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“Locomotion is a particularly richly studied but hstrating aspect of biol- 
ogy,” according to Loeb [91]. This is especially true when one attempts 
to understand how the numerous subdivisions of the neuromuscular and 
musculoskeletal systems interact to produce locomotion. At lower levels of 
organization, the structure and function of the system components become 
progressively more complex, making it difficult to discern general princi- 
ples. One way of approaching the study of locomotion is to sequentially 
progress from a level of whole body dynamics toward a level. of muscle- 
tendon dynamics. We believe this approach can be particularly useful in 
that information from the higher levels of organization can guide the quest 
to understand fundamental mechanisms of locomotion at increasingly com- 
plex lower levels of organization. Thus, we will first examine the pattern 
of center of mass movementS during locomotion in humans and other 
legged animals. Next, we will consider how joint mechanics during locomo- 
tion are affected by both center of mass dynamics and leg posture. After 
concentrating on the joint level, we will move to the level of muscle-tendon 
mechanics by examining the techniques that have been used to investigate 
muscle-tendon function during locomotion and the conclusions that have 
been reached to date. 

Throughout this review, the locomotion of humans will be compared to 
the locomotion of other animals. A wealth of information shows that human 
locomotion is not unique. Indeed, at the level of the center of mass, the 
dynamics of walking and running are similar in all legged animals that have 
been studied. The similarities in the dynamics of locomotion among diverse 
animals, including humans, suggest that there may also be similarities in 
the mechanisms by which locomotion is produced at o,ther levels of organi- 
zation within the neuromuscular system. Thus, by comparing diverse spe- 
cies, we can uncover common rules governing locomotion, and we can 
assess the applicability of data from animal models to biomedical issues in 
humans. 
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CENTER OF MASS MECHANICS 
Our discussion of center of mass mechanics will be divided into four  parr^. 
First, we will discuss the pattern of ground reaction force that occurs during 
locomotion. Ground reaction force is the force exerted by the ground on 
the feet It reflects the acceleration of the body’s center of mass during 
locomotion. Second, the movements and mechanical energy fluctuations 
of the center of mas that occur as a result of ground reaction force will 
be discussed. Third, we will discuss the transition from a walking gait to a 
running gait, an event that is marked by a sudden and distinct change in 
the pattern of movement of the center of mass. By understanding the rea- 
sons for the transition from one gait to another, we can gain insight into 
the key factors that shape locomotion. Fourth, we will describe behavioral 
models for locomotion that give insight into how the musculoskeletal system 
produces the distinctly different ground reaction force and center of mass 
movements in walking as compared to running. 

Cmund Reaction Force 
The distinct difference between walking and running gaits is apparent in 
the ground reaction force patterns for the two gaits (Figures 10.1 and 10.2) 
[26, 27, 29,34,35].  In human walking, there is always at least one foot in 
contact with the ground, and there are short phases of “double support“ 
when both feet are in contact with the ground (Figure 10.1). In contrast, 
running is a series of bouncing impacts with the ground that are usually 
alternatedwith aerial phases when neither foot is in contactwith the ground 
(Figure 10.2). This difierence leads to a substantidy higher magnitude 
vertical component of the ground reaction force for running as compared 
to walking. The pattern of the horizontal component of the ground reaction 
force is similar, however, for both walking and running (Figures 10.1 and 
10.2). In the first half of the stance phase, the horizontal ground reaction 
force is negative, indicating that it is pushing backwards on the person. In 
the second half of the stance phase, the horizontal ground reaction force 
is positive, pushing forward on the person. The ground reaction force pat- 
tern for walking and running gaits is similar in humans and in a wide variety 
of other animals with a mnge of body shapes, body masses, and numbers 
of legs [ 14, 22, 40,50, 641. 

Mechanid Energy Rudua&ms of& Gntcr of Mass 
The difference in the ground reaction force pattern between &king and 
running translates into dramatically different patterns of mechanical energy 
fluctuations for the center of mass during the two gaits [2528] .  During 
walking, the body vaults over a relatively stiff stance limb and the center of 
mass reaches its highest point at the middle of the stance phase. As a result, 
the gravitational potential energy of the center of mass is maximized at the 
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FIGURE 10.1. 
Reprcsozm*vc ground naction force as a funaim of time for walking (1.25 m/s) 
in a human. The dashed line r@mcnts the stance phase of the right foot, a d  the 
solid line npracnts the stanu phase of ihc Ley7 fmt. (A) vertical component. (B) 
hotiumbl component. In both parts, the grvund nadioll fia is txpnsJcd us a 
multiple of body we&. 
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FIGURE 10.2. 
Reprcrentafive pnd readion fmce as a function of t i m e  for running (3.8 m/s) in 
a human. The dashed line n$waents the slancephase of the'right foot, and the Solid 
line reesentr the stance phase of the lej foot. (A) vertical component. (B) horirontal 
component. In both parts, theground reaction force is expressed as a multiple of&y 
weight. 
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F’XCURE 10.3. 
An i n d d  pendulum model and a stick figure represmlation of a sin& stance 
phase of human wking. l7u model umsists of a mass and a ngid strut that connects 
the point of f o o t - p n d  conlad and the center of mass of the human. This figLn 
&pi& the stick j i g w e  and the modd at the beginning of the stance p h e  (&-most 
position), the mi& of thc stancephase (centerposition), and the md of the stance 
phase (right-mart position). 

middle of the stance phase (Figure 10.3 and 10.5). In contrast, the stance 
limb is compliant in running so that the joints undergo substantial flexion 
during the f i r s t  half of stance and extension during the second half of 
stance. This compliance causes the vertical displacement and gravitational 
potential energy of the center of mass to reach their minimum values at 
mid-stance in running (Figures 10.4 and 10.6). The pattern of movement 
of the center of mass has been proposed as the defining difference between 
a walking gait and a running gait [ lol l .  

