4877 71 .9456 .3256 2.9042
27 .4540 .8910 .5095 72 .9511 .3090 3.0779
28 .4695 .8829 .5317 73 .9563 .2924 3.2709
29 .4848 .8746 .5543 74 .9613 .2756 3.4874
30 .5000 .8660 .5774 75 .96593 .2588 3.7321
31 .5150 .8572 .6009 76 .9703 .2419 4.0108
32 .5299 .8480 .6249 77 .9744 .2250 4.3315
33 .5446 .8387 .6494 78 .9781 .2079 4.7046
34 .5592 .8290 .6745 79 .9816 .1908 5.1446
35 .5736 .8192 .7002 80 .9848 .1736 5.6713
36 .5878 .8090 .7265 81 .9877 .1564 6.3138
37 .6018 .7986 .7536 82 .9903 .1391 7.1154
38 .6157 .7880 .7813 83 .9925 .1219 8.1443
39 .6293 .7771 .8098 84 .9945 .1045 9.5144
40 .6428 .7660 .8391 85 .99625 .0872 11.4301
41 .6561 .7547 .8693 86 .9976 .0698 14.3007
42 .6691 .7431 .9004 87 .99866 .05239 19.0811
43 .6820 .7314 .9325 88 .9994 .0349 28.6363
44 .6947 .7193 .9657 89 .9998 .0175 57.2900
45 .7071 .7071 1.0000 90 1.0000 .0000 Infi nity
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CCommon Units 
of Measurement

T his appendix contains factors for converting between metric units 
commonly used in biomechanics and their English system equiva-

lents. In each case, a value expressed in a metric unit can be divided 
by the conversion factor given to yield the approximate equivalent in an 
English unit, or a value expressed in an English unit can be multiplied by 
the conversion factor to fi nd the metric unit equivalent. For example, to 
convert 100 Newtons to pounds, do the following:

100 N
4.45 N/lb

5 22.5 lb

To convert 100 pounds to Newtons, do the following:

(100 lb) (4.45 N/lb) 5 445 N

VARIABLE METRIC UNIT

¢ MULTIPLY 
BY DIVIDE 

BY £ ENGLISH UNIT

Distance Centimeters  2.54 Inches

Meters  0.3048 Feet

Kilometers  1.609 Miles

Speed Meters/second  0.447 Miles/hour

Mass Kilograms  14.59 Slugs

Force Newtons  4.448 Pounds

Work Joules  1.355 Foot-pounds

Power Watts  745.63 Horsepower

Energy Joules  1.355 Foot-pounds

Linear momentum Kilogram-meters/second  4.448 Slug-feet/second

Impulse Newton-seconds  4.448 Pound-seconds

Angular momentum Kilogram-meters2/second  1.355 Slug-feet2/second

Moment of inertia Kilogram-meters2  1.355 Slug-feet2

Torque Newton-meters  1.355 Foot-pounds
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DAnthropometric 
Parameters for 
the Human Body*

*The values reported in these tables represent mean values for limited numbers of individuals as reported 
in the scientifi c literature.

SEGMENT MALES FEMALES

Head and neck 10.75 10.75

Trunk 30.00 29.00

Upper arm 17.20 17.30

Forearm 15.70 16.00

Hand 5.75 5.75

Thigh 23.20 24.90

Lower leg 24.70 25.70

Foot 4.25 4.25

Segment lengths expressed in percentages of total body height.

Segment Lengths

SEGMENT MALES FEMALES

Head 8.26 8.20

Trunk 46.84 45.00

Upper arm 3.25 2.90

Forearm 1.87 1.57

Hand 0.65 0.50

Thigh 10.50 11.75

Lower leg 4.75 5.35

Foot 1.43 1.33

Segment weights expressed in percentages of total body weight

From Plagenhoef S, Evans FG, and Abdelnour T: Anatomical data for analyzing human motion, Res Q Exerc 
Sport 54:169, 1983.

Segment Weights
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SEGMENT MALES FEMALES

Head and neck 55.0 55.0

Trunk 63.0 56.9

Upper arm 43.6 45.8

Forearm 43.0 43.4

Hand 46.8 46.8

Thigh 43.3 42.8

Lower leg 43.4 41.9

Foot 50.0 50.0

Segmental center of gravity locations expressed in percentages of segment lengths; measured from 
the proximal ends of segments.

MALES FEMALES

SEGMENT PROXIMAL DISTAL PROXIMAL DISTAL

Upper arm 54.2 64.5 56.4 62.3

Forearm 52.6 54.7 53.0 64.3

Hand 54.9 54.9 54.9 54.9

Thigh 54.0 65.3 53.5 65.8

Lower leg 52.9 64.2 51.4 65.7

Foot 69.0 69.0 69.0 69.0

Segmental radii of gyration expressed in percentages of segment lengths

Segmental Center of 

Gravity Locations

Segmental Radii of 

Gyration Measured from 

Proximal and Distal 

Segment Ends
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absolute angle angular orientation of a body segment with respect to a fixed line of reference

acromioclavicular joint irregular joint between the acromion process of the scapula and the distal clavicle

active insufficiency limited ability of a two-joint muscle to produce force when joint position places the 
muscle on slack

active stretching stretching of muscles, tendons, and ligaments produced by active development of tension 
in the antagonist muscles

acute loading application of a single force of sufficient magnitude to cause injury to a biological tissue

agonist role played by a muscle acting to cause a movement

amenorrhea cessation of menses

anatomical reference position erect standing position with all body parts, including the palms of the hands, facing 
forward; considered the starting position for body segment movements

angle of attack angle between the longitudinal axis of a body and the direction of the fluid flow

angle of projection the direction at which a body is projected with respect to the horizontal

angular involving rotation around a central line or point

angular acceleration rate of change in angular velocity

angular displacement change in the angular position or orientation of a line segment

angular impulse change in angular momentum equal to the product of torque and time interval over 
which the torque acts

angular momentum quantity of angular motion possessed by a body; measured as the product of moment of 
inertia and angular velocity

angular velocity rate of change in the angular position or orientation of a line segment

anisotropic exhibiting different mechanical properties in response to loads from different directions

annulus fibrosus thick, fibrocartilaginous ring that forms the exterior of the intervertebral disc

antagonist role played by a muscle acting to slow or stop a movement

anteroposterior axis imaginary line around which frontal plane rotations occur

anthropometric related to the dimensions and weights of body segments

apex the highest point in the trajectory of a projectile

appendicular skeleton bones composing the body appendages

Archimedes’ principle physical law stating that the buoyant force acting on a body is equal to the weight of the 
fluid displaced by the body

articular capsule double-layered membrane that surrounds every synovial joint

articular cartilage protective layer of dense white connective tissue covering the articulating bone surfaces 
at diarthrodial joints
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articular fibrocartilage soft-tissue discs or menisci that intervene between articulating bones

average occurring over a designated time interval

axial directed along the longitudinal axis of a body

axial skeleton the skull, vertebrae, sternum, and ribs

axis of rotation imaginary line perpendicular to the plane of rotation and passing through the center of 
rotation

balance a person’s ability to control equilibrium

ballistic stretching a series of quick, bouncing-type stretches

base of support area bound by the outermost regions of contact between a body and support surface or 
surfaces

bending asymmetric loading that produces tension on one side of a body’s longitudinal axis and 
compression on the other side

Bernoulli principle an expression of the inverse relationship between relative velocity and relative pressure in 
a fluid flow

biomechanics application of mechanical principles in the study of living organisms

bone atrophy decrease in bone mass resulting from a predominance of osteoclast activity

bone hypertrophy increase in bone mass resulting from a predominance of osteoblast activity

boundary layer layer of fluid immediately adjacent to a body

bursae sacs secreting synovial fluid internally that lessen friction between soft tissues around 
joints

cardinal planes three imaginary perpendicular reference planes that divide the body in half by mass

carpal tunnel syndrome overuse condition caused by compression of the median nerve in the carpal tunnel and 
involving numbness, tingling, and pain in the hand

center of gravity point around which a body’s weight is equally balanced, no matter how the body is 
positioned

center of mass (mass point around which the mass and weight of a body are balanced, no matter how the body 
centroid, center of gravity) is positioned

center of volume point around which a body’s volume is equally balanced and at which the buoyant force 
acts

centripetal force force directed toward the center of rotation for a body in rotational motion

close-packed position joint orientation for which the contact between the articulating bone surfaces is 
maximum

coefficient of drag unitless number that is an index of a body’s ability to generate fluid resistance

coefficient of friction number that serves as an index of the interaction between two surfaces in contact

coefficient of lift unitless number that is an index of a body’s ability to generate lift

coefficient of restitution number that serves as an index of elasticity for colliding bodies

collateral ligaments major ligaments that cross the medial and lateral aspects of the knee

combined loading simultaneous action of more than one of the pure forms of loading

compression pressing or squeezing force directed axially through a body

compressive strength ability to resist pressing or squeezing force

concentric describing a contraction involving shortening of a muscle

contractile component muscle property enabling tension development by stimulated muscle fibers

coracoclavicular joint syndesmosis with the coracoid process of the scapula bound to the inferior clavicle by 
the coracoclavicular ligament

cortical bone compact mineralized connective tissue with low porosity that is found in the shafts of 
long bones

couple pair of equal, oppositely directed forces that act on opposite sides of an axis of rotation 
to produce torque
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cruciate ligaments major ligaments that cross each other in connecting the anterior and posterior aspects 
 of the knee

curvilinear along a curved line

deformation change in shape

density mass per unit of volume

dynamic equilibrium concept indicating a balance between applied forces and inertial forces for a body 
(D’Alembert’s principle)  in motion

dynamics branch of mechanics dealing with systems subject to acceleration

eccentric describing a contraction involving lengthening of a muscle

electromechanical delay time between arrival of a neural stimulus and tension development by the muscle

English system system of weights and measures originally developed in England and used in the United 
States today

epicondylitis inflammation and sometimes microrupturing of the collagenous tissues on either the 
lateral or the medial side of the distal humerus; believed to be an overuse injury

epiphysis growth center of a bone that produces new bone tissue as part of the normal growth 
process until it closes during adolescence or early adulthood

extrinsic muscles muscles with proximal attachments located proximal to the wrist and distal attachments 
located distal to the wrist

failure loss of mechanical continuity

fast-twitch fiber a fiber that reaches peak tension relatively quickly

first-class lever lever positioned with the applied force and the resistance on opposite sides of the axis of 
rotation

flat bones skeletal structures that are largely flat in shape, for example, the scapula

flexion relaxation  when the spine is in full flexion, the spinal extensor muscles relax and the flexion torque 
phenomenon is supported by the spinal ligaments

fluid substance that flows when subjected to a shear stress

foil shape capable of generating lift in the presence of a fluid flow

force push or pull; the product of mass and acceleration

form drag (profile drag,  resistance created by a pressure differential between the lead and rear sides of a body 
pressure drag)  moving through a fluid

fracture disruption in the continuity of a bone

free body diagram sketch that shows a defined system in isolation with all of the force vectors acting on the 
system

friction force acting at the area of contact between two surfaces in the direction opposite that of 
motion or motion tendency

frontal plane plane in which lateral movements of the body and body segments occur

fulcrum the point of support, or axis, about which a lever may be made to rotate

general motion motion involving translation and rotation simultaneously

glenohumeral joint ball-and-socket joint in which the head of the humerus articulates with the glenoid fossa 
of the scapula

glenoid labrum rim of soft tissue located on the periphery of the glenoid fossa that adds stability to the 
glenohumeral joint

