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Farley, Claire T., Han H. P. Houdijk, Ciska Van Strien,
and Micky Louie. Mechanism of leg stiffness adjustment for
hopping on surfaces of different stiffnesses. J. Appl. Physiol.
85(3): 1044–1055, 1998.—When humans hop in place or run
forward, leg stiffness is increased to offset reductions in
surface stiffness, allowing the global kinematics and mechan-
ics to remain the same on all surfaces. The purpose of the
present study was to determine the mechanism for adjusting
leg stiffness. Seven subjects hopped in place on surfaces of
different stiffnesses (23–35,000 kN/m) while force platform,
kinematic, and electromyographic data were collected. Leg
stiffness approximately doubled between the most stiff sur-
face and the least stiff surface. Over the same range of
surfaces, ankle torsional stiffness increased 1.75-fold, and the
knee became more extended at the time of touchdown (2.81
vs. 2.65 rad). We used a computer simulation to examine the
sensitivity of leg stiffness to the observed changes in ankle
stiffness and touchdown knee angle. Our model consisted of
four segments (foot, shank, thigh, head-arms-trunk) intercon-
nected by three torsional springs (ankle, knee, hip). In the
model, an increase in ankle stiffness 1.75-fold caused leg
stiffness to increase 1.7-fold. A change in touchdown knee
angle as observed in the subjects caused leg stiffness to
increase 1.3-fold. Thus both joint stiffness and limb geometry
adjustments are important in adjusting leg stiffness to allow
similar hopping on different surfaces.

biomechanics; motor control; running; locomotion

LEGGED ANIMALS USE A VARIETY of gaits to move from one
place to another. Despite dramatic differences in body
shape and dimensions among animals, some features of
their gaits are remarkably similar. For example, run-
ning, hopping, and trotting animals all move along the
ground much like a bouncing ball (4, 8, 16, 22, 28).
During these bouncing gaits, the actions of the body’s
many musculoskeletal elements, including muscles,
tendons, and ligaments, are integrated together so that
the overall musculoskeletal system behaves like a
single spring. As a result, these gaits can be modeled by
using a simple spring-mass system, consisting of a
single linear ‘‘leg spring’’ and a point mass that is
equivalent to body mass (Fig. 1) (2, 3, 6, 13–15, 18, 19,
27, 31). The stiffness of the leg spring represents the
average overall stiffness of the integrated musculoskel-
etal system during the ground-contact phase (referred
to as ‘‘leg stiffness’’). In bouncing gaits, the leg spring is
compressed during the first half of the ground-contact
phase and lengthens during the second half of the
ground-contact phase. The overall stiffness of the leg
influences the mechanics and kinematics of the interac-
tion with the ground. For example, leg stiffness affects
the time of foot-ground contact and the vertical excur-

sion of the body’s center of mass (COM) during the
ground-contact phase.

It is possible for the stiffness of the leg to be adjusted
during bouncing gaits. When a human hops in place, a
very simple bouncing gait, the stiffness of the leg is
increased to increase hopping frequency or hopping
height (13). Similarly, when humans run, the stiffness
of the leg is adjusted to allow the use of a range of stride
frequencies at a given speed (15). A stiffer leg leads to a
higher stride frequency and shorter stride length at a
given speed. Thus, during overground running in the
natural world, it is likely that adjustments to leg
stiffness allow runners to alter stride length to avoid
obstacles.

Recent studies have revealed that leg stiffness is
adjusted to accommodate different surfaces (18, 19).
For example, when humans hop in place, leg stiffness is
increased by as much as threefold to accommodate
reductions in surface stiffness (18). Similarly, when
humans run at a given speed, leg stiffness is adjusted to
offset changes in surface stiffness (19). During both
hopping in place and forward running, the adjustment
to leg stiffness allows the total stiffness of the series
combination of the leg and the surface to remain the
same on all surfaces (18, 19). As a result, the ground-
contact time and the vertical displacement of the COM
during ground contact remain the same on surfaces
with a 1,000-fold range of stiffnesses. If leg stiffness
were not adjusted to accommodate different surfaces,
both the ground-contact time and the vertical displace-
ment of the COM would increase on lower stiffness
surfaces. Thus the adjustments to leg stiffness are
critical for allowing similar locomotion on surfaces of
different stiffnesses.

The present study focused on the mechanisms by
which leg stiffness is adjusted during bouncing gaits. To
address this issue, it is important to realize that the
spring-mass model represents the behavior, but not the
structure, of the integrated musculoskeletal system
during bouncing gaits. In reality, the length change of
the leg spring that occurs during the ground-contact
phase corresponds to joints flexing and extending. For
example, during hopping in place, the ankle, knee, and
hip flex during the first half of the ground-contact
phase and extend during the second half of the ground-
contact phase. In a multijointed system like the human
musculoskeletal system, the overall stiffness (i.e., the
leg stiffness) depends on a combination of the torsional
stiffnesses of the joints and the geometry of the system.
The torsional stiffness of each joint determines how
much its angle changes in response to a given moment
about the joint. If the ankle, knee, and hip are stiffer,
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they will undergo smaller angular displacements dur-
ing the ground-contact phase, resulting in less leg
compression and a higher leg stiffness. Many studies
have focused on joint stiffness during single-joint move-
ments, and they have demonstrated that joint stiffness
is highly adjustable. For single-joint movements involv-
ing the ankle, joint stiffness depends on many factors
including muscle activation, reflexes, joint moment,
and joint angle (1, 23, 30, 35, 39–42). Thus it is possible
that the mechanism for adjusting leg stiffness involves
adjusting the stiffness of the leg joints.