Unlike the gravitational potential energy fluctuations, the pattern of ki- 
netic energy fluctuations is similar for walking and running. In both gaits, 
the kinetic energy of the center of mass reaches its minimum value at mid- 
stance (Figures 10.5 and 10.6) since the horizontal ground reaction force 
tends to decelerate the body during the first half of the stance phase (Fig- 
ures 10.1 and 10.2). During the second half of stance, the kinetic energy of 
the center of mass increases due to the accelerating effect of the horizontal 



FIGURE 10.4. 
A spring-mass model and a stick &re r@esentation of a single  stance plruse o j  
human runfling. The model consists of a Linear spn’ng rgrescnfing the kg and a 
point mass equivalent to body mass. Thisfigure a!epi& t h e  model ut f h c  brining 
of t / u  stance phase (lefi-mst position), at the middle of the stanu phase (leg *ng 

oriented uertically), and ut the end of f h e  stance phase (right-most position). 

ground reaction force. Although the pattern of kinetic energy fluctuations 
is similar, the magnitude is much larger for running than for walking (Fig- 
ures 10.5 and 10.6). 

The kinetic energy and gravitational potential energy of the center of 
mass are approximately 180’ out of phase in walking. At mid-stance in 
walking, the gravitational potential energy is at its maximum and the kinetic 
energy is at its minimum (Figure 10.5) :Because these energies are approxi- 
mately a halfq.de out of phase with each other and their fluctuations are 
similar in magnitude, substantial pendulum-like exchange occurs between 
them [25, 261. During the first half of the stance phase of walklng, the 
center of mass loses kinetic energy but gains gravitational potential energy. 
In this phase, kinetic energy can be converted to gravitational potential 
energy. During the second half of the stance phase, the center of ~ilass loses 
gravitational potential energy but gains kinetic energy. Thus, during this 
phase, gravitational potential energy can be converted to bnetic energy. A 
similar energy transfer mechanism occurs as a pendulum swings or as an 
egg rolls across the ground. As a result, the energy transfer mechanism 
used in walking is often referred to as the “inverted pendulum mechanism” 
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FIGURE 10.5. 
During madcralc speed waNng (1.25 m/s), the kinetic mrngy fructuations of t?u 
center of mqss arc approximately 186 out ofphase with the gravitational potnh'al 
mangy jluctuations, aUowing substantial pmdulum3ikc cnngy achangz T k  thick 
horizontal line at t k  bottom of the p u p  repreUnts the phases when both fmt arc in 
contact with the ground ("double s u ~ o t t "  phaes), and the thin lrorizontal line 
represents the phases w h m  on4 a sin& foot is in contact with the ground ("single 
suppOdp phases). 
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or the "rolling egg mechanism." The pattern of mechanical energy fluctua- 
tions is similar in other walking animals as it is in humans [ 14, 22, 40.50, 
64, 1071. As a result, many other animals, including mammals, birds, r e p  
tiles, and arthropods, also conserve substantial mechanical energy by the 
inverted pendulum mechanism during walking. 
In human walking, as much as 60-70% of the mechanical energy re 

quired to lift and accelerate the center of mass is conserved by this energy 
transfer mechanism [28]. Mechanical energysavings are maximized at mod- 
erate walking speeds, and fall toward zero at very low and very high,walking 
speeds [28]. At the walking speed where energy conservation is maximized, 
the magnitudes of the fluctuations in kinetic energyand gravitational poten- 
tial energy are similar. Nevertheless, the maximum energy recovery by the 
inverted pendulum mechanism is approximately 70%, substantially less 
than the theorerical maximum of 100%.At the speed where energy transfer 
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FIGURE 10.6. 
During running (3.8 m/J), the kinetic energy jluctuations of the center of mass are 
appvxitnately in phase with the gravitational potential energy fluctuationr. a 
stance phases fw each limb am noted at the h t b m  of the graph. 
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is maximized, the metabolic energy cost per unit distance (i.e., the cost of 
transport) is lower than at any other walking speed [23]. It has been sug- 
gested that metabolic energy cost is minimized because the muscles have 
to do the least mechanical work at the speed where energy transfer is opti- 
mal [23]. 

The speed at which energy transfer is maximized during walking depends 
on body size. The optimum speed for energy transfer is lower for a small 
child than for an adult [21]. While a two-year-ld child's optimum speed 
is about 0.6 m/s, an adult's optimum speed is about 1.6 m/s. A similar 
difference in optimum speed occurs among animal species due to their 
different body sizes. For example, a small lizard maximizes energy recovery 
at a much lower absolute speed than a sheep [22, 401. In spite of this 
difference in optimum walking speed, energy transfer by theinverted pen- 
dulum mechanism reduces the mechanical work required for lifting and 
accelerating the center of mass by a similar fraction in animals of all body 
sizes. A 0.005 kg lizard or a 70 kg sheep reduce the mechanical work re- 
quired to lift and accelerate the center of mass by about 50% through the 
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inverted pendulum mechanism of energy exchange [22,40]. Similarly, the 
mechanical work required to lift and accelerate the center of mass is re- 
duced by about 60-7096 for a tweyear-old child or an adult human [21]. 
Thus, body size has a profound effect on the optimum walking speed but has 
little effect on energy conservation by the inverted pendulum mechanism. 

In running, there cannot be substantial pendulum-like exchange be- 
tween kinetic energy and gravitational potential energy since their fluctua- 
tions are nearly in phase with each other (Figure 10.6) 1271. Both kinetic 
energy and gravitational potential energy reach their minimum values at 
approximately the middle of the ground contact phase. As a result, the 
exchange of kinetic energy and gravitational potential energy conserves 
less than 5% of the mechanical work required to lift and accelerate the 
center of mass during running. Substantial mechanical energy, however, is 
conserved through the storage and return of energy in elastic tissues (to 
be discussed). Because the movements of the center of mass during running 
are similar to a bouncing ball [27], running is often refei-red to as a “bounc- 
ing gait-’* Asimilar pattern of mechanical energy fluctuations occurs during 
fast gaitsused by other animals [ 14,22,40,51,52,64]. For example, trotting 
dogs, hopping kangaroos, running quail, and trotting cockroaches all have 
a similar pattern of mechanical energy fluctuations as running humans. 
Although the pattern of limb movements and gaits varies among these 
animals, all show the characteristic pattern of kinetic energy and gravita- 
tional potential energy being nearly exactly in phase with each other. All 
of these g a i t s  are referred to as bouncing gaits. 

Gail Transitions 

It is clear that walking and running are distinctly different in terms of 
their patterns of ground reaction force and patterns of mechanical energy 
fluctuations Indeed, simply watching a person gradually increase her for- 
ward speed and break from a walk to a run makes it obvious that there are 
distinct differences between walking and running. What determines the 
speed range where each of these distinctly different gaits is used? It is likely 
that by understanding the triggers for the gait transition, we will reach a 
better understanding of how the neuromuscular system and the physical 
characteristics of the body shape locomotion. 