Golgi tendon organ sensory receptor that inhibits tension development in a muscle and initiates tension 
development in antagonist muscles

hamstrings the biceps femoris, semimembranosus, and semitendinosus

humeroradial joint gliding joint in which the capitellum of the humerus articulates with the proximal end of 
the radius

humeroulnar joint hinge joint in which the humeral trochlea articulates with the trochlear fossa of the ulna

iliopsoas the psoas major and iliacus muscles with a common insertion on the lesser trochanter of 
the femur
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iliotibial band thick, strong band of tissue connecting the tensor fascia lata to the lateral condyle of the 
femur and the lateral tuberosity of the tibia

impact collision characterized by the exchange of a large force during a small time interval

impacted pressed together by a compressive load

impulse product of a force and the time interval over which the force acts

inertia tendency of a body to resist a change in its state of motion

inference process of forming deductions from available information

initial velocity vector quantity incorporating both angle and speed of projection

instant center precisely located center of rotation at a joint at a given instant in time

instantaneous occurring during a small interval of time

intraabdominal pressure pressure inside the abdominal cavity; believed to help stiffen the lumbar spine against 
buckling

intrinsic muscles muscles with both attachments distal to the wrist

irregular bones skeletal structures of irregular shapes, for example, the sacrum

isometric describing a contraction involving no change in muscle length

joint flexibility a term representing the relative ranges of motion allowed at a joint

joint stability ability of a joint to resist abnormal displacement of the articulating bones

kinematics the form, pattern, or sequencing of movement with respect to time

kinesiology study of human movement

kinetic energy energy of motion calculated as 1⁄2 mv2

kinetic friction constant magnitude friction generated between two surfaces in contact during motion

kinetics study of the action of forces

kyphosis extreme curvature in the thoracic region of the spine

laminar flow flow characterized by smooth, parallel layers of fluid

laws of constant acceleration formulas relating displacement, velocity, acceleration, and time when acceleration is 
unchanging

lever a relatively rigid object that may be made to rotate about an axis by the application 
of force

lift force acting on a body in a fluid in a direction perpendicular to the fluid flow 

lift/drag ratio the magnitude of the lift force divided by the magnitude of the total drag force acting on 
a body at a given time

ligamentum flavum yellow ligament that connects the laminae of adjacent vertebrae; distinguished by its 
elasticity

linear along a line that may be straight or curved, with all parts of the body moving in the same 
direction at the same speed

linear acceleration the rate of change in linear velocity

linear displacement change in location, or the directed distance from initial to final location

linear momentum quantity of motion, measured as the product of a body’s mass and its velocity

linear velocity the rate of change in location

long bones skeletal structures consisting of a long shaft with bulbous ends, for example, the femur

longitudinal axis imaginary line around which transverse plane rotations occur

loose-packed position any joint orientation other than the close-packed position

lordosis extreme curvature in the lumbar region of the spine

Magnus effect deviation in the trajectory of a spinning object toward the direction of spin, resulting from 
the Magnus force

Magnus force lift force created by spin

mass quantity of matter contained in an object
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maximum static friction maximum amount of friction that can be generated between two static surfaces

mechanical advantage ratio of force arm to resistance arm for a given lever

mechanics branch of physics that analyzes the actions of forces on particles and mechanical systems

mediolateral axis imaginary line around which sagittal plane rotations occur

menisci cartilaginous discs located between the tibial and femoral condyles

meter the most common international unit of length, on which the metric system is based

metric system system of weights and measures used internationally in scientific applications and adopted 
for daily use by every major country except the United States

moment arm shortest (perpendicular) distance between a force’s line of action and an axis of rotation

moment of inertia inertial property for rotating bodies representing resistance to angular acceleration; based 
on both mass and the distance the mass is distributed from the axis of rotation

motion segment two adjacent vertebrae and the associated soft tissues; the functional unit of the spine

motor unit a single motor neuron and all fibers it innervates

muscle inhibition the inability to activate all motor units of a muscle during maximal voluntary contraction

muscle spindle sensory receptor that provokes reflex contraction in a stretched muscle and inhibits 
tension development in antagonist muscles

myoelectric activity electric current or voltage produced by a muscle developing tension

net force resultant force derived from the composition of two or more forces

neutralizer role played by a muscle acting to eliminate an unwanted action produced by an agonist

normal reaction force force acting perpendicular to two surfaces in contact

nucleus pulposus colloidal gel with a high fluid content, located inside the annulus fibrosus of the 
intervertebral disc

osteoblasts specialized bone cells that build new bone tissue

osteoclasts specialized bone cells that resorb bone tissue

osteopenia condition of reduced bone mineral density that predisposes the individual to fractures

osteoporosis a disorder involving decreased bone mass and strength with one or more resulting fractures

parallel elastic component passive elastic property of muscle derived from the muscle membranes

parallel fiber arrangement pattern of fibers within a muscle in which the fibers are roughly parallel to the 
longitudinal axis of the muscle

passive insufficiency inability of a two-joint muscle to stretch to the extent required to allow full range of 
motion at all joints crossed

passive stretching stretching of muscles, tendons, and ligaments produced by a stretching force other than 
tension in the antagonist muscles

patellofemoral joint articulation between the patella and the femur

pelvic girdle the two hip bones plus the sacrum, which can be rotated forward, backward, and laterally 
to optimize positioning of the hip joint

pennate fiber arrangement pattern of fibers within a muscle with short fibers attaching to one or more tendons

perfectly elastic impact impact during which the velocity of the system is conserved

perfectly plastic impact impact resulting in the total loss of system velocity

periosteum double-layered membrane covering bone; muscle tendons attach to the outside layer, and 
the internal layer is a site of osteoblast activity

plantar fascia thick bands of fascia that cover the plantar aspect of the foot

popliteus muscle known as the unlocker of the knee because its action is lateral rotation of the 
femur with respect to the tibia

porous containing pores or cavities

potential energy energy by virtue of a body’s position or configuration, calculated as the product of weight 
and height

power rate of work production, calculated as work divided by the time during which the work 
was done
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pressure force per unit of area over which a force acts

prestress stress on the spine created by tension in the resting ligaments

primary spinal curves curves that are present at birth

principal axes three mutually perpendicular axes passing through the total-body center of gravity

principal moment of inertia total-body moment of inertia relative to one of the principal axes

projectile a body in free fall that is subject only to the forces of gravity and air resistance

projection speed the magnitude of projection velocity

pronation combined conditions of dorsiflexion, eversion, and abduction

proprioceptive neuromuscular  a group of stretching procedures involving alternating contraction and relaxation of the 
facilitation  muscles being stretched

propulsive drag force acting in the direction of a body’s motion

propulsive drag theory theory attributing propulsion in swimming to propulsive drag on the swimmer

propulsive lift theory theory attributing propulsion in swimming at least partially to lift acting on the swimmer

Q-angle the angle formed between the anterior superior iliac spine, the center of the patella, and 
the tibial tuberosity

quadriceps the rectus femoris, vastus lateralis, vastus medialis, and vastus intermedius

qualitative involving nonnumeric description of quality

quantitative involving the use of numbers

radial acceleration component of acceleration of a body in angular motion directed toward the center of 
curvature; represents change in direction

radian unit of angular measure used in angular-linear kinematic quantity conversions; equal to 57.3°

radiocarpal joints condyloid articulations between the radius and the three carpal bones

radioulnar joints the proximal and distal radioulnar joints are pivot joints; the middle radioulnar joint is a 
syndesmosis

radius of gyration distance from the axis of rotation to a point where the body’s mass could be 
concentrated without altering its rotational characteristics

radius of rotation distance from the axis of rotation to a point of interest on a rotating body

range the horizontal displacement of a projectile at landing

range of motion angle through which a joint moves from anatomical position to the extreme limit of 
segment motion in a particular direction

reaction board a specially constructed board for determining the center of gravity location of a body 
positioned on top of it

reciprocal inhibition inhibition of tension development in the antagonist muscles resulting from activation of 
muscle spindles

rectilinear along a straight line

relative angle angle at a joint formed between the longitudinal axes of adjacent body segments

relative projection height the difference between projection height and landing height

relative velocity velocity of a body with respect to the velocity of something else, such as the surrounding 
fluid

repetitive loading repeated application of a subacute load that is usually of relatively low magnitude

resultant single vector that results from vector composition

retinacula fibrous bands of fascia

right hand rule procedure for identifying the direction of an angular motion vector

rotator cuff band of tendons of the subscapularis, supraspinatus, infraspinatus, and teres minor, which 
attach to the humeral head

sagittal plane plane in which forward and backward movements of the body and body segments occur

scalar physical quantity that is completely described by its magnitude

scapulohumeral rhythm a regular pattern of scapular rotation that accompanies and facilitates humeral abduction
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scoliosis lateral spinal curvature

secondary spinal curves the cervical and lumbar curves, which do not develop until the weight of the body begins 
to be supported in sitting and standing positions

second-class lever lever positioned with the resistance between the applied force and the fulcrum

segmental method a procedure for determining total-body center of mass location based on the masses and 
center of mass locations of the individual body segments

series elastic component passive elastic property of muscle derived from the tendons

shear force directed parallel to a surface

short bones small, cubical skeletal structures, including the carpals and tarsals

skin friction (surface drag,  resistance derived from friction between adjacent layers of fluid near a body moving 
viscous drag)  through the fluid

slow-twitch fiber a fiber that reaches peak tension relatively slowly

specific weight weight per unit of volume

spondylolisthesis complete bilateral fracture of the pars interarticularis, resulting in anterior slippage of the 
vertebra

spondylolysis presence of a fracture in the pars interarticularis of the vertebral neural arch

sports medicine clinical and scientific aspects of sports and exercise

stability resistance to disruption of equilibrium

stabilizer role played by a muscle acting to stabilize a body part against some other force

static equilibrium a motionless state characterized by �SFv = 0, �SFh = 0, and �ST = 0

static stretching maintaining a slow, controlled, sustained stretch over time, usually about 30 seconds

statics branch of mechanics dealing with systems in a constant state of motion

sternoclavicular joint modified ball-and-socket joint between the proximal clavicle and the manubrium of the 
sternum