Leg stiffness during locomotion is also influenced by
the geometry of the leg at the instant that the foot hits
the ground (‘‘touchdown leg geometry’’) (24, 32). Math-
ematical models predict that leg stiffness should de-
pend on touchdown leg geometry due to changes in the
alignment of the ground reaction force vector relative to
the joints (24, 32). If the leg joints are more flexed when
the foot hits the ground, the joint moments associated
with a given ground reaction force will be greater. Thus,
for a given joint stiffness, the angular displacement of
the joints during the ground-contact phase also will be
greater. These mathematical models have focused on
how leg geometry influences leg stiffness in the absence
of changes in joint stiffness. In the real musculoskeletal
system, leg geometry can also influence joint stiffness
because it affects muscle-tendon length and the level of
muscle activation required to apply a given force to the
ground (1, 23, 30, 35, 39–42). Direct experiments in
humans have demonstrated the link between leg stiff-
ness and leg geometry. When humans run with very
flexed knees (32), leg stiffness is substantially lower
than during normal running. Similarly, when humans
bounce on a compliant board, adopting a posture with
greater knee flexion leads to a lower leg stiffness (24).

Finally, when humans land from a jump, the stiffness of
the landing appears to depend on knee angle at landing
(10). In all of these activities, it is clear that changes in
leg geometry affect the alignment of the ground reac-
tion force vector, but it is not known whether they affect
joint stiffness.

The purpose of our study was to determine the
mechanisms by which leg stiffness is adjusted when
humans hop in place on surfaces of different stiffnesses.
We began by examining the changes in joint torsional
stiffness and touchdown leg geometry that occur when
humans adjust their leg stiffness to accommodate sur-
faces of different stiffnesses. Subsequently, we explored
potential mechanisms for joint stiffness adjustment by
measuring the electromyographic (EMG) activity of
several major leg muscles. Finally, we developed a
computer simulation of human hopping in place to
examine the sensitivity of leg stiffness to the changes in
joint stiffness and touchdown leg geometry that we
measured when subjects hopped on surfaces of different
stiffnesses. In this simulation, the body was modeled
with four segments (foot, shank, thigh, head-arms-
trunk) interconnected by three torsional springs repre-
senting the joints (ankle, knee, hip) (Fig. 1B). The joint
stiffnesses in the model were not affected by leg geom-
etry. Thus we used the model to examine the effect of
touchdown leg geometry on leg stiffness in the absence
of any changes to joint stiffness.

METHODS

General procedures. Seven healthy subjects [3 men, 4
women, age 24.4 6 5.0 (SD) yr, mass 59.6 6 7.1 kg] partici-
pated in this study. Approval was obtained from the univer-
sity committee for the protection of human subjects, and
informed consent was given by all subjects. Subjects per-
formed two-legged hopping on an extremely stiff surface (i.e.,
a force platform surface) and on sprung surfaces with four
different stiffnesses. The subjects were asked to match their
hopping frequency to a digital metronome that was set at 2.2
Hz. Trials were accepted if the hopping frequency was within
2% of the designated frequency. After a practice period of ,1
min at a given frequency, subjects hopped for ,30 s or until
they settled into steady hopping. Subsequently, we collected
kinematic, kinetic, and EMG data for a 10-s period. We chose
three consecutive hops from each trial for further analysis.
During all trials, the subjects kept their hands on their hips.

The subjects hopped first on the force platform, and
thereafter on the sprung surfaces, progressing from the most
stiff to least stiff surface. An earlier study (18) examined
hopping on surfaces of different stiffnesses in a randomized
order. That study focused on global aspects of hopping such as
leg stiffness, peak ground reaction force, and ground-contact
time. The relationship between each of these parameters and
surface stiffness in the present study was virtually identical
to that in the earlier study. The similarity between the
findings from the earlier randomized protocol and our nonran-
domized protocol suggests that the order in which the sub-
jects hop on the surfaces of different stiffnesses does not affect
hopping mechanics. In the present study, each subject per-
formed three trials on each surface to allow collection of all
the necessary data: 1) synchronized kinematic and force
platform data for calculation of joint net muscle moments and
joint stiffnesses, 2) synchronized force platform and EMG
data for the lower leg muscles, and 3) synchronized force

Fig. 1. A: spring-mass model. Single linear ‘‘leg spring’’ represents
mechanical behavior of integrated musculoskeletal system during
ground-contact phase. Mass is equivalent to body mass. Model is
shown at beginning of ground-contact phase (left), middle of ground-
contact phase (middle), and at end of ground-contact phase (right).
During first half of ground-contact phase, leg spring is compressed by
a distance DL. B: multijointed model used for computer simulations
of hopping in place consisted of 4 segments (foot, shank, thigh,
head-arms-trunk) and 3 torsional springs (ankle, knee, and hip). u,
Joint angle at instant of touchdown. See Table 1 for model param-
eters.
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platform and EMG data for the upper leg muscles. Three
trials were required for each condition because we had a
limited number of computer analog-to-digital board inputs
and EMG amplifiers. Peak ground reaction force and leg
stiffness varied by ,2.0 and 4.1%, respectively, among the
three trials on a given surface. There were no systematic
changes in either variable among the three trials (P . 0.05).

To test whether differences between hopping on the sur-
faces of different stiffnesses were statistically significant, a
repeated-measures ANOVA (P , 0.05) was used. The statisti-
cal results (i.e., P values) reported throughout the paper are
for comparisons among all five surfaces used in the study.
Values are reported throughout the paper as the means 6 SE.