The transition from walking to running is not a smooth and continuous 
event. Rather, there is a distinct transition from one gait to the other that 
can be observed in both the kinematic and kinetic patterns [75, 7’7, 1391. 
For example, the transition from walking to running involves sudden 
changes in ground contact time, duty factor, ground reaction force, and 
movements of the center of mass. It is not yet clear exacrly what triggers 
the transition from walking to running or vice-versa in humans or other 
animals [9, 33, 75-78, 86, 102. 1031. 
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It was long believed that humans and other animals choose their gait 
transition speed based on minimization nf the metabolic energy cost of 
locomotion [731. In humans, the most economical gait at low speeds is a 
walk. As walking speed is increased, a speed is eventually reached where 
running requires less metabolic energy than walking [95, 961. A similar 
pattern exists for quadrupedal animals [73]. Walking is most economical 
at low speeds, trotting is most economical at moderate speeds, and galloping 
is most economical at the highest speeds. However, the speed where an . . 

animal prefers to switch gaits is not the speed that would minimize meb- 
bolic energy cost. Horses switch from a trot to a gallop at a speed substan- 
tially below the optimal speed for minimizing metabolic energy cost. Thus, 
galloping actuallyrequires more metabolic energy than trotting at the speed 
where a horse chooses to switch from a .trot to a gallop (411. Similarly, 
humans switch from a walk to a run at a speed that is not energetically 
optimal [76,1031. These findings suggest that another factor, perhaps bio- 
mechanical, actually triggers gait transitions. 

Based on the inverted pendulum mechanics of walking, it is reasonable 
to think that gravity is an important factor in determining the speed where 
the walk-run transition occurs. In walking, the gravitational force on the 
center of mms must be at least equal to the centripetal force needed to 
keep the center of mass moving in a circular arc as it vaults over the stance 
limb (Figure 3). The required centripetal force is equal to m$/L, where 
m = body mass, v = forward velocity, and L = leg length. The ratio between 
the centripetal force and the gravitational force (rn?/L)/(mg) is the 
Froude number ($/gL). Based on the mechanics of an inverted pendulum 
system, it has been predicted that humans and other animafs should be 
able to use a walking gait only at speeds where the Froude number is less 
than or equal to 1 [l. 21. This is so because the gravitational force is SUE- 
cient to keep the center of mass moving in a circular arc when the Froude 
number is less than or equal to 1. Experimental evidence has shown that 
humans and other bipeds (e.g., birds) with a large range of leg lengths 
prefer to switch from a walk to, a run at a similar Froude number but at 
different absolute speeds [l, 4, 53, 78, 1391. Furthermore, when humans 
walk at different levels of simulated reduced gravity, they switch from a walk 
to a run at a similar Froude number (approximately 0.5) but at very differ- 
ent absolute speeds @SI. These obsenations suggest that the ratio of centri- 
petal force to gravitational force is important in determining the gait transi- 
tion speed. Nonetheless, i t  is puzzling that the gait transition occurs at a 
substantially lower Froude number than the-theoretically predicted Froude 
number of 1. 

Most gait transition studies to date have examined gait choice when hu- 
mans or other animals move steadily at speeds near the transition speed. 
However, neither humans nor other animals naturally choose to move in 
this way in their every day lives. Generally, humans and other animals prefer 
to use speeds near the middle of each gait and rarely will choose other 
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speeds for an extended period of time 1'73,1181. Thus, they tend to make 
rapid transitions from one gait to another, which occur in concert with 
abrupt changes in speed [ 1033. In the extreme case of accelerating from 
a standstill, humans and other animals seem to immediately choose the 
appropriate gait for the speed to which they are accelerating. For example, 
a human sprinter runs, not walks, out of the blocks [24]. Similarly, a dog 
immediately gallops at the beginning of a sprint regardless of its starting 
speed. These observations suggest that in the future it will be important to 
examine gait choices in more natural locomotor patterns. including acceler- 
ation and deceleration. 

Behavioral M&& for Walking and Running 
One way to gain insight into the behavior of the overall musculoskeletal 
system during locomotion is to employ simple mechanical models of walk- 
ing and running. These behavioral models simulate the movements of the 
center of mass during locomotion by modeling the output of the integrated 
musculoskeletal system using mechanical elements. These models can pro- 
vide a guide for studies of lower levels of organization within the musculo- 
skeletal and neuromuscular systems. They are particularly valuable in delim- 
iting the potential strategies that the neuromuscular system could use to 
produce walking and running. 

WALKING BEHAVIORAL MODELS. The simplest behavioral model for walk- 
ing is an inverted pendulum. This model consists of a rigid s t r u t  that repre- 
sents the leg and a point mass equal to body mass (Figure 10.3) [ 1 1. In this 
model, the mass vaults over a rigid leg during the stance phase, and the 
center of mass reaches its highest point at mid-stance. In the inverted pen- 
dulum model, like in a standard pendulum, the gravitational potential en- 
ergy of the mass is exactly 180' out of phase with the kinetic energy. As a 
result, at mid-stance, the gravitational potential energy is maximized and 
the kinetic energy is minimized. This pattern of mechanical energy fluctua- 
tions is qualitatively similar to the pattern observed during walking in hu- 
mans (Figure 10.5) and other animals. In bipedal animals, including hu- 
mans, it is easy to visualize that the rigid strut in the inverted pendulum 
model corresponds to the stance limb. For animals with four or more legs 
(e.g., a dog or a ghost crab), all of the legs in contact with the ground 
cooperate to produce movements of the center of mass similar to those of 
a mass vaulting over a single rigid limb. 

In an idedued inverted pendulum model, 100% recovery of mechanical 
energy occurs due to the exchange between gravitational potential energy 
and kinetic energy. As previously discussed, a walking human has a maxi- 
mum recovery of mechanical energy of about 60-70% [28]. Clearly, part 
of the reason why human walkers do not achieve 100% recovery is that 
Lheir legs do not behave exactly like rigid struts. The functional leg length 
(i.e., distance from point of footground contact to the center of mass) 



L 

. 