stiffness the ratio of stress to strain in a loaded material; that is, the stress divided by the relative 
amount of change in the structure’s shape

strain amount of deformation divided by the original length of the structure or by the original 
angular orientation of the structure

strain energy capacity to do work by virtue of a deformed body’s return to its original shape

stress distribution of force within a body, quantified as force divided by the area over which the 
force acts

stress fracture fracture resulting from repeated loading of relatively low magnitude

stress reaction progressive bone pathology associated with repeated loading

stretch reflex monosynaptic reflex initiated by stretching of muscle spindles and resulting in immediate 
development of muscle tension

stretch-shortening cycle eccentric contraction followed immediately by concentric contraction

summation building in an additive fashion

supination combined conditions of plantar flexion, inversion, and adduction

synovial fluid clear, slightly yellow liquid that provides lubrication inside the articular capsule at synovial 
joints

system mechanical system chosen by the analyst for study

tangential acceleration component of acceleration of a body in angular motion directed along a tangent to the 
path of motion; represents change in linear speed

tensile strength ability to resist pulling or stretching force

tension pulling or stretching force directed axially through a body

tetanus state of muscle producing sustained maximal tension resulting from repetitive stimulation

theoretical square law drag increases approximately with the square of velocity when relative velocity is low

third-class lever lever positioned with the applied force between the fulcrum and the resistance
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tibiofemoral joint dual condyloid articulations between the medial and lateral condyles of the tibia and the 
femur, composing the main hinge joint of the knee

torque the rotary effect of a force about an axis of rotation, measured as the product of the 
force and the perpendicular distance between the force’s line of action and the axis

torsion load producing twisting of a body around its longitudinal axis

trabecular bone less-compact mineralized connective tissue with high porosity that is found in the ends of 
long bones and in the vertebrae

trajectory the flight path of a projectile

transducers devices that detect signals

translation linear motion

transverse plane plane in which horizontal body and body segment movements occur when the body is in 
an erect standing position

turbulent flow flow characterized by mixing of adjacent fluid layers

valgus condition of outward deviation in alignment from the proximal to the distal end of a body 
segment

varus condition of inward deviation in alignment from the proximal to the distal end of a body 
segment

vector physical quantity that possesses both magnitude and direction

vector composition process of determining a single vector from two or more vectors by vector addition

vector resolution operation that replaces a single vector with two perpendicular vectors such that the 
vector composition of the two perpendicular vectors yields the original vector

viscoelastic having the ability to stretch or shorten over time

volume amount of three-dimensional space occupied by a body

wave drag resistance created by the generation of waves at the interface between two different 
fluids, such as air and water

weight gravitational force that the earth exerts on a body

work in a mechanical context, force multiplied by the displacement of the resistance in the 
direction of the force

yield point (elastic limit)  point on the load–deformation curve past which deformation is permanent
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I  N  D  E  X

A
Abduction

examples of, 38
of the glenohumeral joint, 194
of the hand, 215
of the hip, 234
of the knee, 244

Absolute angles, 357, 358
Acceleration

angular, 368–369, 372–375
laws of constant acceleration, 

341–345
linear, 326–330, 372–375
as loading effect, 72
Newton’s law of, 384–385
in projectile motion, 333, 

341–345
tangential and radial, 372–375

Accelerometers, 51
Acetabulum, 124, 230
Achilles tendinitis, 259
Achilles tendons, 259, 405
ACL; See Anterior cruciate 

ligament
Acromioclavicular (AC) joint, 

186–187, 188, 190, 200
ACSM (American College of 

Sports Medicine), 3
Actin fi laments, 150, 172
Active insuffi ciency, 163
Active stretching, 131
Acute compartment 

syndrome, 238
Acute loading, 74
Adduction

examples of, 38, 40, 41
of the glenohumeral joint, 

195–196
of the hand, 215
of the hip, 234–235, 238
of the knee, 244

Adductor brevis muscle, 234–235
Adductor longus muscle, 234–235
Adductor magnus muscle, 

234–235
Adolescence, osteoporosis 

and, 100
Adults

bone development in, 93–94
bone modeling and remodeling 

in, 95–96
exercise recommendations for, 

100–101
See also Aging

Aging
balance and, 440
bone development and, 93–94

degenerative spondylolisthesis 
and, 304

intervertebral discs and, 282
joint fl exibility and, 128
mobility impairment and, 6–7
muscle fi ber types and, 156
osteoporosis and, 5–6, 99
rotator cuff problems and, 202
shoulder movement and, 191
trochanteric bursae and, 231

Agonist-contract-relax 
method, 133

Agonists, muscles as, 161, 421
Air resistance, 332–333, 335, 484
Alembert, Jean Le Rond d’, 431
Algebra overview, 507–509
Allison, Glenn, 393
Amenorrhea, 99–100
American Academy of 

Orthopaedics, 248
American Bowling Congress, 393
American College of Sports 

Medicine (ACSM), 3
Amphiarthroses, 118
Amphibians, muscle fi bers 

in, 152
Anatomical reference axes, 34–36
Anatomical reference planes, 34
Anatomical reference position, 

32–33
Anconeus muscle, 205
Angle of attack, 490, 491
Angle of projection, 334–335, 

337–338
Angles

absolute, 357, 358
carrying, 203–204
in degrees, 362
elbow, 364, 365
measurement of, 356–360
projection, 334–335, 337–338
in radians, 362–363
relative vs. absolute, 356–357
trigonometric relationships, 

510–512
Angular acceleration, 368–369, 

372–375, 431, 432
Angular displacement, 321–322, 

361–363, 370
Angular distance, 321–322, 

361–363
Angular impulse, 460–463
Angular kinematics, 356–377

angular acceleration, 368–369, 
372–375

angular distance and 
displacement, 361–363

angular speed and velocity, 9, 
363–368

average vs. instantaneous 
quantities, 369–370

instant center of rotation, 
358–360

linear vs. angular acceleration, 
372–375

linear vs. angular 
displacement, 370

linear vs. angular velocity, 
370–372

measuring angles, 356–360
relative vs. absolute angles, 

356–357
vectors in, 369

Angular kinetics, 450–469
angular analogues of Newton’s 

laws, 464–465
angular momentum, 454–463
centripetal force, 465–467
formula summary, 467
moment of inertia, 450–454

Angular momentum, 454–463
changes in, 460–463
conservation of, 456–457
defi ned, 454
of the human body, 455–456
magnitude of, 454
transfer of, 457–460

Angular motion, defi ned, 30–31
Angular speed, 363–368
Angular velocity, 9, 364–368
Anisotropic bones, 90
Ankle, 251–261

foot structure and, 253–255
injuries of, 134, 258–261
movements at, 163, 252–253
muscles of, 9, 256
range of motion of, 9, 127
sagittal plane movements of, 34, 

36, 37
stability of, 124
structure of, 251–252

Ankle braces, 258
Annulus fi brosus, 280
Anorexia nervosa, 99–100
Antagonists, muscles as, 161, 421
Anterior (anatomical direction), 33
Anterior cruciate ligament (ACL)

deceleration and, 328
injuries of, 10, 247–248
knee movement and, 241
loads on knees and, 70–71
response to stress, 123

Anterior deltoid muscle, 194, 
195, 196

525
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Anterior longitudinal 
ligament, 282

Anteroposterior axis, 34, 35, 36
Anthropometric factors, 

defi ned, 3
Anthropometric parameters, 

tabulated, 514–515
Apex, 332, 333
Apophysis, 104
Apophysitis, 104
Appendicular skeleton, 90, 91
Arches, foot, 255, 261, 406–407
Archimedes, 479
Archimedes’ principle, 479
Arm; See Upper extremity
Arthritis, 121, 134
Articular capsule, 119
Articular cartilage

defi ned, 90–91
epiphyseal injuries, 104
fi brocartilage, 122
function of, 121–122
in the knee, 119
in osteoarthritis, 135

Articular connective tissue, 
123–124

Articular fi brocartilage, 122
Articulations; See Joints
Astronauts; See Space fl ight
Athletes

fatigued muscles and, 125
female athlete triad, 99–100
joint damage in, 121–122
joint fl exibility in, 128, 132
low back pain in, 301
muscle fi ber types in, 155–156
See also Sports

Atlantooccipital joint, 277
Atlas, 277, 283
Atrophy, bone, 96–98
Auditory information, 48
Autoimmune disorders, 134–135
Autologous cartilage 

regeneration, 121
Average quantities, 323, 330, 

369–370
Avulsions, 102 

See also Fractures
Axes, reference, 34–36
Axial forces, 72
Axial skeleton, 90, 91
Axis of rotation

angular momentum transfer 
and, 457–458

defi ned, 30–31
in jumping jacks, 36
moment of inertia and, 

450, 451
radius of gyration and, 

452–453
translation and, 31, 33

B
Balance, 6, 439–441
Ball-and-socket joints, 119, 

120, 230
Ballistic stretching, 131–132
“Banana shot,” 493
Baseball bats

angular velocity of, 371, 372
coeffi cient of restitution in, 399
moment of inertia in, 

450–451, 453
Baseball pitching

angular velocities in, 9, 365
elbow injuries in, 209–210
elbow loading in, 207
ground reaction forces in, 387
Magnus effect and, 492–493
stretch-shortening cycle 

and, 166
See also Softball pitching; 

Throwing
Base of support, 439–441
Basketball

joint fl exibility and, 128
projection angle and, 335

Bed rest, bone loss during, 96
Bending, 72, 73
Bending moment, 102
Bernoulli, Daniel, 489
Bernoulli principle, 489
Biaxial joints, 120
Biceps brachii muscle, 204–205

age and, 156
agonist-antagonist actions 

in, 161
in lever system, 428, 429
movement from, 195
muscle fi ber arrangement, 157
rotational injuries, 201
strength and, 168
tension in, 162
torque at, 160

Biceps femoris muscle, 233–234
Bicycling; See Cycling
Biomechanics

defi ned, 2
formal vs. informal problems in, 

14–15, 16
problems studied in, 4–11
qualitative vs. quantitative 

analysis in, 12–14
reasons for studying, 11–12
subdisciplines of, 3
units of measurement in, 15, 17

Body, of cortical bones, 90
Body builders, 160–161
Body roll, 496
Body weight

bone density and, 95
foot load and, 257–258
friction and, 391–392

hip load and, 236
knee load and, 244
potential energy and, 404
spine load and, 297

Bone atrophy, 96–98
Bone demineralization, 96
Bone density

aging and, 93
body weight and, 95
defi ned, 68
impact sports and, 96
in osteoporosis, 5–6, 98–101
in space, 5

Bone hypertrophy, 96
Bone loss

aging and, 93–94
gravity and, 96–98
osteoporosis, 98–101

Bone modeling, 94–96
Bone remodeling, 94–96
Bones

adult bone development, 93–94
anisotropic, 90
atrophy of, 96–98
circumferential growth in, 93
composition and structure of, 