Hopping surfaces. Subjects hopped directly on a force
platform (stiffness 5 35,000 kN/m; AMTI, Newton, MA) and
on a sprung surface mounted on the force platform (Fig. 2).
The sprung surface consisted of an aluminum honeycomb
core and fiberglass sandwich panels (60 3 60 cm, Goodfellow)
supported by metal compression springs (Century Spring).
We adjusted the stiffness of the sprung surface by changing
the number of springs supporting it. The surface was stabi-
lized with linear bearings and metal rods to prevent lateral
and horizontal movements. Despite this stabilization mecha-
nism, the subjects reported that hopping on the sprung
surface felt less stable than did hopping directly on the force
platform. However, on the basis of two other studies (18, 19),
we believe that the leg stiffness adjustment is a response to
the change in surface stiffness rather than a response to the
change in stability. The studies demonstrated that leg stiff-
ness is adjusted to such an extent that it offsets changes in
surface stiffness during hopping in place on a sprung surface
and during forward running on rubber surfaces. Although the
data are not reported here because of the similarity to the
previous study (18), there was no change in the total stiffness
of the series combination of the legs and the surface when the
subjects hopped on surfaces of different stiffnesses in the
present study (P 5 0.29). In the forward-running study (19),
there was no difference in stability between the rubber
surfaces of different stiffnesses. This observation strongly
suggests that leg stiffness adjustment is a response to a
change in surface stiffness rather than a change in stability.
Nonetheless, the focus of the present study was the mecha-
nism by which leg stiffness is adjusted, and thus, we did not
focus on the specific reason for the leg stiffness adjustment.

We determined the stiffness of the sprung surface from
static load tests in which weights were placed on the surface
and the displacement of the surface was measured. The
force-displacement curve for each surface configuration was
linear to within 3% over the range of forces that occurred

during hopping. The stiffness of the surface was determined
from the slope of the force-displacement relationship for the
surface. Surface stiffnesses were 22.7, 29.6, 46.1, and 60.9
kN/m. We used the logarithmic decrement of free vibration to
determine the damping ratio of the sprung surface, and we
found it to be negligible (,0.005). In addition, free-vibration
tests also revealed that the effective mass of the surface was
2.0 kg.

Because the effective mass of the sprung surface was so
much lower than each subject’s body mass, the inertial force
due to surface acceleration was negligible compared with the
force exerted on the surface by the subject’s feet (18). We used
high-speed video analysis (200 fields/s) to determine the
acceleration of the surface while subjects hopped on it.
Automatic point-tracking software (Peak Performance Tech-
nologies) was used to digitize the movement of a marker fixed
to the surface. Marker-position data were filtered with a
fourth-order, zero-lag, low-pass Butterworth filter. The cutoff
frequency was 15 Hz as determined by residual analysis (43).
The maximum acceleration of the surface was 8.95 m/s2. Thus
the maximum inertial force due to surface acceleration was
17.9 N or 1.1% of the peak vertical ground reaction force on
the least stiff surface. As a result, the vertical force measured
with the force platform was a close approximation of the force
between the subject’s feet and the surface and could be used to
calculate the leg stiffness.

Measurements and preliminary analyses of kinematics and
kinetics data. Vertical and horizontal components of the
ground reaction force were measured during each trial by
using a force platform (AMTI). The force platform signals
were collected at a sample frequency of 200 Hz during the
first trial on each surface to match the sample frequency of
the high-speed video camera (200 fields/s). In the second and
third trials on each surface, the force platform signals were
collected at 500 Hz to match the sample frequency for the
EMG data.

For the first trial on each surface, the force platform data
were used to calculate of the point of force application for the
subsequent inverse dynamics analysis. The calculation of the
point of force application on the sprung surface was tested by
placing weights on the surface with known points of force
application. These tests revealed that the calculation of the
point of force application on the sprung surface was accurate
to within 1.8 mm. In addition, our data showed that the
position of the point of force application relative to the
markers on the foot (tip of the 1st toe and 5th metatarsopha-
langeal joint) throughout the ground-contact phase was simi-
lar regardless of whether subjects hopped directly on the force
platform or on the sprung surface.

Subjects were videotaped in lateral view at 200 fields/s (JC
Labs, Mountain View, CA). Retroreflective markers were
placed on the following anatomic landmarks: tip of the first
toe, fifth metatarsophalangeal joint, lateral malleolus, lateral
epicondyle of the femur, greater trochanter, and the acromion
scapulae. Force platform and kinematic data were synchro-
nized by using a simple circuit that simultaneously lit an
LED and sent a voltage signal to the computer analog-to-
digital board.

After data collection, automatic point-tracking software
(Peak Performance Technologies) was used to digitize the
movements of the retroreflective markers during each trial.
The data for marker position were low-pass filtered by using a
fourth-order zero-lag Butterworth filter with a cutoff fre-
quency of 9 Hz (Peak Performance Technologies). The cutoff
frequency was determined by using residual analysis (43).
Marker-position data were used to calculate linear velocities

Fig. 2. Sprung surface consisted of a lightweight Fiberglas honey-
comb panel supported by steel springs. Sprung surface was mounted
on a force platform. Horizontal and lateral movements of panel were
prevented by linear bearings.
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and accelerations of the segments as well as joint angles,
segment angles, and segment angular accelerations. Each
joint angle was defined by using the marker on that joint and
the two adjacent markers (Fig. 1).