264 1 Far@, Finis 

changes to somc cxtent during the stance phase [134]. This is different 
from the behavior of the rigid strut that represents the leg in the idealized 
inverted pendulum modcl. In fact, sensitivity analyses on mtxhanicd 
models suggest that leg compression is an important parameter in deter- 
mining the pattern of ground reaction force and center of m a s  movementg 
during walking [ 109-1 111. Although an inverted pendulum model with a 
rigid leg does a good job of predicting the mechanical energy fluctuation$ 
of the center of mass, it does not accuntely predict the ground reaction 
force pattern [ 1091. Adding compliance to the leg model greatly improves 
the prediction of the ground reaction force pattern [5,109-111,134,144], 

Leggeomenyat the beginning of the stance phase also plays an important 
role in determining the pattern of ground reaction force and the pendu- 
lum-like exchange of mechanical energies during walking. When humans 
are asked to walk while using exaggerated leg joint flexion during stance, 
the peak ground reaction force decreases [l36] and the pendulum-like 
exchange of center of mass energy decreases [ 8 8 ] .  Chimpanzees, animals 
that naturally walk with flexed limbs, have similar patterns of ground reac- 
tion force and energy exchange as humans walking with exaggerated limb 
flexion 1881. The role of leg geometry in determining the dynamics of 
walking is h t h e r  emphasized by the observation that the peak ground 
reaction force and loading rate increase when humans walk with stiffer and 
saaighter limbs than usual 1311. These studies suggest that one role of 
normal joint flexion during the stance phase is to reduce the ground reac- 
tion force and the vertical movements of the center of mass. Pelvic tilt and 
pelvic rotation also sene to reduce the vertical movements of the center 
of mass during walking [79,132]. 

In spite of these deviations from the simple inverted pendulum model 
for walking, anthropomorphic passive walking machines with rigid stance 
legs demonstrate walking mechanics very similar to that of humans 198, 
991. These machines take advantage of pendulum-like energy exchange by 
the center of mass of the body and also by the swinging leg. The idea of 
having the swing limb move passively via pendulum-like energy exchange 
is based on mathematical models and observations of humans walking at 
moderate speeds [53,97-99, 104, 1051. Electromyographic measurements 
show that nearly no muscle activity is present in the swing limb at some 
walking speeds [8]. It is thought that the limb swings forward passively after 
the muscles start the limb into motion during the period of double support. 
Because of the energy exchanged by the swing limb and the center of mass, 
anthropomorphic passive walking machines only need the added energy 
input of moving down a slight hill to counteract the small energy losses 
that occur with each stride. It is interesting to note that although passive 
walking machines do not have any control systems, they are capable of 
walking in a stable and predictable pattern [98. 991. Their dynamics arc 
determined by the physical structure of the walker, demonstrating that 
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inherent mechanical properties of the body can greatly simplify the control 
of locomotion. 

RUNNING BEHAVIORAL MODELS. Because the movements of the center of 
mass during running are similar to those of a bouncing ball, it is not surpris- 
ing that running models rely upon springs. Running is often modeled as 
a simple spring-mass model that consists of a single linear “leg spring” and 
a point mass that is equivalent to body mass (Figure 4) [3, IS, 1001. The 
leg spring stiffness represents the overall stiffness of the integrated muscub 
skeletal system. In bouncing gaits the leg spring compresses during the 
first half of the ground contact phase and lengthens during the second 
half of the ground contact phase. These changes in leg length result from 
flexion and extension of leg joints. In spite of its apparent simplicity, this 
spring-mass model describes and predicts the dynamics of running gaits in 
humans and numerous other species remarkably well [15, 37-39, 42. 43, 
631. 

Leg stiffness plays an important role in determining the dynamics of the 
interaction between the stance leg and the ground. Many aspects of running 
depend on a runner’s leg stiffness, including the time of foot-ground con- 
tact, the vertical excursion of the body’s center of mass during the ground 
contact phase, and the ground reaction force [39, 1001. ‘Leg stiffness is 
defined as the ratio of the ground reaction force to the compression of the 
leg spring (AL) at the instant at midstance when the leg is maximally 
compressed (Figure 4). In a running human, the leg stiffness represents 
the average stiffness of the stance limb. In animals with more than one 
limb simultaneously in contact with the ground, the leg stiffness in the 
spring-mass model represents the average combined stiffness of all of the 
limbs in contact with the ground [ 15,381. 

Leg stif€ness remains the same at all forward speeds in running humans 
(Figure 10.7) [63]. They are able to run at higher speeds, and with shorter 
ground contact times, by increasing the angle swept by the leg during the 
stance phase (Figure 10.8). A variety of hopping, trotting, and running 
animals keep leg stiffness the same at all speeds (Figure 7) and alter the 
angle swept by the leg to adjust for different speeds [38]. Although the 
stiffness of the leg remains the same at all speeds of running, humans are 
capable of altering their leg stiffness during bouncing gaits. Humans 
change their leg stiffness in order to alter stride frequency during hopping 
in place or fonvard running 137. 391. In addition, recent findings show 
that humans adjust the stiffness of their legs to offset changes fn surface 
stiffness [42,43]. If leg stiffness were not adjusted to accommodate surface 
stiffness, then many aspects of the dynamics of running would vary depend- 
ing on surface stiffness. By adjusting leg stiffness, humans are able to have 
the same the peak ground reaction force, ground contact time, and vertical 
displacement of the center of mass regardless of surface stiffness [42,43]. 



FIGURE 10.7. 
Leg sti#i.ness versu~ speed fw mnning humans and fsotting dogs. For thc dogs, thr 
kg Stzjh?s.f repesals rhe total stiffness of the two limbs on the ground during each 
ground confact phase. 

16- - n 

Human running 
$ 
G .- 
; 4--  
cl 

0 1 2 3 4 5 6 7  I I 

Dogtrotting 

3 8 - -  0 

Y 

0- I I 
I I 

I 
I 

I 
I 

I 
I 

I 

Velocity (m s-1) 

FIGURE 10.8. 
The spn*ng--mass model reprsenting low speed running and high speed running. . 
The leg stif~~uss and leg compreJsion are the same in both model. The only d1iJirm.c 
is that f h e  a@ swept by the leg spring (0) is greater in the model r+enting hi& 
speed running. Because of the greater angle Swept by the leg at thc h i g h  s p 4  the 
vdical  disptumml of the mass during the ground conlad phase is smaller at the 
higher speed. 
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Just as human legs behave like springs during running, the fastest robots 
also have spring-based legs [ 126-1291. We can gain insight into the control 
SvategieS that are possible in animal bouncing gaits by exploring the range 
of workable strategies in these robots. These robots use either compressed 
air or metal springs in their legs to store and return elastic energy with 
each step as they run, hop, or uot. There are many similarities between 
bouncing gaits in these robots and in animals. Both these robots and ani- 
mals run at different speeds by altering the angle swept by their legs while 
keeping their leg stiffness the same [38,6S, 1291. In addition, altering the 
robot’s leg stiffness leads to changes in stride frequency at the same speed 
[129], as is obsexved in humans [37, 591. The control of these robots is 
greatly simplified by relying on the passive dynamics of spring-mass system 
of the robot’s body. The robot’s movements are largely determined by 
physical parameters including the stiffness of the leg spring, the angle at 
which the leg spring is set down, and the mass of the robot [126]. The 
control algorithms work in concert with the physical properties of the ro- 
bot’s body  to produce stable locomotion. It seems logical to suggest that 
animals rely on the spring-mass dynamics of their bodies in a similar man- 
ner, thus simplifying the neural control of locomotion. 

