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Variable Gearing During Locomotion in the Human 
Musculoskeletal System 

David R. Carrier,* Norman C. Heglund, Kathleen D. Earls 
Human feet and toes provide a mechanism for changing the gear ratio of the ankle extensor 
muscles during a running step. A variable gear ratio could enhance muscle performance 
during constant-speed running by applying a more effective prestretch during landing, while 
maintaining the muscles near the high-efficiency or high-power portion of the force-velocity 
curve during takeoff. Furthermore, during acceleration, variable gearing may allow muscle 
contractile properties to remain optimized despite rapid changes in running speed. Force- 
plate and kinematic analyses of running steps show low gear ratios at touchdown that 
increase throughout the contact phase. 

Toes were present in the earliest tetrapods 
( I )  and occur in all modern tetrapods ex- 
cept those that are highly specialized for 
limbless or aauatic locomotion. Feet and 
toes form an adaptable interface between 
the animal and its environment. They pro- 
vide traction and a means for grasping the 
substrate, function as various tools and 
weapons (Z), and help to maintain balance 
(3). In this report, we suggest that feet and 
toes improve locomotor performance by 
varying the gear ratio (that is, the velocity 
ratio) between the ankle extensor muscles 
and the point of application of the force on 
the ground (the center of force) during the 
course of the contact phase of a running 
step. 

The proposed mechanism is easily visu- 
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alized during running at a steady speed (Fig. 
1). The foot is analyzed as a simple Type 1 
lever of zero mass with the fulcrum at the 
ankle by means of the equation R x F, = r 
x F,, where R is the ground force moment 
arm, F, is the ground reaction force, r is the 
muscle, force moment arm, and F, is the 
muscle force. During the contact period of a 
step, the point at which force is applied to 
the ground (the center of force) moves from 
under the heel or middle  ort ti on of the foot 
at touchdown to the tips of the toes at 
takeoff. This forward translation could in- 
crease the length of the moment arm be- 
tween the ankle and the force exerted on 
the ground (R) and, therefore, increase the 
gear ratio (Rlr) of the ankle extensor mus- 
cles and tendons. 

Variable gearing would be advantageous 
in running, as it is in the automobile, 
because in both cases the motors (cross- 
bridges in muscle and pistons in engines) 
have a limited speed range over which they 
operate at peak power or efficiency (4). In 
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order to maintain a narrow range of optimal 
engine speeds despite varying drive speeds, 
the ratio of engine speed to drive speed 
must be changed by a variable gear ratio. 
Furthermore, muscles have unique proper- 
ties that can benefit from variable gearing 
within the contact phase of a running step. 
Active muscles that are forcibly stretched 
iust before shortening are able to do more - 
work during the shortening. This nonelas- 
tic enhancement of the contractile DroDer- - 
ties of the muscle increases, within limits, 
with increasing stretch length (5) but is 
effective over relatively small shortening 
distances. If a runner were to land at a low 
gear ratio and take off at a higher gear ratio, 
both the prestretch and the subsequent 
shortening of the muscles could be opti- 
mized. Thus, variable gearing could reduce 
the need for locomotor specialization, al- 
lowing individuals to move about tnore 
efficiently, accelerate more quickly, run 
faster, and jump higher. 

To test this hypothesis, five people (3 
males and 2 females) ran over a Kistler 
9281B force plate. Four of these people also 
accelerated maximally over the force plate, 
starting just off the plate so that the first 
step landed on the plate. A lateral view of 
limb position was recorded with a Peak 
high-speed video camera at 120 images per 
second (Fig. 1). Recordings of forces on the 
ground allowed calculation of the magni- 
tude and orientation of the ground reaction 
force and the position of the center of force 
under the foot. For each video image taken 
during foot support (at 8.33-ms intervals), 
the ground force moment arm (R) was 
calculated by dividing the moment at the 
ankle by the resultant of the horizontal and 
vertical ground forces. Similarly, the mus- 
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cle force moment arm (r) was calculated as 
the ~eruendicular distance from the Achil- . . 
les tendon to the ankle. 

In these people during running at con- 
stant speed, the center of force moved from 
under the arch of the foot just after touch- 
down to the tips of the toes at takeoff (Fig. 
2A, solid points) (6). This forward transla- 
tion of the center of force increased the 
length of the moment arm between the 
ankle and the center of force and, there- 
fore, increased the gear ratio (Rlr) of the 
extensor muscles of the ankle (Fie. 2B. 

\ c 2  

solid points). In four people, the gear ratio 
was less than 1 at the beginning of support 
and increased to 3 to 4 by the time of 
takeoff. In the fifth person, the gear ratio 
also started off at less than 1 and increased 
during the first half of support but leveled 
off at a peak value of just over 2.5 at 
midsupport. 