Calculation of leg stiffness. The technique for calculating
leg stiffness during hopping on a compliant surface has been
described in detail in Ferris and Farley (18). As a result, we
will only describe it briefly here. The vertical movements of
the COM during the ground-contact phase depended on the
average leg stiffness (kleg) and the surface stiffness (ksurf). The
total vertical displacement of the subject’s COM (Dytot) during
the ground-contact phase was comprised of two components:
the vertical displacement of the subject’s COM relative to the
surface (equivalent to leg spring compression, DL; Fig. 1A)
and the vertical displacement of the surface (Dysurf)

Dytot 5 Dysurf 1 DL (1)

The value forDytot was calculated by twice integrating the
vertical acceleration with respect to time (5, 7). The value for
Dysurf was calculated from the ratio of the peak vertical
ground reaction force to the surface stiffness. We calculated
DL from Dytot and Dysurf by using Eq. 1.

The calculation of kleg was made from the ratio of the
ground reaction force to DL at the instant at the middle of the
ground-contact phase when the COM reached its lowest point
and the leg spring was maximally compressed (Fig. 1A)

kleg 5
Fpeak

DL
(2)

The peak vertical ground reaction force (Fpeak) occurred at the
same time as the leg was maximally compressed (18). The leg
stiffness, as calculated in Eq. 2, represents the average
stiffness during the first of the ground-contact phase. Because
the subjects hopped on two legs, it represents the combined
stiffness of two legs.

As described in detail in Ferris and Farley (18), this
calculation includes an approximation. Twice integrating the
vertical ground reaction force yields the total vertical displace-
ment of the COM of the entire system of masses that are
moving on the force platform (i.e., subject and surface), rather
than the vertical displacement of the subject’s COM (Dytot).
However, because the surface mass was small compared with
a subject’s body mass, the displacement of the system COM
was only slightly less than the displacement of the subject’s
COM, leading to a maximum of a 4% overestimate of leg
stiffness (18). Given that leg stiffness changed by more than
twofold over the range of surface stiffnesses examined in the
present study (Fig. 3B), we concluded that our technique for
calculating the displacement of the subject’s COM would
provide sufficient accuracy.

Calculation of joint stiffness. The average torsional stiff-
nesses of the ankle, knee, and hip were determined from the
ratio of the change in net muscle moment (DMjoint) to joint
angular displacement (Dujoint) in the sagittal plane between
the beginning of the ground-contact phase and the instant
when the joints were maximally flexed

kjoint 5
DMjoint

Dujoint
(3)

where kjoint is the average torsional stiffness of the joint
during the first half of the ground-contact phase. The joints
reached maximum flexion at approximately the same time as
the COM reached its lowest point and the leg was maximally
compressed. As a result, the time period for calculation of
joint stiffness was nearly identical to the time period for the

calculation of leg stiffness. In almost every case, the peak net
muscle moment occurred at approximately the same time as
the peak joint angular displacement. Joint stiffness values
were calculated only in cases where the magnitude of the time
difference between the occurrences of peak moment and peak
angular displacement was ,10% of the hop period. In these
cases, the joint behaved like a torsional spring, and quantify-
ing a joint stiffness made sense. The phase difference was
always ,10% except at the knee on the least stiff surface, and
at the hip on the two least stiff surfaces. In the cases where
the knee and hip had phase differences .10%, their angular
displacements were very small (#0.087 rad; Figs. 4 and 5).
This observation, together with the results from the computer-
simulation sensitivity analyses (see Fig. 9), suggests that
these joints played a very small role in determining the leg
stiffness under these conditions. We performed statistical
analyses to determine whether joint stiffness changed in
response to changes in surface stiffness in two ways: 1)
including all five surfaces and 2) including only the three
surfaces for which we had joint stiffness values for all three
joints. The outcome (i.e., whether P , 0.05) was the same for
each joint in both analyses.

Net muscle moments were calculated by using an inverse
dynamics analysis (12). This involved using force platform
data and kinematic data that were collected and analyzed as
described above. Anthropometric measurements in the sub-
jects were used to calculate segment masses, segment COM
locations, and segment moments of inertia (44). A rigid
linked-segment model was used to calculate the net muscle
moments at the ankle, knee, and hip joints (12). This involved
applying Newtonian equations of angular and translational
motion to each segment, starting distally and moving proxi-
mally. A net muscle moment includes the moments produced

Fig. 3. A: peak ground reaction force (n) and leg compression (s)
decreased on lower stiffness surfaces. B: leg stiffness (k) doubled
between most stiff surface and least stiff surface. In both A and B,
symbols are mean values for all subjects, and error bars are SE.
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by all of the muscles, tendons, ligaments, and contact forces
at the joint, although the moments produced by the muscles
usually dominate within the normal range of motion (21, 43).
Positive net muscle moments were defined as net extensor
moments. Net muscle moment and stiffness values represent
the sum of the two limbs.

EMG measurements and analysis. We measured the EMG
activity of six leg muscles by using surface electrodes. The
muscles that we studied were the tibialis anterior, soleus,
medial head of the gastrocnemius, vastus medialis, rectus
femoris, and semitendinosus. In preparation for the applica-
tion of the surface electrodes, the skin was shaved and
prepared with fine sandpaper and alcohol. Surface EMG
electrodes were placed at the approximate center of each
muscle belly, with an interelectrode distance of 2 cm. The

Fig. 5. A: net muscle moment decreased on lower stiffness surfaces
for ankle (l), knee (s), and hip (k). Net muscle moment values are
for middle of ground-contact phase (i.e., when center of mass reached
its lowest vertical position and joints reached maximum flexion).
Note that values represent sum for 2 limbs. B: joint angular
displacement decreased on lower stiffness surfaces for all joints. Joint
angular displacement is defined as magnitude of joint flexion be-
tween beginning and middle of ground-contact phase. C: ankle
stiffness increased on lower stiffness surfaces, whereas knee and hip
stiffnesses remained the same on all surfaces. Values for symbols and
error bars are defined as in Fig. 3.