JOINT MOMENTS, WORK AND POWER 
So far, we have discussed the mechanics of locomotion at the whole body 
level, including the ground reaction force, mechanical energy of the center 
of mass, and the behavior of the overall leg. During locomotion, muscles 
generate moments and perform mechanical work at the joints, producing 
the ground reaction force and the movements of the body. The next section 
will concentrate on the current understanding ofjoint dynamics during 
walking and running. The focus of this section will be the moments and 
mechanical work produced by muscles at each joint. Understanding loco- 
motion at the level of muscle action at each joint provides a bridge for 
understanding the link between the movements of the center of mass and 
the actions of individual muscle-tendon units. Little published information 
is available about muscle moments and mechanical work at each joint dur- 
ing locomotion in diverse animal species [44,94. 1361. Thus, it is diffkult 
to assess the similarities and differences between humans and other animals 
at this level of organization. 

Net Muscle M m t s  
The muscles of the body operate by exerting moments about joints. To 
begin to understand how the neuromuscular system produces walking and 
running, researchers often examine the “net muscle moment” or “general- 
ized muscle moment” about a joint [149. 1631. A net muscle moment 
includes h e  moments produced by all of the muscles, tendons, ligaments, 
and contact forces at the joint. The moment produced by muscle-tendon 
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forces is thought to be much higher than the moment produced by the 
ligaments or other joint forces over the range of joint angles that occur 
during locomotion [ 149, 1541. As a result, the net muscle moment gives a 
reasonable approximation of the net moment produced by all the muscles 
at a joint [ 12,461. An inverse dynamics approach can be used to determine 
the net muscle moments during locomotion. This involves using force plat- 
form, kinematic. and anthropomorphic measurements in concert with a 
rigid linked segment model. The Newtonian equations of angular and trans 
lational motion are applied to each segment starting distally and moving 
proximally [34, 149, 1631. 

This type of approach has revealed that the net muscle moment during 
the ground contact phase of walking is the largest at the ankle and is sub- 
stantially lower at the knee and hip 118, 19.32,34,’115, 135, 143, 146, 148, 
1621. At the ankle, the net muscle moment tends to extend (equivalent to 
“plantarflex”) the joint throughout the ground contact phase. Electromyo- 
graphic (EMG) measurements have rewaled that both extensor muscles 
(e.g., gastrocnemius) and flexor muscles (e.g., tibialis anterior) are active 
during the ground contact phase, occasionally simultaneously [32]. The 
observation that the net muscle moment tends to extend the ankle shows 
that the ankle extensor muscles are creating a larger moment than the 
ankle flexor muscles. The net muscle moment about the ankle is very small 
during the swing phase. 

The net muscle moments at the knee and hip during the ground contact 
phase of walking are much smaller and more variable than at the ankle 
[l8, 19,34, 115, 116,135, 143, 146, 148, 1621. The ground reaction force 
vector is closely aligned with the knee and hip. As a result, small net muscle 
moments at the knee and hip are required in order to exert a given force . 
on the ground [ 135,1431. The exact pattern of net muscle moment at the 
knee and hip varies between subjects and is matched by variation in the 
EMG patterns of the major limb muscles [ 1151. This observation has led 
to the proposal that different individuals use different motor strategies for 
walking [116,117]. It has been suggested that these individual patterns are 
consistent with a strategy that minimizes the total muscle effort for each 
individual [ 1 171. 

Walking kinematics are far less variable than the net muscle moments 
or the muscle activation patterns at the knee and hip [ 148,1511. A compari- ’ 

son of strides that have dramatically different net muscle moment patterns 
at the knee and hip shows that the limb kinematics 5re remarkably similar. 
This obsemtion led Winter [146] to propose the idea of a’“support mcl 
ment” equal to the sum of the net muscle moments at the ankle, knee, 
and hip. Data on walking humans show that the support moment is substan- 
tially less variable than the net muscle moment at each individual joint. 
Thus, it seems that changes in muscle activation and net muscle moment 
at one joint are offset by changes at anotherjoint. This conclusion is further 
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supported by the observation that humans with various injuries can still 
walk in a kinematically normal manner by changing the pattern of muscle 
activation [150]. 
As one would expect, the peak magnitude of the net muscle moment at 

each joint is higher during running than during walking [32.92,93, 1471. 
The leg is compliant during running, and the major leg joints undergo 
substantial flexion and extension during the ground contact phase. In con- 
trast, duringwalking, the limb behaves more like a stiff strut, and the joints 
undergo smaller angular displacements, remaining relatively extended 
throughout the ground contact phase. As a result of the postural dserence, 
the muscles must generate larger joint moments in order to exert a given 
force on the ground during running than during walking. The net muscle 
moment tends to extend the joint at the ankle, knee, and hip during run- 
ning (Figure 10.9) [32,92,93,147]. The peak net muscle moment is larger 
at the knee than at the other joints. Indeed, this is a major difference 
between running and walking. The magnitude of the peak net muscle rn6 
ment at the knee is much larger during running than walking. The knee 
is substantially more flexed at the middle of the ground contact phase of 
running. and as a result, a higher net muscle moment is required in order 
to exert a given ground force during running compared to walking. 

In c o n m t  to walking, running involves little variability in the pattern 
and magnitude of the ground reaction force or the net muscle moments 
[ 1471. It has been speculated that the net muscle moments are less variable 
in running than in walking because the muscles are operating closer to 
their force limits [ 1471. 