88–90
density of, 5–6, 68, 93, 95, 96, 

98–101
hypertrophy of, 96
impact forces and, 96
injuries of, 101–104
longitudinal growth of, 92–93
modeling and remodeling, 94–96
osteoporosis and, 98–101
types of, 90–92

Borelli, Giovanni Alfonso, 435
Bouncing, coeffi cient of restitution 

and, 399–402
Boundary layers, 483–484
Bowling, friction and, 393
Bow waves, 487–488
Brachialis muscle, 161, 204–205, 

428, 429
Brachioradialis muscle, 161, 205, 

428, 429
Breaststroker’s knee, 249–250
Bulimia nervosa, 99–100
Buoyancy, 479–480
Bursae

aging and, 231
function of, 120, 134
hip, 230–231
knee, 241
shoulder, 189–190, 201

Bursitis, 134, 202

C
Caffeine, bone mineralization 

and, 101
Calcaneus, 104, 251–252
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Calcifi cation, in muscle mass, 173
Calcium, 101
Calcium loss, 96–97, 101
Calcium release, muscle fatigue 

and, 172
Calculator use, 507
Canes, use of, 237
Cardinal planes, 34, 35
Carpals, 90–92, 120
Carpal tunnel syndrome, 7, 

217–218
Carpometacarpal (CM) joint, 119, 

213–214, 215
Carrying angle, 203–204
Cartesian coordinate systems, 

42, 43
Cartilage

articular, 90–91, 119, 
121–122, 135

articular fi brocartilage, 122
Cartilaginous epiphyseal plate, 

103–104
Cat rotation, 458–460
Center of buoyancy, 479, 480
Center of gravity (CG), 433–438

defi ned, 64, 433
fl otation and, 480
locating, 434–435
locating the human body, 

435–438
mechanical stability and, 

439–441
segmental, 436–438, 515

Center of mass; See Center 
of gravity

Center of volume, 479, 480
Center-seeking (centripetal) force, 

465–467
Centric forces, 68, 69
Centrifugal force, 466–467
Centripetal force, 465–467
Cerebral palsy, 7
CG; See Center of gravity
Children

bone fractures in, 103
bone growth in, 92–93
bone remodeling in, 95
calcium and, 101
cerebral palsy in, 7
elbow dislocations in, 209
electromechanical delay in, 167
epiphyseal injuries in, 103–104
fractures in, 103
gait pattern of, 7
gender and motor skills in, 48
importance of peak bone mass 

in, 100
joint torques and, 423
knee cartilage in, 121
low back pain in, 301
lumbar curve in, 283

muscle fi ber types in, 156
osteoporosis and, 100
scoliosis in, 285
segment moments of inertia 

in, 454
shoulder movement in, 191
spondylolisthesis in, 303–304

Chondrocytes, 121
Chronic injury, 74
Circumduction, 40, 42
Circumferential growth, 93
Clavicular pectoralis major 

muscle, 194
Clockwise motion, 361–362
Close-packed position, 123–124
CM (carpometacarpal) joint, 119, 

213–214, 215
Coeffi cient of drag, 481–482
Coeffi cient of friction, 

389–391, 392
Coeffi cient of kinetic friction, 391
Coeffi cient of lift, 488, 490
Coeffi cient of restitution, 399–402
Coeffi cient of static friction, 391
Collagen

chrondrocytes in, 121
in the intervertebral disc, 283
loss with aging, 93
tensile strength and, 88

Collateral ligaments, 240
Collisions

impact in, 399–402
momentum in, 394–395

Combined loading, 72
Comminuted fractures, 102
Compartment syndrome, 174
Composition of vectors, 76–77
Compression, 70, 72, 73, 280–281
Compressive strength, 88
Concentric contractions, 132, 160, 

164, 166, 421
Condyles, 90, 238–239
Condyloid joints, 119, 120, 214, 

238–239
Conservation of angular 

momentum, 456–457
Conservation of mechanical 

energy, 405–406
Conservation of momentum, 395
Constant acceleration, laws of, 

341–345
Contractile component, 149
Contractile length, 429
Contractions, muscle

contractile components, 149
electromechanical delay in, 167
stretch-shortening cycle, 

165–166
types of, 161–162

Contract-relax-antagonist-
contract technique, 133

Contusions, 173, 238, 302
Conversion factors units, 513
Coordinate systems, 42, 43
Coracoacromial joint, 118
Coracobrachialis muscle, 194, 

195, 196
Coracoclavicular joint, 187, 188
Coracohumeral ligament, 200
Coronal (frontal) plane, 34, 35, 

38–39
Cortical bone, 88, 89, 90
Cosine, 511, 512
Counsilman, J. E., 494, 495
Counterclockwise motion, 

361–362
Couples, force, 421
Cramps, 173
Cross-bridges, 150
Cruciate ligaments, 125, 

240–241
Crutches, use of, 237
Curvilinear motion, 30, 32
Cycling

centripetal force in, 466
drafting, 487
joint torques in, 423, 424
knee injuries in, 249
muscle fi ber type and, 155–156
streamlining, 485

D
D’Alembert’s principle, 431
Dancers

angular impulse and, 463
en pointe position, 259
foot and ankle injuries in, 259
hip movement of, 234
importance of joint fl exibility 

in, 128
moment arm length in, 421
projection speed and, 336
shoe friction and, 393

Deceleration, 328
See also Acceleration

Deep (anatomical direction), 33
Deep infrapatellar bursa, 241
Deep spinal muscles, 290, 292
Deep trochanteric bursa, 231
Deformation, 72, 73–74
Degrees (units), 362, 363
Degrees of freedom (df), 120
Delayed-onset muscle soreness 

(DOMS), 174
Deltoid muscles, 157, 194, 195, 

196, 426
Density

air, 479
of bones, 5–6, 68, 93, 95, 96, 

98–101
defi ned, 68
fl otation and, 480
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Density—Cont.
of fl uids, 478–479
units of, 68

Depressed fractures, 103
Depression, of joints, 38, 39
De Quervain disease, 217
Diaphysis, of cortical bones, 90
Diarthroses, 119–120
Diet, bone density and, 101
Digitizing, 50–51
Directional terms, 33–34, 

321–322, 328, 361
Disc degeneration, 280, 282, 301
Disc herniations, 72, 298, 304–305
Discus throwing, 9–10, 339
Dislocations

components of muscular force 
and, 168

of the elbow, 209
overview, 134
of the shoulder, 200
of the wrist, 217

Disordered eating behaviors, 
99–100

Displacement
angular, 321–322, 361–363, 370
linear, 321–322
linear vs. angular, 370

Distal (anatomical direction), 33
Distal joint, 205–206
Distal tibiofi bular joint, 251
Distance, 321–322, 361–363
Diving

angular impulse in, 462–463
angular momentum in, 456–457
relative projection height 

in, 336
DOMS (delayed-onset muscle 

soreness), 174
Dorsifl exion, 37, 166, 252
Dowager’s hump, 99
Drafting, 487
Drag

coeffi cient of, 481–482
form, 484–487
formula for, 481
lift/drag ratio, 490, 491, 492
propulsive drag theory, 494–495
skin, 483–484
theoretical square law, 482
wave, 487

Dynamic equilibrium, 431–433
Dynamic fl exibility, 126
Dynamics, defi ned, 3
Dynamography, 75–76

E
Eccentric contractions, 161, 166, 

238, 421
Eccentric forces, 68, 69, 164–165
Eccentric training, 156

Elastic energy, 166
Elasticity

of impact, 399–402
of muscle, 148–149

Elastic limit, 74
Elastic recoil, 166
Elbow, 202–210

agonist-antagonist actions 
in, 161, 162

angles and velocities of, 364, 365
hyperextension of, 126–127
injuries of, 209–210
lever system in, 428, 429
loads on, 207–208
movements at, 204–207
muscle length changes with 

tension in, 161, 162
muscles of, 204
muscle strength and, 168
structure of, 202–204
torque in, 428

Electrodes, 75
Electromechanical delay (EMD), 

166–167
Electromyography (EMG), 75
Elevation, of joints, 38, 39
EMD (electromechanical delay), 

166–167
EMG (electromyography), 75
Endomysium, 151
Endurance, muscular, 171
Endurance athletes, muscle fi ber 

types in, 155
Energy

conservation of mechanical, 
405–406

expenditures of, 4–5, 402–403
kinetic, 403–408
potential, 403–405
principle of work and energy, 

406–408
strain, 405
thermal, 402, 406

Energy expenditures, 4–5, 
402–403

English system of measurement, 
15, 17, 513

See also Units of measurement
Epicondylitis, 209–210
Epiphyseal injuries, 103–104
Epiphyseal plates, 118
Epiphysis, 92–93, 103–104
Equations, manipulating, 505–509
Equilibrium, 418–444

center of gravity, 433–438
dynamic equations, 431–433
levers, 424–430
resultant joint torques, 421–424
stability and balance, 439–441
static equations, 430–431
torque and, 418–421

Erector spinae muscles, 290, 291
Estrogen, osteoporosis and, 

100, 101
Eversion, 38, 39, 257
Exercise

articular connective tissue 
and, 123

bone density and, 98
joint torques in, 423
low back pain and, 302
muscle fi ber type changes 

and, 156
recommendations for, 101
rest intervals in, 101
“warm-up,” 127
See also Physical activity

Exponents, 506
Extensibility, 148–149
Extension

of the ankle, 252
of the elbow, 204–205
examples of, 37
of the glenohumeral joint, 

194, 195
of the hand, 215
of the hip, 233
of the knee, 240–241, 242–243
of the spine, 280, 286
of the toes, 256
of the wrist, 212

Extensor carpi radialis brevis 
muscle, 212

Extensor carpi radialis longus 
muscle, 161, 212

Extensor carpi ulnaris muscle, 212
Extensor digiti minimi muscle, 

212, 213
Extensor digitorum longus 

muscle, 252–253
Extensor digitorum muscle, 

212, 213
Extensor indicis muscle, 212, 213
Extensor pollicis longus muscle, 

212, 213
External oblique muscles, 289, 290
Extrinsic muscles, wrist, 217

F
Facet joints, spine, 278, 279
Failure point, 74
Fascia, 125
Fast-twitch (FT) fi bers, 

154–156, 171
Fast-twitch fast-fatigue (FF) 

fi bers, 155
Fast-twitch fatigue-resistant 

(FFR) fi bers, 155
Fast-twitch glycolytic (FG) fi bers, 

155, 160, 172
Fast-twitch oxidative glycolytic 

(FOG) fi bers, 155, 160, 172
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Fatigue (stress) fractures, 103, 
259, 303–304