Fig. 4. Net muscle moment vs. joint angular displacement for ankle
(A), knee (B), and hip (C) during ground-contact phase on each
surface for typical subject. Positive moments represent extensor net
muscle moments. Note that net muscle moment values are sum for 2
limbs. Joint angular displacement throughout ground-contact phase
was calculated from difference between joint angle at touchdown and
joint angle at each instant during ground-contact phase. For all
joints, moving to right on x-axis indicates flexion.
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electrodes remained attached between trials, and thus their
location was identical for all of the trials by each subject.
Elastic bandages were used to attach the wires to the
subject’s leg to allow unrestrained body movements and to
minimize movement artifacts. The signals were band-pass
filtered from 30 to 1,000 Hz and amplified 2,000 times (Grass
Instruments P511, Astro-Med, Warwick, RI). The EMG sig-
nals were sampled by the computer analog-to-digital board at
a frequency of 500 Hz. We performed tests in which we
sampled the EMG signals at 2,000 Hz, twice as high as the
high-frequency cutoff of the band-pass filter. These tests
showed that the sample frequency of 500 Hz was sufficiently
high to digitize the analog EMG signal without changing the
timing or amplitude of the signal.

After data collection, the EMG signals were rectified and
low-pass filtered with a cutoff frequency of 7 Hz, as deter-
mined by residual analysis (43), by using a fourth-order
zero-lag Butterworth filter (Labview software, National In-
struments). The EMG signals were normalized to the isomet-
ric maximal voluntary contraction (MVC) EMG signal for
each muscle. The position of the joints during measurement
of MVC closely resembled the position of the joints during
hopping. The MVC EMG was measured as the experimenter
opposed the maximal isometric contractions of the subjects.
The area under the normalized, smoothed, rectified EMG
curve (integrated EMG), representing activation level, was
calculated for the contact phase and the aerial phase.

Model. We developed a computer simulation of human
hopping in place for the purpose of examining the sensitivity
of leg stiffness to changes in joint stiffness and geometry
(Working Model Software Version 4.0, Knowledge Revolu-
tion). Our simulation used a Kutta-Merson integration method
and a time step of 0.001 s. In this two-dimensional simula-
tion, the body was modeled by using four rectangular seg-
ments (foot, shank, thigh, head-arms-trunk) and three tor-
sional springs (ankle, knee, hip) (Fig. 1B). This model was
designed to represent the behavior of the musculoskeletal
system during hopping in place but not the mechanisms by
which the neuromuscular system produces this behavior. All
of the anthropomorphic, kinematic, and joint stiffness data
used for building the model were based on a typical subject.
Segment lengths, masses, moments of inertia, and COM
locations were determined on the basis of anthropomorphic
measurements from the typical subject (Table 1; see Ref. 44).
Each of the leg segments represented the combined left and
right segments of the human body. The head-arms-trunk
segment had a mass equal to the sum of the head, two arms,
and the trunk. The joint torsional springs had a linear
relationship between moment and angular displacement, the
slope of which was joint stiffness. The joint springs resisted

flexion. Finally, the foot segment had a rounded distal end
(circular arc, radius 5 0.030 m). This allowed the point of
contact between the model and the ground to move under the
foot in a manner qualitatively similar to that observed in
human subjects.

The leg stiffness in the model was calculated from the ratio
of the peak vertical ground reaction force to the peak vertical
displacement of the COM of the entire model. The peak
vertical ground reaction force and the peak vertical displace-
ment of the COM occurred simultaneously (see Fig. 8). This
method of calculating leg stiffness is identical to the method
used to calculate leg stiffness in a human subject (Eq. 2).

By using the model, we examined the sensitivity of leg
stiffness to changes in joint stiffness and geometry. We began
by setting the initial segment positions, segment velocities,
and joint stiffnesses to be the same as those measured in the
typical subject at the instant that the feet hit the ground on
the most stiff surface (see legends for Table 1 and Fig. 8 for
values). When the simulation was run, the model interacted
with an infinitely stiff surface (i.e., the ground), and we
measured the leg stiffness during the ground-contact phase.
The model was surprisingly stable and could complete mul-
tiple hops in which the movements of the COM and joint
angular displacements were similar from one hop to the next.
All of the data presented in Figs. 8 and 9 were from the first
ground-contact phase of the simulation.

We performed several sensitivity analyses to determine the
separate influences of joint stiffness and leg geometry on leg
stiffness. Our starting point was always the segment configu-
ration and joint stiffnesses that corresponded to hopping on
the most stiff surface, as described above. By using this
starting point, we began by examining the sensitivity of leg
stiffness to changes in the stiffness of each of the joints.
Subsequently, we examined the sensitivity of leg stiffness to
the change in limb geometry observed in our subjects between
the most stiff surface and the least stiff surface (Table 1).
From these sensitivity analyses, we were able to determine
the separate effects of the changes in joint stiffness and limb
geometry that we measured when the subjects hopped on
different surfaces.

RESULTS

When subjects hopped on surfaces of different stiff-
nesses, leg stiffness increased as surface stiffness de-
creased (Fig. 3B). Leg stiffness more than doubled from
13.9 kN/m on the most stiff surface to 28.1 kN/m on the
least stiff surface (P , 0.0001). Leg stiffness is equal to
the ratio of the peak ground reaction force to leg
compression (Eq. 2). Peak ground reaction force de-
creased by 17% between the most stiff surface and the
least stiff surface (P 5 0.017; Fig. 3A). Leg compression
decreased by ,60% from 0.131 m on the most stiff
surface to 0.055 m on the least stiff surface (P , 0.0001;
Fig. 3A).