Joid P o w  and Work 
The net power output at a joint can be calculated from the product of the .' 

net muscle moment and the joint angular velocity. When the net muscle 
moment and the angular velocity are both in the same direction, there is 
net power production at thejoint. Conversely, when the net muscle moment 
and the joint angular velocity are in opposite directions, there is net power 
absorption at the joint. The net muscle mechanical work can be calculated 
from the integral of the power with respect to time. 

I t  is important to realize that the net power output measured at a joint 
is not necessarily produced by muscles that cross that particular joint. This 
is because there are many muscles in the body that cross more than one 
joint. These muscles can transport power produced by muscles acting across 
one joint and allow them to con&ibute to the power output at another 
joint [ 1401. The extent to which this transfer occurs during human walking 
or running is not clear [80,122]. but there is evidence that energy transfer 
by biarticular muscles is substantial during cat locomotion [1231. 

The net power and net work output are substantially lower at all the 
joints duringwalking than during running [131,162]. During walking, both 



FIGURE 10.9. 
(A) Net musde moment at the ankle, knee, and hip during running at 2.5 m/s. A 
positive net mwck moment indicates ihat it ten& to extend the joint. (B) Net muscle 
p o w  output at the ankle, knee, and h 9  during running. Positive values indica& 
that power is produced, and negative values indicate that power is absorbed. 

A 

B 

-1200 I Stance 
I 

Aerial 
0 0.1 

I I 
0.2 0.3 0.4 

Time (s) 



Biomechanics of Walking and Running I 2'71 

the net muscle moments and the joint angular velocities are lower than in 
running. T h e  low net power and work outputs at the major limb joints 
observed during walking would be expected for a limb that is behaving like 
a stiff strut. 

The net power output and work output are much higher during running 
than walking. The net power outputs for slow jogging have been described 
extensively [ 1471. At the ankle and knee, an extensor net muscle moment 
throughout the ground contact phase exists (Figure 10.9). Meanwhile, the 
ankle and knee both flex and absorb mechanical energy during the first 
part of the ground contact phase. Later in the ground contact phase, the 
ankle and knee both extend and produce mechanical power. The net power 
output is small and unpredictable at the hip. During low speed jogging, 
the ankle produces more mechanical energy than it absorbs. In contrast, 
the knee absorbs more mechanical energy than it produces. 

MUSCLE-TENDON MECHANICS 

Examining the net muscle action at joints provides a link between whole 
body dynamics and muscle-tendon.dynamics during locomotion. This sec- 
tion will discuss muscletendon action during locomotion. Unfortunately, 
it has been difficult to quantify muscle-tendon forces and length changes 
during locomotion, although recent technological advances have yielded 
new and exciting findings. In addition, the incredible complexity and a p  
parent redundancy of the musculoskeletal system has made discerning gen- 
eral principles about muscle-tendon action during locomotion extremely 
challenging. In this section, we will examine information about muscle- 
tendon forces and muscle-tendon length changes during locomotion. We 
will then discuss how this information can be incorporated into forward 
dynamics and inverse dynamics approaches in order to uncover fundamen- 
t a l  rules about how the neuromuscular system produces locomotion. 

Mucc.!e-Tendon Force During Locomotion 

While center of mass movements and net muscle moments atjoints can be 
calculated relatively easily from force platform and video data using an 
inverse dynamics approach, muscle-tendon forces during locomotion are 
much more difficult to determine. Each leg joint has multiple muscle-ten- 
don units that span it, and each muscle-tendon has its own uniq.ue force- 
generating capabilities. Thus, the contribution of each muscle-tendon unit 
acting about a joint to the net muscle moment is not easily determined. It 
may seem reasonable to use simplifying assumptions to partition the net 
muscle moment among different muscles that have a given action (e.g.. all 
synergists experience equal stresses), but direct measurements in vivo have 
shown that the distribution of muscle force is not so simple. In fact, the 
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contribution of each synergist changes for dBerent locomotion speeds, 
different gaits, and even during the course of a single sta~~ce phase (10, 
44, 68, 70, 1451. 

One way researchers have attempted to solve this problem is by employing 
inverse optimization techniques. Inverse optimization (sometimes called 
static aptimization [ 1611) uses a model of the musculoskeletal system and 
requires it to produce specified movement dynamics while optimizing a 
given cost function (e.& minimization of the sum of muscle forces) 11521. 
Although numerous optimization criteria have been suggested For use in 
the cost function (e.g., minimal muscle force, minimal muscle stress, mink 
mal energy expenditure, minimal ligament force, minimal intra-articular 
contact force, minimal instantaneous muscle power, and minimal mu& 
fatigue), no single “best” parameter has been found. In fact, when seven1 
of the most commonly used criteria were compared, they predicted remark- 
ably similar patterns of muscle activation, but none demonsuated a close 
match to the actual EMG patterns over a complete stride cycle [30]. At 
present, we do not yet sufilciently understand the disuibution of forces 
among synergists to identify any general rules [65] .  

Muscle-tendon force calculations from an inverse dynamics approach are 
also complicated by the possibility of coactintion of antagonistic muscle 
groups. When antagonistic muscle groups are simultaneoudy active, a 
higher agonist force is required to exert a given net muscle moment. For 
example, during the ground contact phase of running, there is an extensor * .  
net muscle moment at the knee. EMG studies have shown that knee exten- . 

sor (e.g., vasti muscles) and knee flexor muscles (e.g., gastrocnemius) are 
active simultaneously. As a result of this coactivation, a higher force is re- . 

quired from the knee extensors than if there were no coacuvation. The 
coactivation makes it impossible to determine the force in either muscle 
group from an inverse dynamics approach, since there are an infrnite num- 
ber of combinations of extensor and flexor forces that could produce the 
Same net muscle moment. It is interesting to note, however, that there is 
little coactivation of extensor and flexor muscles at the ankle during bounc- 
ing gaits. Thus, an inverse dynamics approach to calculating ankle extensor 
force yields reasonably similar d u e s  as a direct measurement of the muscle- 
tendon force [ 1 1,12,46]. There is substantial antagonist coactivation at the 
knee and the hip during locomotion, and as a result, an inverse dynamics 
approach is less likely to yield accurate muscle force values at those joints. 