Female athlete triad, 99–100
Females; See Women
Femur, 92, 231, 235–236
FF (fast-twitch fast-fatigue) 

fi bers, 155
FFR (fast-twitch fatigue-resistant) 

fi bers, 155
FG (fast-twitch glycolytic) fi bers, 

155, 160, 172
Fibrocartilaginous discs, 122, 186
Fibular collateral ligaments, 240
Fibulotalar joint, 251
Figure skating

angular momentum and, 463
angular velocity in, 367–368
skate design, 9–10

Filming, 50–51
Fingers, 153, 162, 163, 215–216
Firby, H., 495
First-class levers, 424–425
First law of motion, 384, 464
Fissured fractures, 102
Flat bones, 90, 92
Flexibility, 125–133

See also Range of motion (ROM)
Flexion

of the ankle, 252
of the elbow, 162, 204–205
examples of, 37
of the hand, 215
of the hip, 232–233, 286
of the knee, 242–243
of the shoulder, 194
of the spine, 280–281, 286, 298
of the toes, 256
of the wrist, 211–212

Flexion relaxation 
phenomenon, 298

Flexor carpi radialis muscle, 
211–212

Flexor carpi ulnaris muscle, 
211–212

Flexor digitorum longus muscle, 
253, 254

Flexor digitorum profundus 
muscle, 211, 216

Flexor digitorum superfi cialis 
muscle, 211, 216

Flexor hallucis longus muscle, 
253, 254

Flotation, 479–480
Flow, 478, 485–486

See also Fluids
Fluids, 476–498

buoyancy in, 479–480
defi ned, 476
drag in, 480–487
laminar vs. turbulent fl ow 

in, 478

lift in, 488–494
magnitudes of forces in, 489
properties of, 478–479
propulsion in, 494–496
relative motion in, 476–478
skin friction and, 483–484

FOG (fast-twitch oxidative 
glycolytic) fi bers, 155, 
160, 172

Foils, 489–490
Follicle-stimulating hormone, 100
Foot, 253–261

alignment anomalies of, 
260–261

injuries of, 259–261
loads on, 72, 257–258
movements of, 37, 38, 39, 

256–257
muscles of, 256
structure of, 253–255

Football
bending moment and, 102
stretch-shortening cycle 

and, 166
Force(s)

axial, 72
basic concepts in, 62–69
buoyant, 479–480
centric vs. eccentric, 68, 69
centripetal, 465–467
compression, 70, 280–281
on cross-sectional area of 

muscle, 169
defi ned, 63–64
drag, 481–487
force couples, 421
force-power relationship, 

170–171
force-velocity relationship, 

164–165, 171, 172
friction, 389–394
ground reaction, 385–387
impact, 399–402
lift, 488–495
Magnus, 492, 493–494
mechanical stress and, 71
moment arm of, 168, 418–421
net, 64, 77
normal reaction, 389, 392
reaction, 385–387, 433
rotary component of, 68, 

168, 418
shear, 70–71, 199, 297–298, 300
tensile, 88
units of, 63
in vector algebra, 76–80
See also Loads; Torque

Force arm, 168, 418–421
See also Moment arm

Force couples, 421
Force platforms, 75–76

Force-power relationship, 170–171
Force-velocity relationship, 

164–165, 171, 172
Formal problems, 14–15, 16
Form drag, 484–487
Fractures

from baseball pitching, 210
defi ned, 101–102
of the hip, 237–238
osteoporotic, 99
simple vs. compound, 102
of the spine, 302–304
stress, 100, 259, 303–304
types of, 102
of the wrist, 217

Free body diagrams, 63–64
Free fall; See Projectile motion
Friction, 389–394

coeffi cient of, 389–391, 392
defi ned, 389
pushing vs. pulling, 392, 393, 

394, 395
rolling, 393–394
skin, 483–484
static vs. kinetic, 389

Frontal-horizontal axis, 34, 35
Frontal plane, 34, 35
Frontal plane movements, 34, 

38–39
FT (fast-twitch) fi bers, 

154–156, 171
Fulcrum, 424

G
Gait, 324, 385–387
Galilei, Galileo, 341
Galvani, Luigi, 75
Gastrocnemius muscle, 155, 

252–253
Gemellus inferior muscle, 235
Gemellus superior muscle, 235
Gender differences; 

See Men; Women
General motion, 30, 31, 33
Genetics, 156, 200, 201
Glenohumeral joint

injuries of, 200
loads on, 197–198
movement at, 127, 194–197
muscles of, 192–193
stability of, 124, 188
structure of, 187–189
See also Shoulder

Glenoid fossa, 187–188
Glenoid labrum, 188
Gliding joints, 119, 120, 214
Glossary of terms, 516–523
Gluteus maximus muscle, 

233–234
Gluteus medius muscle, 234, 235
Gluteus minimus muscle, 234, 235
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Golfi ng
angular velocity in, 372
ball design, 486
biomechanical analysis of, 10
club design, 452
elbow injuries from, 210
ground reaction forces in, 387
Magnus effect in, 493–494
moment of inertia in, 452
shoulder injuries from, 201
stretch-shortening cycle 

and, 166
wrist injuries from, 217

Golgi tendon organs (GTOs), 
129, 131

Goniometers, 126, 127, 
357–358, 359

Gracilis muscle, 234–235, 243
Grande ronde jambe, 234
Gravity

center of, 64, 433–441, 480
effects on bones, 96–98
law of gravitation, 387–388
projectile motion and, 

331–332, 333
spine height and, 281
weight and, 64–65

Greenstick fractures, 102, 103
Ground reaction forces (GRFs), 

385–387
Growth plates, injuries to, 104
GTOs (Golgi tendon organs), 

129, 131
Gymnasts

angular velocity of, 371
elbow loading by, 207
importance of joint fl exibility 

in, 128
moment of inertia changes 

in, 454
spinal hyperextension by, 286

Gyration, radius, 452–453

H
Hallux (great toe), 255, 260
Hallux valgus, 260
Hammer throw, 461
Hamstrings

ACL injuries and, 247
muscles in, 161, 233–234, 243
strains of, 173, 238
stretching of, 128, 131, 

132–133, 149
Hand, 213–218

injuries of, 217–218
movements of, 38, 39, 

215–217
muscles of, 216
structure of joints in, 

213–215
thumbs, 214

Hay, J. G., 339
Height, intervertebral discs 

and, 281
Helmet design, 10
Hill, A. V., 164
Hinge joints, 119, 120, 215
Hip, 230–238

as ball-and-socket joint, 119
injuries of, 6, 8, 128, 237–238
loads on, 236–237
movements at, 38, 231–236, 286
muscles of, 162
osteoarthritis at, 135
range of motion of, 126
stability of, 124
structure of, 230–231

Horizontal (transverse) plane, 34, 
40, 41

Horizontal abduction, 40, 41, 
196–197, 235–236

Horizontal adduction, 40, 196, 
235–236

Hormones, 100
Hula movement, 458
Humeroradial joint, 202
Humeroulnar joint, 202
Humerus

fracture of, 102
as hinge joint, 120
movement of, 190, 195–196

Hyoid muscles, 287–288
Hyperadduction of the hand, 214
Hyperextension, 37, 212, 

240–241, 286
Hyperfl exion of the hand, 214
Hypertrophy, 96, 159, 169
Hypotenuse, 510

I
Ice hockey, hip injuries in, 238
Idiopathic scoliosis, 285
Iliacus muscle, 232–233
Iliocostalis muscle, 290, 291
Iliofemoral (Y) ligament, 230
Iliopsoas bursa, 231
Iliopsoas muscle, 232–233
Iliotibial band (ITB), 125, 241, 

244, 249
Iliotibial band friction 

syndrome, 249
Impact, 399–402
Impacted fractures, 103
Impact forces, bone density and, 

95, 96, 101
Impulse, 69, 395–399, 460
Impulse-momentum relationship, 

396–397, 460–461
Inertia

angular motion and, 464
defi ned, 62
inertia vectors, 431

moment of, 450–454
Newton’s law of, 384, 464

Inferior (anatomical direction), 33
Informal problems, 14
Infraspinatus muscle, 196
Initial velocity, 339
Injuries

acute vs. chronic, 74
aging and, 6
of the ankle and foot, 134, 

258–261
of the back and neck, 300–305
dislocations, 134, 168, 200, 

209, 217
of the elbow, 209–210
epiphyseal, 104
fatigued muscles and, 125
of the hip, 128
joint fl exibility and, 127–128
of the knee and lower leg, 

246–251
of muscles, 173–174
of the shoulder, 200–202
soft-tissue, 302
sprains, 134, 209, 217, 258
of tendons and ligaments, 

124–125
types of joint, 133–135
of the wrist and hand, 217–218
See also Fractures; Overuse 

injuries
Instantaneous quantities, 

329–330, 369–370
Instant center of rotation, 

358–360
“Intelligent Prostheses,” 7
Intercondylar eminence, 239
Intermetacarpal joint, 213–214
Intermetatarsal joint, 119, 

254–255
Internal oblique muscles, 

289, 290
Interphalangeal (IP) joint, 213, 

215, 255
Intervertebral discs, 122, 278, 

280–282
Intraabdominal pressure, 300
Intrafusal fi bers, 129–130
Intrinsic muscles, wrist, 217
Inversion, 38, 39, 257
IP (interphalangeal) joint, 213, 

215, 255
Irregular bones, 90, 92
Irritability, muscle, 149
Isokinetic resistance machines, 

168, 428–430
Isometric contractions, 160
Isometric maximum, 164–165, 167
Isometric tension, 160–161
ITB (iliotibial band), 125, 241, 

244, 249
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J
Joint capsule, knee, 241
Joint fl exibility, 125–133

See also Range of motion (ROM)
Joint moments, 422
Joints, 118–137

articular cartilage in, 90–91, 
104, 119, 121–122, 135

articular connective tissue in, 
123–124

articular fi brocartilage in, 122
common injuries of, 133–135
fascia in, 125
fl exibility of, 125–133. See also 

Range of motion (ROM)
freely movable, 119–120
immovable, 118
movement terminology, 37–41
neuromuscular response to 

stretch, 129–131
slightly movable, 118
stability of, 123–125

Joules (J), 403
Jumping

angular impulse and, 463
angular velocity in, 367–368
bone formation and, 100–101
center of gravity in, 434–435
fractures from, 102
ground reaction forces in, 387
impulse in, 397–398, 399
lift/drag ratio, 490, 491, 492
mechanical energy in, 407
muscle elasticity and, 149
muscular power and, 171
relative projection height and, 

336, 339
rigid vs. soft landings, 399
takeoff angles and, 339
takeoff speed and, 336, 339

K
Kinematics, 3, 320–321

See also Angular kinematics; 
Linear kinematics

Kinesiology, 3, 4
Kinetic energy (KE), 403–408

in conservation of mechanical 
energy, 405–406

defi ned, 403
principle of work and energy 

and, 406–408
Kinetic friction, 389–391
Kinetics, 3, 62–69

See also Angular kinetics; 
Linear kinetics

Klapskate, 7
Knee, 238–251

agonist-antagonist actions 
in, 161

articular cartilage at, 119

cerebral palsy and, 7
fl exion, 242–243
gender differences in, 247
iliotibial band, 125, 241, 