To determine the mechanism for leg stiffness adjust-
ment, we began by examining the stiffness of the joints.
Figure 4 shows typical examples of net muscle moment
vs. angular displacement curves for the ankle, knee,
and hip joints during the ground-contact phase. Angu-
lar displacement was defined as the change in joint
angle relative to the joint angle at the instant that the
feet hit the ground. From Fig. 4A, it can be seen that, as
the feet hit the ground, the net muscle moment at the
ankle began to rise. During this phase, the ankle flexed,

Table 1. Model parameters

Segment
Length,

m
Mass,

kg
I,

kg/m2

usegment
on Most

Stiff
Surface, rad

usegment
on Least

Stiff
Surface, rad

HAT 0.547 45.6 1.16 0.072 0.133
Thigh 0.416 14.0 0.22 20.139 20.047
Shank 0.411 5.56 0.086 0.363 0.255
Foot 0.170 1.72 0.0064 20.819 21.107

I, moment of inertia; usegment, angle of segment relative to the
vertical at the instant of touchdown; HAT, head-arms-trunk. Each of
the leg segments represents the combination of the left and right
segments. The moment of inertia is given for rotation in the sagittal
plane about the segment’s center of mass. Positive values represent
counterclockwise rotations.
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as demonstrated by the increasing angular displace-
ment. The ankle net muscle moment and angular
displacement reached their maximum values simulta-
neously. Then, during the second half of the contact
phase, the ankle moment decreased as the ankle ex-
tended and the COM moved upward. The ankle mo-
ment reached a value of zero at approximately the time
when the feet left the ground. The slope of the ankle
moment vs. angular displacement relationship in-
creased on lower stiffness surfaces, indicating that
ankle stiffness increased. The shape of the relationship
between net muscle moment and angular displacement
was similar at the knee as at the ankle (Fig. 4B). As
surface stiffness decreased, the net muscle moment and
angular displacement at the knee decreased, and there
was no noticeable change in the slope of the relation-
ship. The net muscle moment and the angular displace-
ment were smaller at the hip than at either the ankle or
knee (Fig. 4C).

As surface stiffness decreased from the most stiff to
the least stiff surface, the ankle stiffness increased
1.75-fold (Fig. 5C). We calculated the joint stiffness only
when the phase shift between peak moment and peak
angular displacement was ,10% of that during the
hopping period. The phase shift was always ,10% at
the ankle (mean for all trials 5 0.37 6 0.85%). The
ankle stiffness increased significantly (P 5 0.023) be-
tween the most stiff surface and the least stiff surface
(396.0 vs. 687.0 N·m/rad). This increase in ankle
stiffness led to a 50% decrease in ankle angular displace-
ment (P 5 0.003; Fig. 5B) despite a relatively slight
decrease (19%) in peak net muscle moment (P 5 0.022;
Fig. 5A).

The knee and hip stiffnesses did not change with
surface stiffness (P 5 0.18 and 0.53, respectively; Fig.
5C). We did not calculate stiffness values when the
phase between the peak moment and the peak angular
displacement was .10%. The phase was 12.7% at the
knee during hopping on the least stiff surface and was
10.5 and 12.4% for the hip during hopping on the two
least stiff surfaces (ksurf 5 29.6 and 22.7 kN/m, respec-
tively). In all of these cases, the angular displacement
and net muscle moment at the joint were very small. At
both joints, the net muscle moment and the angular
displacement decreased as surface stiffness decreased
(P , 0.001 for all; Fig. 5, A and B).

Subjects landed with straighter knees on less stiff
surfaces. The knee angle at touchdown increased be-
tween the most stiff surface and the least stiff surface
(2.65 6 0.01 vs. 2.81 6 0.01 rad; P , 0.001) (Fig. 6A).
This change in knee geometry led to a reduction in the
mean moment arm of the ground reaction force about
the knee on the least stiff surface compared with the
most stiff surface (0.001 vs. 0.054 m; P , 0.001) (Fig.
6B). The ankle and hip angles at touchdown did not
change with surface stiffness (P 5 0.41, P 5 0.21,
respectively).

We measured the EMG signals from several limb
muscles to determine whether joint stiffness was ad-
justed by changing muscle activation. In nearly all of
the muscles examined, we found that the area under

the ground-contact-phase EMG decreased as surface
stiffness decreased (Fig. 7, Table 2). Significant reduc-
tions in EMG during the ground-contact phase were
observed in the soleus (226%), gastrocnemius (222%),
vastus medialis (270%), rectus femoris (261%), and
semitendinosus (225%) (P , 0.001 for all; Table 2). The
exception was the tibialis anterior, for which the area
under the ground-contact-phase EMG was indepen-
dent of surface stiffness (P 5 0.998). The timing of EMG
relative to the beginning of the ground-contact phase
did not change with surface stiffness (Fig. 7). Thus the
observed increase in ankle stiffness as surface stiffness
decreased was not due to increased activation or changes
in activation timing of the muscles acting about the
ankle.

Our computer model allowed us to examine the
sensitivity of leg stiffness to the observed changes in
joint stiffness and leg geometry found in the experi-
ments when the subjects hopped on surfaces of differ-
ent stiffnesses. We began by comparing the relationship

Fig. 6. A: joint angle at touchdown increased as surface stiffness
decreased for knee (s) but remained similar on all surfaces for ankle
(l) and hip (k). See Fig. 1 for joint angle definitions. B: mean moment
arm of ground reaction force during ground-contact phase decreased
on lower stiffness surfaces for knee but remained the same on all
surfaces for ankle and hip. Values for symbols and error bars are
defined as in Fig. 3.
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between the vertical ground reaction force and the
vertical displacement of the COM for a typical subject
and the model (Fig. 8). For the typical subject, the
force-displacement relationship is shown for hopping

on the most stiff surface and the least stiff surface. For
the model, the first force-displacement relationship
was generated with the joint stiffnesses and the leg
geometry set to the values measured in a typical

Fig. 7. Electromyographic data from
typical subject. A–F: gastrocnemius,
vastus medialis, soleus, rectus femoris,
tibialis anterior, and semitendinosus
muscles, respectively. Solid lines, data
for hopping on most stiff surface; dashed
lines, data for hopping on least stiff
surface; solid bars, ground-contact time
on most stiff surface; hatched bars,
ground-contact time on least stiff sur-
face. Ground-contact phase started at
time 0 on both surfaces. MVC, maximal
voluntary contraction.