Forces in muscle-tendon units axe measured in vivo through the use of 
force transducers on tendons (recently reviewed by Gregor and Abelew 
[ 571). In a few cases, a buckle transducer was placed on the Achilles’ tendon 
of humans [46,47,58,59,82,84]. The results from these studies show that 
the peak Achilles’ tendon force slightly decreases or remains about the 
same (-2.6 kN or 3.6 bodyweights) as humans increase walking speed from 

t .. . . .. . 



. 

Bimchanics of Walking and Running I 273 
FIGURE 10.10. 
Horizontal ground reaction fir&, vertical pnd reaction fmce, and AchilleJ tmdon 
fwcc (mcacured with a tendon buckle) fm a human walking ut diffoent speed. 
Rgrinicd with pmission from Konu' et al. [84]. 

K . K F A  a b = = 1.2 1.3 m m x x 5-1 s-1 

Tendon force 

1.2 to 1.8 m/s (Figure 10.10) [84]. As they increase speed further and begin 
running, the peak tendon force increases to a maximum (-9 kN or 12.5 
bodyweights) at a speed of approximately 6 m/s and then changes very 
little at higher running speeds [84]. Interestingly, both walking andmm- 
ning involve greater peak Achilles' tendon forces than maximal height 2 

squat jumps or countermovement jumps [84]. While these studies have 
provided m e  in vivo muscle-tendon data for human locomotion, the inva- 
siveness of the technique limits the possibilities for human studies. 

Alternatively, the use of force transducers on the tendons of animals has 
enabled researchers to investigate numerous different research questions 
[lo, 57, 69, 121, 122, 125, 1301. With animals, tendons can be surgically 
separated so that force data can be collected from individual muscle-tendon 
units. Unfortunately, current buckle-type transducers may affect the mus- 
cle's force generation since they sometimes damage the tendon, causing it 
to h y  and break [57]. However, new types of force transducers that are 
actually inserted within a tendon or ligament are being developed that 
should correct this problem 155. 66, 67. 71, 72, 83, 851. 

MuscloTendon h g t h  Changes During L a m t i o n  
Perhaps surprisingly, the calculation of muscle and tendon length changes 
during locomotion is even more complicated than the determination of I 
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muscle-tendon forces. The most common method for calculating muscle. 
tendon length change has been to use a combination of kinematic and 
anatomical data. In this approach, the instantaneous muscle-tendon length 
is estimated from the approximate origin and insertion sites for a given 
muscle-tendon unit, and from joint kinematic data [6,45,56,60, 106,1201. 
However, this technique does not partition the total displacement of the 
muscle-tendon unit into the length changes due to muscle fiber displace- 
ment, muscle fiber pennation angle change, or tendon strain. Each of these 
factors can substantially affect the total muscle-tendon length. and each 
has different implications for muscle-tendon Function [48,49,62.108, 1301, 

The relevance of partitioning muscle-tendon displacements into respec. 
tive components becomes evident during "isometric" contractions in which 
isolated muscle-tendon units are held at a constant total length. m e n  
electrically stimulated, the fibers of muscles with long compliant tendons 
can shorten considerably as the tendon is stretched [36,62]. Even though 
the whole muscle-tendon length remains unchanged, each component of 
the unit changes length substantially. Thus, although it is possible to es& 
mate the length changes of the overall muscle-tendon unit during locorn- 
tion, this information tells us little about the relative length changes of the 
different components of the muscle-tendon unit 

A recent technological innovation is the use of sonomicrometry to mea- 
sure muscle fiber displacements and velocities in vivo [20, 611. By suturing 
piezoelectric crystals into a muscle fiber bundle, the time required for ultra- 
sound pulses to travel from one crystal to another can be measured. The 
transit time can then be used to calculate the instantaneous muscle fiber 
length. Studies on walking cats and running turkeys have shown that the 
muscle fiber does not always follow the same displacement pattern as the 
whole muscle-tendon unit [62,1SO]. In walking cats, the medial gastrocne- 
mius muscle fibers shorten at the beginning of the ground contact phase, 
even though the overall muscletendon unit lengthens during this phase 
[62]. As a result, the tendon is stretched more and stores more elastic 
energy than would be predicted based on the overall muscletendon unit 
length change. Similarly, when turkeys run on level ground, the gastrocne- 
mius muscle fibers remain nearly isometric during the stance phase while 
the tendon undergoes substantial length change (Figure 10.11) [130]. The 
tendon performs the majority of the combined muscle-tendon work while 
the muscle does very little work. Thus, during level locomotion in both cats 
and turkeys, the work done by some muscles is greatly reduced by tfie 
storage and return of elastic energy in tendons. 

Elastic energy storage in tendons is particularly important for bouncing 
gaits [3]. The ankle extensor tendons have been studied most often, and 
the results have shown that they play a key role in the storage of elastic . 

energy. In a running human, these tendons can store and return up to 
35% of the mechanical energy needed to lift and accelerate the center of 
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FIGURE 10.11. 
-a1 -ius rnusclefibcl. Imgth, EMG, and fie in a tu% during mn- 
ning at 3 m/s on kvel p d .  MusckjitUrlength was measured using     sonomicrome
8, and muscle /me was measured un'ng a strain gmp attaciud to a caIcifid 
portion of the tmdon. Rep;ntcd with ~ h z f r o m  Robnls, T.J., RL Marsh, 
P.G. Wyand, and C.R Taylor. Muscular foru in mnning turitcys: the emonry of 
minimizing worfir. Samu 275:1113-1115, 1997. Copyright 1997, American 
Association for the Advancement of Science. 
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mass during a stride [ B l l .  Tendon buckle studies on hopping wallabies 
have revealed that the ankle extensor tendons store and return c~~ough  
elastic energy to reduce the metabolic cost of locomotion by about 50% 
[lo]. It is important to realize that tendon can be divided into two comp6 
nents-the external free tendon and the aponeurosis [ 1591. A number of 
recent studies have examined the relative compliance of these two portions 
of the tendon and have come to different conclusions [36, 89, 124, 125, 
133, 137, 1641. As a result, it is not clear which part of the tendon is most 
important in elastic energy storage during locomotion. 

Role OfFOrward Qnamics Simulations in Understanding MusclcTendon 
Function During Lourmotion 

A promising alternative to invasive in viuo muscle-tendon measurements in 
human locomotion is forward dynamics computer simulations of human 
locomotion (1601. Instead of calculating net muscle momenb from the 
ground reaction force and kinematic data (i.e.. inverse dynamics), forward 
dynamics simulations rely on musculoskeletal models and computer soft- 
ware to predict the muscle activation patterns and muscle-tendon dynamics 
during normal locomotion. The difficulties with this approach, however, 
are that the results from detailed musculoskeletal models can be extremely 
sensitive to the specifics oFtht model 187,1551, and experimental validation 
of the muscle-tendon mechanics is difficult to obtain. Nonetheless, this 
approach has been used to simulate human walking with some success [ 1 19, 
157, 1581. 