244, 249
injuries of, 11, 246–251
ligaments and tendons in, 

124–125, 240–241
loads on, 70–71, 244–246
menisci in, 122, 239–240, 

244–245
movements at, 128, 163, 

242–244
muscles of, 162
osteoarthritis in, 135
squat exercises and, 245, 423
structure of, 238–241

Knee braces, 11, 248–249
Knee-jerk test, 130
Kyphosis, 284

L
Laminar fl ow, 478
Lateral (anatomical direction), 33
Lateral collateral ligament, 240
Lateral fl exion, 38, 286–297, 298
Lateral rotation, 40, 195–196, 235
Latissimus dorsi muscle, 

194–196
Law of acceleration, 384–385
Law of cosines, 512
Law of gravitation, 387–388
Law of inertia, 384
Law of reaction, 257, 385–387
Law of sines, 511
Laws of constant acceleration, 

341–345
Laws of motion, 257, 384–388, 

464–465
“Lazy zone,” 95
Left rotation, 40
Leg; See Lower extremity
Length-tension relationship, 

160–161
Levator scapulae muscle, 191–192, 

292, 293
Lever arm, 418

See also Moment arm
Levers, 424–430

anatomical, 427–430
classes of, 424–426
defi ned, 88, 424
mechanical advantage in, 

426–427
Lift, 489–495

defi ned, 488
foil shape and, 489–490
lift/drag ratio, 490, 491, 492
Magnus effect, 490, 492–494
propulsive lift theory, 495

Lifting, 7, 298–300

Ligaments
of the ankle, 251–252
arrangement of, 127
of the elbow, 203
of the foot, 252
of the hip, 230–231
joint fl exibility and, 127
joint stability and, 124–125
of the knee, 240–241
of the neck, 282–283
response to stress, 123
of the spine, 282–283
sprains of, 302

Ligamentum fl avum, 283
Ligamentum nuchae, 283
Linear acceleration, 326–330, 

372–375
Linear displacement, 321–322
Linear kinematics, 320–348

acceleration, 326–330
average vs. instantaneous 

quantities, 329–330
defi ned, 320
distance and displacement, 

321–322
of projectile motion, 330–345
speed and velocity, 322–326
uses of, 320–321

Linear kinetics, 384–410
conservation of mechanical 

energy, 405–406
energy, 403–406
formulas in, 408
friction, 389–394
impact, 399–402
impulse, 395–399
momentum, 394–395
Newton’s laws of motion, 

384–388
power, 403
principle of work and energy, 

406–408
work, 402–403

Linear momentum, 394–395
Linear motion, 30, 32
Linear velocity, 322–326
Little Leaguer’s elbow, 209–210
Load deformation curves, 74
Loads

articular cartilage and, 121
bending, 72, 73
combined, 72
effects of, 72–74
on the elbow, 207–208
on the foot, 72, 257–258
fractures from, 102–103
on the hip, 236–237
on the knee, 70–71, 244–246
repetitive vs. acute, 74
on the shoulder, 197–200
on the spine, 71–72, 294–300
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Loads—Cont.
torsion, 72
types of forces in, 70–72

Long bones
defi ned, 90–91
epiphyseal injuries in, 104
fractures of, 102
structure of, 89, 94

Longitudinal axis, 34–35
Longitudinal growth, 92–93
Long jump, 339
Longus capitis muscle, 287–288
Longus colli muscle, 287–288
Loose-packed position, 124
Lordosis, 284
Low back pain, 300–302
Lower extremity

ankle, 251–261
foot, 253–261
hip, 230–238
knee, 238–251
transverse plane movement 

of, 34, 40, 41
See also specifi c individual 

joints
Lumbar curve, 283

M
Macrotrauma, 74
Magnetic resonance imaging 

(MRI), 282
Magnus effect, 490, 492–494
Magnus force, 492, 493–494
Males; See Men
Malleoli, 252
Mass

defi ned, 63
distribution of, 451
moment of inertia and, 451–452
weight compared with, 65

Mass centroid; See Center of 
gravity (CG)

Mathematics overview, 505–512
Maximum static friction, 389
McGill, S. M., 302
MCL (medial collateral 

ligament), 248
Mechanical advantage, 241, 

426–427
Mechanical energy, 405–406
Mechanical loads; See Loads
Mechanical stability, 439–441
Mechanical stress, 71–72, 95
Mechanical systems, 31
Mechanics, defi ned, 3
Medial (anatomical direction), 33
Medial collateral ligament 

(MCL), 239, 240, 248, 249, 250
Medial deltoid muscle, 426
Medial epicondyle, 210
Medial rotation, 40, 195–196, 235

Mediolateral axis, 34, 35
Medullary cavity, 91, 93
Men

anthropometric parameters for, 
514–515

osteoporosis in, 99
Menisci

articular fi brocartilage in, 122
defi ned, 239
force absorption by, 244–245
injuries to, 240, 249
load distribution and, 244–245
structure of, 239–240

Menopause, bone loss with, 94
Metacarpophalangeal (MP) joint

circumduction at, 40, 42
movements at, 119
structure of, 213, 214, 215

Metatarsals, stress fractures 
in, 259

Metatarsophalangeal joint, 255
Meters, 321
Metric system of measurement, 

17, 513
See also Units of measurement

Microtrauma, 74
Middle deltoid muscle, 162
Modeling, bone, 94–96
Moment arm

defi ned, 418
for elbow, 207, 418
of force, 168, 418–421
for muscles, 418, 419
muscular strength and, 168, 

169–170
shoulder loads and, 197–198
in swinging doors, 418

Moment of force, 418
See also Torque

Moment of inertia
defi ned, 450
determining, 452–453
human body, 453–-454
mass distribution and, 451–452

Momentum
angular, 454–463
impulse-momentum relationship, 

396–397, 460–461
linear, 394–395

Motion
anatomical reference planes 

and, 34, 36–41
angular, 30–31
basic forces in, 62–69
circumduction, 40
curvilinear, 30, 32
general, 31, 33
linear, 30, 32
Newton’s law of, 257, 384–388, 

464–465
qualitative analysis of, 42–50

rectilinear, 30, 32
spatial reference systems, 42
See also Kinetics

Motion segments, of the 
spine, 277

Motor end plates, 153
Motor units, 153–154, 160
MP joint; See Metacarpophalangeal 

(MP) joint
MRI (magnetic resonance 

imaging), 282
Multijoint muscles, 162–163
Muscle(s)

of the ankle and foot, 9, 256
behavioral properties of, 

148–149
of the elbow, 204–205
electromechanical delay in, 

166–167
endurance of, 171
fatigue, 171–172
fi ber arrangement, 156–159
fi ber type characteristics, 5, 

154–156
force-velocity relationship, 

164–165
of the hand and fi ngers, 216
of the hip, 231–232
injuries to, 173–174
joint fl exibility and, 127
joint stability and, 124–125
of the knee, 242
length changes with tension, 

160–161, 165
length-tension relationship, 

160–161
in levers, 427–430
ligament arrangement, 127
motor unit recruitment, 160
motor unit structure, 153–154
muscle fi bers, 150–159
power of, 170–171
roles of, 161–162
of the shoulder, 191–196
of the spine, 287–294
strength of, 167–170
stretch-shortening cycle, 

165–166
temperature of, 172–173
two-joint and multijoint, 

162–163
of the wrist, 212, 213

Muscle fatigue
causes of, 172
characteristics of, 171–172
fi ber type and, 154–155, 172
injuries and, 125

Muscle fi bers, 150–159
architecture of, 156–159
motor units, 153–154
size and number of, 151–152
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structure of, 150–152
types of, 154–156

Muscle fi ber type
activation speed and, 160
characteristics of, 154–156
electromechanical delay and, 

166–167
Muscle inhibition, 248
Muscle regeneration, 156
Muscle shortening, fi ber 

arrangement and, 157
Muscle spindles, 129–131

Golgi tendon organs compared 
to, 131

in stretch-shortening cycle, 166
structure of, 129, 130

Muscle strength, 167–170
Muscular endurance, 171
Muscular power, 170–171, 403

See also Power
Musculotendinous unit, 166
Muybridge, Eadweard, 50
Myoelectric activity, 75
Myofi brils, 150
Myogenic stem cells, 156
Myosin fi laments, 150, 172
Myositis ossifi cans, 173
Myotatic refl ex, 130

N
National Aeronautics and Space 

Administration (NASA), 5
Nautilus, 428
Negative numbers, 505
Net force, 64, 77
Neural arch, 277, 303, 304
Neutralizers, muscles as, 161–162
Newton, Isaac, 384, 387–388, 399
Newton-meters (N-m), 68
Newtons (N), 63
Newton’s laws of motion

angular analogues of, 464–465
law of acceleration, 384–385, 

464
law of gravitation, 387–388
law of inertia, 384, 464
law of reaction, 257, 385–387, 

464–465
Nonaxial joints, 120
Normal reaction force, 389, 392
Nucleus pulposus, 280
“Nursemaid’s elbow,” 209

O
Obesity

joint torques and, 423
lordosis and, 284
muscle fi ber types and, 156

Oblique fractures, 102
Obliquus capitis inferior muscle, 

290, 291

Obliquus capitis superior muscle, 
290, 291

Observations, visual, 45–47
Obturator externus muscle, 235
Obturator internus muscle, 235
Occupational biomechanics, 7
Oerter, Al, 9
Olecranon process, 207–208
Opposition of the hand, 214
Order of operations, in 

mathematics, 506–507
Osgood-Schlatter’s disease, 104
Osteoarthritis, 135, 240, 245
Osteoblasts, 93, 95
Osteochondrosis, 104
Osteoclasts, 93, 95
Osteocytes, 95
Osteopenia, 98
Osteophytes, 135
Osteoporosis, 98–101

adolescence and, 100
aging and, 5–6, 99
defi ned, 98
in female athlete triad, 99–100
hip fractures and, 237–238
preventing and treating, 

100–101
risk factors for, 101

Overstriding, 324, 386
Overuse injuries

of the elbow, 209–210
of the foot and ankle, 259
of the knee, 249, 251
of the shoulder, 200, 201, 202
in sports, 8, 10
of the wrist, 217–218

P
Pace, 326
Palmaris longus muscle, 211
Parabolic trajectories, 334
Parallel elastic component (PEC), 

148–149, 165
Parallel fi ber arrangement, 

156–159
Pars interarticularis, 303, 304
Pascals (Pa), 66
Passive insuffi ciency, 163
Passive stretching, 131
Patellar tendon, 104, 130
Patellofemoral joint

defi ned, 238
forces at, 245–246
functions of, 241
injuries at, 250–251
motion at, 244