A different pattern was observed when 
the subjects accelerated maximally from a 
standing start (Fig. 2A, open points). In 
this case, the center of force reached the 
ball of the foot sooner and remained there 
longer, not moving under the toes until just 
before takeoff. The gear ratio was higher 
early in the first half of the contact phase 
but was always lower in the second half of 
the contact phase (Fig. 2B) (7). 

The observed variation in gear ratio 
resulted largely from changes in the length 
of the lever from the ankle to the center of 
force on the ground (R). Whereas R often 

changed by as much as a factor of 20, the 
muscle lever (r) changed by less than 15%. 
Changes in R can result from two separate 
causes: movement of the center of force 
along the length of the foot (Fig. 2A) or 
changes in the orientation of the ground 
reaction force relative to the position of the 
ankle (Fig. 1). Our results indicate that 
these factors influence R to varying degrees 
in different individuals and during different 
locomotor activities. However, during run- 
ning at a constant pace, the change in R 
due to translation of the center of force was 
usually 10 times greater than the change 
due to changes in the orientation of the 
ground reaction force. Furthermore, during 
rapid acceleration, R changed very little, 
and the center of force remained stationary 
under the ball of the foot (Fig. 2A). These 
observations indicate that the long foot and 
toes of human runners are ~rimarilv resoon- 

1 .  

sible for the gearing mechanism by allowing 
the position of the center of force to vary 
(8).  

We looked at the effect of variable gear- 
ing on the shortening velocity of the calf 
muscles by comparing the kinematically 
measured shortening velocity of the muscle- 
tendon system to what that velocity would 
have been in the absence of variable gear- 
ing (9). To determine the velocity of the 
muscle-tendon svstem. we multi~lied the 
angular velocity of the foot around the 
ankle bv the length of the muscle lever (r). ~, 

The muscle-tenion system in our partici- 

- - - 
4 rns 46 rns 80 rns 122 rns 172 rns 

Fig. 1. Ground reaction force, force of the extensor muscles of the ankle, and the moment arms of 
these forces (Rand r, respectively, labeled in the center panel) during foot support while running 
at a constant speed. The ground force moment arm, R, is the perpendicular distance from the 
ground reaction force to the ankle. The muscle force moment arm, r, is the perpendicular distance 
from the Achilles tendon to the ankle. The dot between the foot and the ground is the position of the 
center of force. 

Fig. 2. (A) Distance between the 
center of force (CF) exerted on 
the ground and the tip of the first 
(big) toe during the ground con- 
tact phase in a representative in- 3 
dividual. The tracing of the foot on S 1 5  
the right side of the graph pro- 3 
vides a reference. Solid circles 2 
show the mean and standard de- 
viations of four trials of running at 
a constant speed; open circles 
show the mean and standard de- 
viations of three trials of rapid 
acceleration from a standing Time (ms) 
start. (8) Gear ratio (R/r) during 
ground contact phase. Subject and indications are as in (A). 

pants showed negative velocities during the 
first half of foot support (Fig. 3), which 
indicated that the muscle-tendon system 
was stretched as the ankle was flexed dor- 
sally. During the second half of foot sup- 
port, when the ankle was extended, short- 
ening velocity increased rapidly to a maxi- 
mum at takeoff. We then calculated the 
muscle-tendon velocity required, in the 
absence of variable gearing, to maintain the 
same ankle-to-toe velocity (that is, the 
same contribution by the ankle and foot to 
the motion of the body). The gear ratio, 
fixed at the value recorded at midstance 
( l o ) ,  was divided into the ankle-to-toe 
velocitv in order to calculate the muscle- 
tendon velocity. Two important differences 
emerged from this analysis (Fig. 3). First, a 
constant gear ratid would result in much 
less stretching of the muscle-tendon system 
on landing, and the potentiating prestretch 
of the muscle would therefore be reduced. 
Second, as predicted, a constant gear ratio 
would require higher shortening velocities' 
of the muscle-tendon svstem during takeoff. cz 

These observations show that during the 
first part of the contact phase of a running 
step, the gear ratio of the calf muscles is 
quite low (less than 1) (Fig. 2B). This 
increased the stretch applied to the muscles 
(Fig. 3) and therefore the work the muscles 
could do during subsequent shortening (5) .  
During the middle part of the contact 
phase, the gear ratio remained relatively 
low (about 2). Thus, the mechanical ad- 
vantage of the muscles was relatively high 
during the period when the force exerted on 
the ground was the greatest and the muscle - - 
shortening velocity was the lowest. And 
finallv, during the latter Dart of the contact 
phase',' as the-force exeried on the ground 
decreased and the velocitv of the foot raD- 
idly increased, the gear ratio increased to 3 
to 4. This would tend to keep the muscle 
operating at a lower velocity and in the 

Fig. 3. Comparison of the measured shortening 
velocity of the muscle-tendon system (solid 
circles) to the calculated shortening velocity 
when the gear ratio was fixed at the value 
recorded at mid-stance (open circles). Same 
subject as in Fig. 2. 
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higher force portion of the force-velocity 
curve and quite likely would tend to main- 
tain the muscles at a relatively high power 
and efficiency (I 1). Further evidence that 
gearing may enhance the contractile perfor- 
mance of the calf muscles comes from the 
observation that during rapid acceleration 
the gear ratio remained relatively low (Fig. 
2B). Again, this is what would be expected 
if the svstem were to function so as to 
maintain: the muscles at high power. 