Forward dynamics simulations have also been used in conjunction with 
sensitivity analyws to determine which aspects of musculoskeletal design 
are most important in dictating the mechanics of locomotion [54]. In the 
future, this combination of forward dynamics simulations and sensitivity 
analyses should prove valuable in providing insight into how muscle-tendon 
properties and activation patterns can affect joint dynamics and center of 
mass movements during locomotion. 

When forward dynamics simulations are employed in conjunction with 
optimization techniques, they allow the researcher to probe the link be- 
tween muscle-tendon properties and muscle activation patterns based on 
possible goals of the central nervous system (called “dynamic optimization” 
by Zajac [160] and “forward dynamic optimization” by Winters [152]. In 
this approach, a parameter or function is assumed to be optimized by the 
neuromuscular system, and the pattern of muscle activation that optimizes 
that paxxmeter or function is identified. This approach is used most often 
to study movemenb in which an optimality criterion is obvious, such as a 
single maximum height vertical jump [7, 16, 17, 112-114, 14@142]. For 
locomotion, it is difficult to determine which parameter or function should 
be optimized. One possibility is that the minimization of metabolic energy 
cost is the most important factor in determining which neuromuscular strat- 
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egy is used in sustained locomotion [4,198]. However, controlling the level 
of musculoskeletal forces and stresses can also play an important role [41, 
1181: Indeed, it seems most likely that multiple factors work in concert to 
shape locomotion, suggesting that multiple optimization criteria should be 
used [1531. 

Data from experiments on equine locomotion support the idea that mul- 
tiple factors work in concert to shape locomotion, and thus, that multiple 
optimization criteria should be used. Experiments have revealed that there 
are at least two factors involved in the choice of locomotor speed and gait 
in horses-metabolic energy cost minimization and musculoskeletal force 
minimization. During unrestrained overground locomotion, horses only 
use a small m g e  of speeds within each gait, and within this range of speeds, 
the metabolic energy cost is lower than at a n y  other speed within the gait 
[74], This observation suggests that metabolic energy cost is an impo&t 
factor that influences the choice of speed during locomotion [73]. Never- 
theless, when the mechanics and energetics of the transition from trotting 
to galloping are examined more closely, it is clear that horses do not choose 
to switch from one gait to another at the speed that would minimize the 
metabolic energetic cost of locomotion [41]. Rather, the choice of gait 
trarsition speed seems to be most influenced by the level’of musculoskeletal 
force [41]. Thus, at least two factors are important in shaping locomotion 
in horses, emphasizing the need to consider multiple optimization criteria 
in forward dynamics simulations of locomotion. 

Rnlc o j  an Inverse Dynamics AppToach in Understanding MusclPTendon 
Fundion During Locomotion 
The complexity of the neuromuscular system has hindered progress in gain- , 
ing a fundamental understanding of how locomotion is produced. This com- - 
plexity has made it difficult to reach a synthesized understanding of locome 
tion. As a result, it may be helpful to pursue an alternative to a reductionist 
approach that begins with detailed descriptions of individual muscles and 
their neural control. This possibility may have been best expressed by Loeb 
who asked whether “it is useful to collect yet more inexplicable data,” and 
suggested that “it may be useful to consider the performance goals of the 
whole behavior” [go]. Given the tremendous complexity of the nervous sys- 
tem and the musculoskeletal system, we can imagine a seemingly infinite 
number of possible neuromuscular strategies that could produce the loco- 
motion of humans and other animals. Indeed, numerous different patterns 
ofjoint moments and muscle activation can produce normal walking [115, 
11 6, 1481. By reaching an understanding of overriding performance goals 
(e.g., the need for a given “support moment” during walking, [146], we can 
focus in on a more limited range of potential strategies thatwill produce nor- 
mal locomotion. An inverse dynamics approach thatbeginswith defined per- 
formance goals at the  whole organism level allows us to do this. 
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Simple behavioral models play an important role in an inverse dynamics 
approach to understanding 1ocomotion.Theyprovide a mechanical dexrip 
tion of the overall behavior (or “perfomancegoals”) of the musculoskeleu\ 
system duringlocomotion. Behavioral models represent the behaviorbutnot 
the structure of the musculoskeletal system during locomotion. For example, 
as described prcviously, a simple spring-mass system provides a reasonably 
accurate model of running. This model works because the human leg be- 
haves much like a spring during running. However, we are all well aware *at 
the human leg is not actually a spring. Rather, it is made up of multiple mu+ 
cles, tendons, and ligaments that span several joints. Thus, after identifying 
an appropriate behavioral model, we must begin to consider how the red 
musculoskeletal system produces the observed behavior. 

In the example case of running, the observation that the overall leg be- 
haveslikeaspringsuggeststhattheproductionofspring-likebehaviormaybe 
an important organizing principle for the actions of multiple muscle-tendon 
units. Thegoal ofproducingspring-like behavior limits the numberofpoten- 
tial solutionsfor the behavior ofindividualjoints, interactions between multi- 
ple joints, and actions of individual muscle-tendon units that span eachjoint. 
It also makes it clear that an important next step is to examine the spring-like 
properties of individual joints and muscle-tendon units during running. At 
this point in the progression, a combination of information from behavioral 
models and realistic muxuloskeletal models is likely to be most powerful in 
dissecting the roles of individualjoints and muscle-tendon units in determin- 
ing leg stiffness, and thus, the mechanics of running. 

CONCLUSIONS 
Humans use the same basic mechanisms to walk and run ’as other legged 
animals. Walking gaits rely on a transfer of kinetic and gravitational poten- 
tial energies with each step similar to an inverted pendulum. Running gaits, 
on the other hand, can be characterized as bouncing gaits and modeled 
with a simple springmass system. These two. behavioral models, the inverted 
pendulum and the spring-mass system, provide researchers with simple de- 
scriptions of overall limb behavior and center of mass movements during 
walking and running. This information can provide guidance in attempts 
to discern general rules by which the neuromuscular system produces loco- 
motion at the increasingly complex lower levels of organization. 
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