Patellofemoral pain syndrome, 
250–251

PCL (posterior cruciate ligament), 
241, 248

Peak bone mass, 100

PEC (parallel elastic component), 
148–149, 165

Pectineus muscle, 232–233
Pectoralis major muscle, 162, 

195, 196
Pectoralis minor muscle, 191–192
Pelvic girdle, 231
Pendulum motion, 361
Pennate fi ber arrangement, 

156–159
Percentages, 507
Perfectly elastic impacts, 399
Perfectly plastic impacts, 399
Performer feedback, 48, 49
Perimysium, 151
Periosteum, 93
Peroneus brevis muscle, 253, 254
Peroneus longus muscle, 253, 254
Peroneus tertius muscle, 252–253
Pes cavus, 258
Pes planus, 258, 259
Physical activity

bone hypertrophy and, 96
bone remodeling and, 95
osteoporosis and, 100–101
See also Exercise

Pi, 362, 363
Piriformis muscle, 235
Pitching; See Baseball pitching; 

Softball pitching
Pivot joints, 120
Planes, reference, 34–36
Plantar arches, 255
Plantar fascia, 255
Plantar fascitis, 259, 261
Plantar fl exion, 37, 166, 252
Plantaris muscle, 253, 254
PNF (proprioceptive 

neuromuscular facilitation), 
132–133

Pole vaulting, 405, 435
Popliteus muscle, 242–243
Poppen, K. N., 199
Porosity, of bones, 88–89
Posterior (anatomical 

direction), 33
Posterior cruciate ligament (PCL), 

241, 248
Posterior longitudinal 

ligament, 282
Potential energy

in conservation of mechanical 
energy, 405

defi ned, 403
overview of, 403–405
in principle of work and energy, 

406–408
Pounds per square inch (psi), 66
Power, 170–171, 403
Prepatellar bursa, 241
Pressure, force and, 66, 67
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Pressure differentials, form drag 
from, 484

Pressure drag, 484–487
Pressure epiphyses, 104
Pressure platforms, 75–76
Prestress, 283
Prevertebral muscles, 287–288
Primary curves, 283
Principal axes, 453
Principal moment of inertia, 

453–454
Principle of conservation of 

angular momentum, 456–457
Principle of conservation of 

mechanical energy, 405–406
Principle of conservation of 

momentum, 395
Principle of work and energy, 

406–408
Problem-solving steps, 12–15
Profi le drag, 484–487
Projectile motion, 330–345

air resistance and, 332–333
constant acceleration equations, 

341–345
formulas related to, 345
gravity and, 331–332
horizontal and vertical compo-

nents of, 331, 339–341
lift and, 490
optimum projection conditions, 

337–339
projection angle, 334–335, 

337–338
projection speed, 335–336
relative projection height, 

336–339
variables in, 342

Projectiles, defi ned, 330–331
Projection angle, 334–335, 

337–338
Projection speed, 335–336
Pronation, 38

foot, 257, 259
forearm, 40, 41, 203, 205–206

Pronator quadratus muscle, 206
Pronator teres muscle, 161
Proprioceptive neuromuscular 

facilitation (PNF), 132–133
Propulsion, in fl uids, 494–496
Propulsive drag, 494
Propulsive drag theory, 494–495
Propulsive lift theory, 495
Prosthesis design, 7
Protractors, 356, 509
Proximal (anatomical 

direction), 33
Proximal joint, 205–206
Psoas major muscle, 232–233, 

293, 295
Pubic symphysis, 118

Pubofemoral ligament, 230
Pumping action, in intervertebral 

discs, 282
Pythagorean theorem, 510–512

Q
Q-angle, 251
Quadratus femoris muscle, 235
Quadratus lumborum muscle, 

293, 294
“Quadriceps avoidance,” 247
Quadriceps muscle, 243, 247–248
Qualitative analysis

auditory information in, 48
conducting, 47–50
diagram of process, 47
example of, 12
performer feedback in, 48, 50
planning for, 44–47
prerequisite knowledge for, 

43–44
quantitative analysis compared 

to, 12–13
solving problems with, 13–14
video and fi lm in, 47, 50–51, 356

Quantitative analysis
formal, 14–15, 16
qualitative analysis compared 

to, 12–13
tools used in, 50–51

R
Radial acceleration, 374–375
Radial deviation, 38, 39, 212
Radians, 362–363
Radiocarpal joint, 119, 210–211
Radioulnar joint, 203, 205–206
Radius of gyration, 452–453, 515
Radius of rotation, 370, 467
Range, of projectiles, 336, 337
Range of motion (ROM), 125–133

bilateral imbalance in, 127
defi ned, 125
factors infl uencing, 126–127
injuries and, 127–128
measuring, 126
neuromuscular response to 

stretch, 129–131
of the spine, 277–278, 286, 287
types of stretching, 131–133

Reaction, law of, 257, 385–387
Reaction board, 435–436
Reciprocal inhibition, 130
Rectilinear motion, 30, 32
Rectus abdominis muscle, 157, 289
Rectus capitis anterior muscle, 

287–288
Rectus capitis lateralis muscle, 

287–288
Rectus capitis posterior major 

muscle, 290, 291

Rectus capitis posterior minor 
muscle, 290, 291

Rectus femoris muscle, 7, 157, 
232–233, 243

Reference axes, 34–36
Reference planes, 34–36
Reference position, 32–33
Reference systems, 42
Relative angles, 356–357, 358
Relative motion, 476–478
Relative projection height, 

336–339
Relative velocity, 477–478
Remodeling, bone, 94–96
Repetitive loading, 74
Resistance training; 

See Strength training
Resolution of vectors, 77–78
Resultant vectors, 76–77
Retinacula, 211
Revolutions (units), 363
Rheumatoid arthritis, 134–135
Rhomboids, 161, 191–192
Right hand rule, 369
Right rotation, 40
Rolling friction, 394
ROM; See Range of motion
Rotary component of force, 68, 

168, 418
Rotary force, 68, 168, 418

See also Torque
Rotation

axis of, 30–31, 33, 36, 450–453, 
457–458

centripetal force in, 466
of the foot, 257
of the humerus, 195–196
instant center of, 358–360
of the knee, 243–244
radius of, 370, 467
of the spine, 286–297
See also Angular kinematics

Rotational injuries, shoulder, 
201–202

Rotator cuff
bursae and, 201
injuries to, 200–202
shoulder stability and, 189
structure of, 188–189

Rotator cuff impingement 
syndrome, 200–201

Rowing
skin friction drag on boat, 484
torque in, 420

Running
energy expenditures in, 4–5
foot injuries in, 10, 134, 259, 261
foot movement in, 257
ground reaction forces in, 

385–387
joint torques in, 422–423
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kinematic variability of, 
324, 326

knee injuries in, 249
knee load and, 245
linear displacement in, 321
mass distribution and, 451
muscle fi ber arrangement and, 

157, 159
muscle fi ber type and, 155
muscular power and, 171
stress fractures from, 103, 259
stretching and, 132
stretch-shortening cycle in, 166
temperature and, 173

S
Saddle joints, 119, 120, 214
Sagittal plane, 34, 36
Sagittal plane movements, 34, 

36, 37
Sarcolemma, 150
Sarcomeres, 150–151
Sarcoplasm, 150
Sarcoplasmic reticulum, 151, 

152, 172
Sartorius muscle, 157, 

232–233, 243
Satellite cells, 156
SC (sternoclavicular) joint, 186, 

187, 190
Scalar quantities, 76
Scaleni muscles, 292–293, 294
Scapula, 92, 190, 191–192
Scapulae, 161
Scapulohumeral rhythm, 190, 191
Scapulothoracic joint, 189, 191
Scheuermann’s disease, 284
Scoliosis, 284–285
“Screw-home” mechanism, 239
SEC (series elastic component), 

149, 165
Secondary spinal curves, 283
Second-class levers, 424–425
Second law of motion, 384–385, 464
Segmental method, center of 

gravity from, 436–438, 515
Segment lengths, 514
Segment weights, 514
Semimembranosus bursa, 241
Semimembranosus muscle, 

233–234, 235
Semispinalis muscle, 290, 292
Semitendinosus muscle, 

233–234, 235
Series elastic component (SEC), 

149, 165
Serratus anterior muscle, 

191–192
Sever’s disease, 104
Shear, 70–71, 199, 297–298, 300
Shin splints, 251

Shoe design, 11
Short bones, 90, 92
Shot put, 170–171, 339
Shoulder, 186–202

angles and velocities of, 366
as ball-and-socket joint, 119
injuries of, 200–202
loads at, 197–200
movements of, 37, 38, 39, 41, 

190–196
muscles of, 191–196
role of muscles, 162
rotator cuff, 188–189, 200–201
stability of, 124
structure of, 186–190

Sign conventions
in angular displacement, 

321–322
in projectile motion, 331
in torque, 421
in work, 402

Silvia, 494
Sine, 510–512
SITS muscles; See Rotator cuff
Sitting, lower back pain and, 301
Sit-up exercises, 302
SI units, 17

See also Units of measurement
Skate design, 7–10
Skaters

angular impulse and, 463
linear displacement of, 

321, 322
Skeletal muscle; See Muscle(s)
Skeleton, 90

See also Bones
Skiing

Achilles tendon rupture in, 259
ACL injuries in, 247
boots and bindings for, 10
lift/drag ratio in jumping, 490
loads on knees and, 70–71
tibia fractures in, 102

Skin friction drag, 483–484
Skull, 89, 118
Slipped discs (disc herniations), 

72, 298, 304–305
Slow-reversal-hold-relax 

technique, 132–133
Slow-twitch (ST) fi bers, 154–156, 

160, 167, 171, 172
Slow-twitch oxidative (SO) fi bers, 

155, 172
Slugs (units), 63
Smoking, back pain and, 301
Snowboarding, 10–11
SO (slow-twitch oxidative) fi bers, 

155, 172
Soccer

Magnus effect and, 493
spinal injuries in, 303

Softball pitching
angular velocities in, 364, 365, 

366, 367, 387
ground reaction forces in, 387
tangential and radial 

acceleration in, 373–375
See also Baseball pitching; 

Throwing
Soft-tissue injuries, of the 

back, 302
Soldiers, 127–128
Soleus, 130, 155, 252–253
Space fl ight

bone loss and, 5
spine height and, 281

Spatial reference systems, 42
Specifi c weight, 68, 478–479
Speed, 322–326

angular, 363–368
average, 323, 330, 369–370
defi ned, 322
instantaneous, 329–330, 

369–370
joint torques and, 423–424
projection, 335–336, 338–339
See also Velocity

Spinalis muscle, 290–291
Spine, 276–307

articular fi brocartilage in, 122
compressive stress in, 71–72
disc degeneration, 280, 282, 301
disc herniations, 72, 298, 

304–305
injuries of the back and neck, 

300–305
intervertebral discs, 278, 

280–282
lifting, 298–300
ligaments in, 282–283
loads on, 294–300
movements of, 38, 285–287
muscles of, 287–294
osteoporosis and, 5–6, 98–101
spinal curves, 283–285
structure of, 276–285