Morphologists and muscle physiologists 
have long recognized that synergistic mus- 
cles often have different mechanical advan- 
tages around joints, and they have therefore 
suggested that different muscles use differ- 
ent gears (12). Leverage around joints h_as 
also been shown to vary with body size (1 3) 
and during ontogeny (14). But these sepa- 
rate muscle systems and allometric patterns 
are not variable eearine mechanisms for - - 
individual muscles within an individual. 
Variable gearing has been suggested to re- 
sult from the unusual organization of the 
ankles of artiodactyls and lagomorphs (1 5) 
and has been documented in the flight 
system of blowflies (1 6). Additionally, hu- 
mans have been shown to shift mechanical 
advantage around the hip, knee, and ankle 
when they change gaits from a walk to a run 
(1 7), presumably using mechanisms similar 
to those proposed here. 

The concept of variable musculoskeletal 
gearing has received relatively little atten- 
tion from physiologists. Given the variety 
of species specialized for terrestrial locomo- 
tion, and the grace, skill, and speed with 
which many animals run and jump, it 
would be surprising if variable gearing had 
not evolved. 
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Characterization of a Functional GroEL, ,(GroES,), 
Chaperonin Hetero-Oligomer 

Abdussalam Azem, Martin Kessel, Pierre Goloubinoff* 
Chaperonins GroEL and GroES form two types of hetero-oligomers in vitro that can 
mediate the folding of proteins. Chemical cross-linking and electron microscopy showed 
that in the presence of adenosine triphosphate (ATP), two GroES, rings can successively 
bind a si'ngle GroEL,, core oligomer. The symmetric GroEL,,(GroES,), chaperonin, 
whose central cavity appears obstructed by two GroES, rings, can nonetheless stably bind 
and assist the ATP-dependent refolding of RuBisCO enzyme. Thus, unfolded proteins first 
bind and possibly fold on the external envelope of the chaperonin hetero-oligomer. 

Chaperonins, also called cpn60 and 
cpnl0, belong to a ubiquitous class of se- 
quence-related chaperone molecules in mi- 
tochondria, chloroplasts, and bacteria. In 
the cell, they are implicated in the folding 
of proteins (1) and in the molecular re- 
sponse to cellular stress (2). In vitro, chap- 
eronins assist in the correct refolding of 

LJ 

proteins by preventing aggregations (3, 4). 
As determined by electron microscopy, 
cpn60 from bacteria (GroEL) is an oligomer 
of 14 identical 57.3-kD subunits. with a 
structure of two stacked heptameric rings 
(5-7) arranged around a twofold axis of 
symmetry. This oligomer, CtroEL14, appears 
as a hollow cvlinder. with a cavitv that 
spans the sevenfold axis of symmetry of the 
molecule (7-9). The cpnl0 from bacteria 
(G~oES) is a heptameric ring of identical 
10.4-kD subunits (1 0). 

The molecular mechanism bv which 
chaperonin; assist the folding of a large 
array of proteins (I 1) remains obscure (12, 
13). Central to this issue is the molecular 
architecture of the GroEL-GroES hetero- 
oligomers and of the GroEL14 core oligomer 
which can spontaneously bind unfolded 

proteins (3). The step leading to the disso- 
ciation of the protein-GroEL14 complex 
and the subsequent correct refolding of the 
assisted protein is coordinated by the co- 
chaperonin GroES7 and requires Mg-ATP 
(3, 12). Electron microscopy reveals that 
one GroES7 ring can asymmetrically bind 
on either end of the GroEL14 cylinder and 
thus obstruct one end of the central cavity 
(7, 8). Refolding proteins may compete 
with GroES7 for the same binding sites on 
either end of the GroEL14 cylinder (14, 
15). However, electron micrographs of 
GroEL14 molecules previously incubated 
with denatured proteins indicate that pro- 
teins bind directly within the central cavity 
(9, 16). Biochemical analysis suggested that 
the asymmetric GroEL14GroES7 complex is 
a functional chaperonin hetero-oligomer 
(8, 17, 18). Hence, a model for the -chap- 
eronin reaction cycle is an asymmetric 
GroEL14GroES7 hetero-oligomer that as- 
sists the folding and release of a protein 
from within the central cavity through the 
unobstructed end of the GroEL14 cylinder 
(13, 19). 

In contrast, we now show that the asym- 
metric GroEL,,GroES, molecule is only - .  
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