Table 2. Integrated EMG values during the ground-contact phase and the aerial phase

ksurf, kN/m TA, %·s Sol, %·s Gast, %·s VM, %·s RF, %·s ST, %·s

Ground-contact phase

35,000 3.7661.33 14.7565.82 16.6966.53 13.1166.70 4.0462.06 5.6264.41
60.9 3.4761.42 13.2764.92 14.3766.63 6.6763.61 2.4262.12 3.9063.01
46.1 3.3361.06 12.1365.12 13.6465.81 5.8762.64 2.5161.81 4.5364.21
29.6 3.2861.16 10.5764.17 12.8865.98 4.6861.92 1.8261.38 4.4563.61
22.7 4.9561.56 10.9564.66 12.9466.52 3.9761.91 1.5861.11 4.1863.69

Aerial phase

35,000 1.9261.15 0.8560.59 3.0161.08 0.7360.50 0.3060.34 2.3961.75
60.9 1.9261.44 1.1160.53 3.5960.99 0.7960.48 0.3260.18 2.1762.01
46.1 1.6860.82 0.9460.42 2.6860.87 0.7860.43 0.3260.18 2.2662.11
29.6 1.5960.80 1.0960.56 2.9661.51 0.7760.36 0.3160.21 2.5062.75
22.7 0.8660.46 1.2060.65 3.1361.82 0.7560.38 0.2860.14 1.7961.94

Values are means 6 SE; n 5 7 subjects. EMG, electromyographic signal; ksurf, surface stiffness; TA, tibialis anterior; Sol, soleus; Gast, medial
gastrocnemius; VM, vastus medialis; RF, rectus femoris; ST, semitendinosus. Integrated EMG was calculated from the integral of the EMG,
expressed as % maximal voluntary contraction, with respect to time. Thus the units are %·s.
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subject hopping on the most stiff surface (‘‘most stiff
surface parameters’’). Subsequently, ankle stiffness and
the configuration of the body segments were changed to
the values measured in a typical subject hopping on the
least stiff surface (‘‘least stiff surface parameters’’). In
both the subject and the model, the average slope of the
force-displacement relationship approximately doubled
between the two conditions. In the typical subject, leg
stiffness increased from 14.3 to 29.4 kN/m between the
most stiff surface and the least stiff surface. In the
model, leg stiffness increased from 17.1 to 34.9 kN/m.
The observation of a similar change in leg stiffness for
the subject and the model suggests that leg stiffness
depends on joint stiffness and leg geometry similarly in
the model and in an actual human hopper. Thus the
model can provide insight into the sensitivity of leg
stiffness to the stiffness of the joints and leg geometry.

It is also interesting to note that there were differ-
ences in the shape of the force-displacement curves
between the model and subject. In the model, the slope
of the force-displacement relationship was greatest
immediately after touchdown. In the subject, this slope
was lowest immediately after touchdown. During the
middle of the contact phase, the slopes of the force-
displacement curves were similar for both. Mainly due
to the difference immediately after touchdown, the
model underwent a smaller vertical displacement of its
COM and had a higher average leg stiffness for the
contact phase than did the subject.

We found that the leg stiffness of the model was
most sensitive to changes in ankle stiffness (Fig. 9). For
example, when ankle stiffness was increased
1.75-fold, as observed in our subjects between the most
stiff and least stiff surfaces, leg stiffness increased
1.7-fold. In contrast, changing the knee or hip stiff-
ness in the model had a much smaller effect on leg
stiffness (Fig. 9). Doubling knee stiffness increased
leg stiffness by 8%, and doubling hip stiffness increased
leg stiffness by 3%.

We also used the computer model to determine the
sensitivity of leg stiffness to the change in knee angle at
touchdown that we measured in our subjects when they
hopped on surfaces of different stiffnesses. We began by
setting the joint stiffnesses and segment configuration
to match the values measured for a typical subject
hopping on the most stiff surface. Subsequently, we
kept the joint stiffnesses the same but changed the
configuration of the body segments to the values mea-
sured for the typical subject at the instant of touchdown

Fig. 9. Model predictions for sensitivity of leg stiffness to changes in
stiffness of each joint. ‘‘Normalized joint stiffness’’ is ratio of joint
stiffness in that simulation to joint stiffness used during hopping on
most stiff surface. ‘‘Normalized leg stiffness’’ is ratio of leg stiffness in
that simulation to leg stiffness used during hopping on most stiff
surface. Data for each joint were obtained by keeping stiffness of
other 2 joints and leg geometry the same as on most stiff surface and
then systematically changing stiffness of joint of interest. l, Data
from simulations in which ankle stiffness was systematically changed
while other parameters were kept the same; s and k, data from
simulations in which knee and hip stiffnesses, respectively, were
systematically changed. Joint stiffness values on most stiff surface
were 361 N·m/rad for ankle, 363 N·m/rad for knee, and 415 N·m/rad
for hip.