Spinning objects, Magnus force on, 
492–494

Spiral fractures, 102
Splenius capitis muscle, 290, 291
Splenius cervicis muscle, 290, 291
Spondylolisthesis, 303–304
Spondylolysis, 303–304
Sports

aerodynamic designs for, 9, 486
biomechanical analysis of, 7–11
bone hypertrophy and, 96
hip loads for, 236
joint fl exibility and, 128
muscle fi ber types and, 155
See also specifi c 

individual sports
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Sports medicine, 3, 4
Sports Medicine Division of the 

United States Olympic 
Committee (USOC), 10

Sprains
of the ankle, 134, 258
of the elbow, 209
overview, 134
of the wrist, 217

Spring constants, 405
Square roots, 506
Squat exercises, 245, 423
SSC (stretch-shortening cycle), 

165–166
ST (slow-twitch) fi bers, 154–156, 

160, 167, 171, 172
Stability, balance and, 439–441
Stabilizers, muscles as, 161
Static equilibrium, 430–431

See also Equilibrium
Static fl exibility, 125–126
Static friction, 389, 391
Statics, defi ned, 3
Static stretching, 131–132
Sternal pectoralis major muscle, 

194–196
Sternoclavicular (SC) joint, 186, 

187, 190
Sternocleidomastoid muscle, 

292, 293
Sternocostal joint, 118
Stiffness, bone, 88, 90
Strain energy (SE), 405
Strains

of the back, 302
bone remodeling and, 95
bone type and, 89
of the hip, 238
muscle, 173
of the wrist, 217

Streamlining effect, 485
Strength training

eccentric, 161, 165
improved innervation from, 169
machines for, 428–430
muscle fi bers and, 151, 152, 156
muscle length changes with 

tension in, 160–161, 
162, 165

muscular strength and, 169
See also Weight lifting

Stress, mechanical, 71–72
Stress fractures, 103, 259, 

303–304
Stress injuries, 74
Stress reactions, 103
Stretching

active vs. passive, 131
ballistic vs. static, 131–132
joint fl exibility and, 128
muscle elasticity and, 149

neuromuscular response to, 
129–131

prior to contraction, 165–166
proprioceptive neuromuscular 

facilitation, 132–133
Stretch refl ex, 130
Stretch-shortening cycle (SSC), 

165–166
Stride lengths, 324, 326
Stroke length (SL), 495–496
Stroke rate (SR), 495–496
Stroke technique, 495–496
Subacromial bursa, 190
Subclavius muscle, 191–192
Subcoracoid bursa, 190
Subpopliteal bursa, 241
Subscapularis bursa, 190
Subscapularis muscle, 195
Subscapular neuropathy, 202
Subtalar joint, 38, 253–254
Summation, 154
Superfi cial (anatomical 

direction), 33
Superfi cial infrapatellar bursa, 241
Superior (anatomical direction), 33
Supination

foot, 38, 257
forearm, 40, 41, 203, 205–207

Supinator muscle, 206–207
Suprapatellar bursa, 241
Supraspinatus muscle, 162, 

194, 195
Supraspinatus tendon, 201
Supraspinous ligament, 282–283
Surface drag, 483–484
Sutures, 118
Swimmers

body roll in, 496
bone density in, 96
buoyancy and, 480
distance and displacement, 322
drag on, 482–483, 487, 494
injuries in, 201, 249–250
joint fl exibility and, 128
muscle fi ber type and, 155
propulsion theories, 495
streamlining, 485
stroke technique in, 495–496

Swimmer’s back, 284
Swimmer’s shoulder, 201
Swinging doors, 418, 431
Symphyses, 118
Symphysis pubis, 122
Synarthroses, 118
Synchondroses, 118
Syndesmoses, 118, 206
Synovial fl uid, 119, 121, 394
Synovial joints, 119–120, 238
Système International d’Unites 

(SI), 17
See also Units of measurement

Systems, mechanical, 31
Systems of reference, 42

T
Tailor’s muscle, 233
Tangent, 372
Tangential acceleration, 372–375
Tarsometatarsal joint, 254–255
Temperature, 172–173
Tendinitis, 198, 217, 259
Tendons

infl ammation of, 198, 217, 259
joint fl exibility and, 127
joint stability and, 124–125
response to stress, 123
series elastic component in, 149

Tendon sheaths, 120
Tennis

angular momentum in, 463
angular velocity in, 366–367
coeffi cient of restitution in, 400
elbow injuries in, 209
levers in, 427
Magnus effect in, 492
qualitative analysis of, 44, 45

Tennis elbow, 209
Tensile strength, 88
Tension

cross-sectional area and, 169
defi ned, 70
length-tension relationship, 

160–161
motor units and, 153–154
muscle length changes with, 149
muscles length changes with, 

160–161
torque and, 159–160

Tensor fascia latae muscle, 
232–233, 235

Teres major muscle, 194–196
Teres minor muscle, 196
Testosterone, osteoporosis 

and, 101
Tetanus, 154
Theoretical square law, 482
Thermal energy, 402, 406
Third-class levers, 424–425, 426
Third law of motion, 257, 385–387, 

464–465
Throwing

angular impulse in, 461–462
angular velocities in, 365, 

366–367
foil shape and, 490
fractures from, 102
Magnus effect and, 492–493
muscular power and, 171
optimum projection conditions, 

337–339
shoulder injuries from, 202
shoulder muscles and, 191
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See also Baseball pitching; 
Softball pitching

Thumb, movements of, 214
Tibial collateral ligaments, 240
Tibialis anterior muscle, 252–253
Tibialis posterior muscle, 157, 

252, 254
Tibial plateaus, 70–71, 239, 244
Tibial tubercle, 104
Tibiofemoral joint, 238–239, 

244–245, 359, 360
Tibiofi bular joint, 118
Tibiotalar joint, 251
“Tip-to-tail” method, 76, 77, 246
Tires, friction and, 393
Tonic type, 154
Torque

anatomical levers and, 
427–430

bending moment, 102
defi ned, 68, 69, 418
in elbow loading, 207
in muscle function, 159–161
resultant joint, 421–424
at the shoulder, 197–198
sign conventions in, 421
strength and, 168–170

Torsion, 72, 73, 101
Tour jeté, 463
Trabeculae, 89, 93
Trabecular bone, 88–90, 93
Traction epiphyses, 104
Trajectories

defi ned, 333
optimum projection conditions, 

337–339
projection angle and, 334–335, 

337–338
projection speed and, 335–336
relative projection height and, 

336, 338
See also Projectile motion

Transducers, 75
Translation, 30, 68
Transverse fractures, 102
Transverse plane, 34, 40
Transverse plane movements, 34, 

40, 41
Transverse tubules, 151, 152
Trapezius muscle, 191–192
Triangles, trigonometric 

relationships in, 510–512
Triaxial joints, 120
Triceps brachii muscle, 160, 161, 

205, 206
Triceps surae complex, 166
Trigonometric functions, 510–512
Triple jump, 339
Trochoginglymus joint; See Elbow
Turbulent fl ow, 478, 484–486
Two-joint muscles, 162–163, 407

U
Ulnar deviation, 38, 39, 212
Ulnohumeral joint, 119
Uniaxial joints, 120
United States Olympic Committee 

(USOC), 10
Units of measurement, 15, 17

acceleration, 327–328
angular momentum, 455
angular motion, 464
conversion factors for, 513
density, 68
distance and displacement, 

321–322
energy, 403
force, 63
of kinematic measure, 369
for kinetic quantities, 69
mass, 63, 65
power, 403
pressure, 66
specifi c weight, 68, 478–479
speed and velocity, 324
systems of, 15, 17
torque, 68
weight, 64–65
work, 402

Universal, 428
Upper extremity

elbow, 202–210
hand, 213–218
rotational movements of, 40, 41
shoulder, 186–202
wrist, 210–213
See also specifi c individual 

joints
Upright standing, 236, 286, 

295, 297
U.S. Army, 127–128
USOC (Sports Medicine Division 

of the United States Olympic 
Committee), 10

V
Valgus condition, 260–261
Varus condition, 260–261
Vastus intermedius, 243
Vastus lateralis (VL) muscle, 172, 

243, 244, 250
Vastus medialis oblique (VMO) 

muscle, 243, 244, 250
Vectors

in angular motion, 369
composition of, 76–77
defi ned, 76
in displacement, 322, 323
in graphic solutions, 78
in inertia, 431
in projectile motion, 339–341
resolution of, 77–78
resultant, 76–77

in trigonometric solutions, 
78–79, 325

in velocity, 323–324
Velocity

acceleration and, 326–328
angular, 9, 364–368
average, 323, 330, 369–370
defi ned, 322
force-velocity relationship, 

164–165
initial, 339
instantaneous, 329–330, 

369–370
linear, 322–326
muscle temperature and, 172
muscular power and, 170–171
relative, 477–478
stride length and, 324
vector calculations of, 323–324

Vertebrae
bone structure, 92, 276–278
compressive stress in, 71–72
intervertebral discs, 122
joints, 118, 119
osteoporosis and, 6, 99
regions of, 276
See also Spine

Vertical axis, 34–35
Videotaping, 47, 50–51, 356
Viewing perspective, 45–47
Viscoelastic response, 149
Viscosity, 478–479
Viscous drag, 483–484
Vitamin D, 101
VMO (vastus medialis oblique) 

muscle, 250
Volleyball players

angular momentum in, 457, 459
projection speed and, 336
subscapular neuropathy in, 202

Volume, 66, 68
Vortex generation, 495

W
Walker, P. S., 199
Walking, 324, 451
Water, bone content, 88, 282
Waterskiing, 161
Watts (W), 403
Wave drag, 487
Weight

defi ned, 64–65
mass compared with, 65
specifi c, 68, 478–479
See also Body weight

Weight lifting
muscular power and, 171
stretch-shortening cycle 

and, 166
See also Strength training

Wheelchair propulsion, 321
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Whiplash injuries, 305
Wind tunnels, 7, 9
Wolff, Julius, 94
Wolff ’s law, 94–95
Women

ACL injuries in, 247
adult bone development in, 

93–94
anthropometric parameters for, 

514–515
bone density and, 96
female athlete triad, 99–100

joint fl exibility in, 127, 128
lordosis in, 284
motor skill expectations in, 48
osteoporosis in, 5–6, 99–101
rigid landings in vertical jumps 

by, 398, 399
whiplash injuries in, 305

Work, 402–403, 406–408
Wrestling, spinal injuries in, 303
Wrists, 210–213

carpal tunnel syndrome, 7, 
217–218

injuries of, 217–218
movements of, 163, 211–213
muscles of, 212, 213
osteoporosis and, 99
stability of, 124, 162
structure of, 210–211

Y
Yield point, 74
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