Fig. 8. A: force vs. downward displacement of center of mass (i.e., DL)
for typical subject hopping on most stiff surface and least stiff surface.
B: force vs. DL for model. Bottom curve, data for model with joint
stiffness values and touchdown segment configuration observed in
typical subject hopping on most stiff surface (‘‘parameters for most
stiff surface’’; Table 1). In this case, joint stiffnesses were 361
N·m/rad for ankle, 363 N·m/rad for knee, and 415 N·m/rad for hip.
Subsequently, ankle stiffness was increased by 1.75-fold, and touch-
down segment configuration was changed to match that of typical
subject hopping on least stiff surface (top curve, ‘‘parameters for least
stiff surface,’’ Table 1).
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on the least stiff surface (Table 1). This change in
touchdown geometry caused a 1.3-fold increase in leg
stiffness (17.1 vs. 22.2 kN/m). Thus we concluded that
the change in geometry played an important role in the
adjustment of leg stiffness, although the adjustment to
ankle stiffness had a larger effect on leg stiffness.

DISCUSSION

Leg stiffness is adjusted to offset differences in sur-
face stiffness during hopping in place or forward run-
ning (18, 19). As a result, the total stiffness of the series
combination of the legs and the surface remains the
same regardless of surface stiffness (18, 19). Conse-
quently, humans are able to keep the global mechanics
and kinematics of hopping in place or forward running
the same on different surfaces. For example, the ground-
contact time, stride frequency, and vertical displace-
ment of the COM during the contact phase are similar
on surfaces of different stiffnesses. The purpose of our
study was to determine the mechanisms by which leg
stiffness is adjusted when humans hop in place on
surfaces of different stiffnesses.

Our findings demonstrate that adjustments to ankle
stiffness are most important in adjusting leg stiffness.
Over the range of surfaces that we examined, leg
stiffness increased by twofold to accommodate reduc-
tions in surface stiffness. Ankle stiffness increased
1.75-fold over the same range in surface stiffnesses,
whereas the knee and hip stiffnesses do not change. Leg
geometry also changed; the knee was more extended at
touchdown on lower stiffness surfaces. An analysis
using our computer model revealed that leg stiffness is
very sensitive to changes in ankle stiffness. A 1.75-fold
increase in ankle stiffness led to a 1.7-fold increase in
leg stiffness in the model. Changing touchdown knee
angle as observed in our subjects caused a 1.3-fold
increase in leg stiffness. Finally, simultaneously chang-
ing ankle stiffness and touchdown knee angle produced
a doubling of leg stiffness in the model, just as observed
in hopping subjects. Thus leg stiffness is adjusted for
different surfaces by a combination of changes in ankle
stiffness and knee angle.

Despite the simplicity of the computer model, it
simulates human hopping in place reasonably accu-
rately. When leg geometry and joint stiffnesses are set
to the values for a typical subject hopping on the most
stiff surface, the leg stiffness of the model is 19% higher
than is the leg stiffness of the subject. Examination of
the force-displacement relationships (Fig. 8) reveals
that the model is stiffer shortly after touchdown than
is a typical subject. This may be due to a difference in
the moment-angular displacement relationship for the
joints of subjects compared with the model. In the
subjects, both the ankle and knee are less stiff shortly
after touchdown than later in the contact phase (Fig. 4).
As a result, the slope of the force-displacement relation-
ship for the leg follows the same pattern; it is low early
in the contact phase and increases later in the contact
phase. In contrast, the model has constant-stiffness
joints and thus has a higher leg stiffness at the begin-
ning of the contact phase than does an actual human

hopper. Despite these differences, the model’s leg stiff-
ness doubles when ankle stiffness and touchdown knee
angle are simultaneously changed, as observed in the
subjects between the most stiff surface and the least
stiff surface. In the human subjects, leg stiffness also
doubles between the most stiff surface and the least
stiff surface. The similar change in leg stiffness in the
human subjects and the model suggests that the model
can give insight into the separate effects on leg stiffness
of changing ankle stiffness and touchdown knee angle.

On the basis of sensitivity analyses, it is clear that
leg stiffness is very sensitive to changes in ankle
stiffness but is much less sensitive to changes in knee
or hip stiffness (Fig. 9). Despite the complexity of the
leg, its stiffness is nearly directly proportional to the
stiffness of a single joint, the ankle. Moreover, the knee
and hip can have a range of stiffness values without
substantially affecting leg stiffness. Our findings show
that knee and hip stiffness remain the same when
humans adjust their leg stiffness in response to a
change in surface stiffness. In addition, knee and hip
stiffnesses are more variable than is ankle stiffness. We
could not quantify the knee or hip stiffness when the
subjects hopped on very low stiffness surfaces because
the net muscle moment and angular displacement were
not in phase with each other. As a result, our analysis
may not adequately describe the behavior of the knee
and hip in these situations. However, it seems very
unlikely that their behavior is involved in the adjust-
ment of leg stiffness. This conclusion is based on the
observation that the behavior of the knee and hip had
only a slight effect on leg stiffness in our model (Fig. 9).

The selective sensitivity of leg stiffness to ankle
stiffness is not due to differences in stiffness values for
the three joints. In a system with multiple springs, the
least stiff spring undergoes the largest displacement in
response to a force and has the most influence on the
overall stiffness. However, the ankle is not the least
stiff joint during hopping in place (Fig. 5). Alternative
explanations are that leg stiffness is particularly sensi-
tive to ankle stiffness because of the geometry of the leg
or because of the distal position of the ankle within the
leg. Because of the leg’s geometry, the moment arm of
the ground reaction force is largest about the ankle
(Fig. 6). Therefore, a given ground reaction force will be
associated with a larger net muscle moment and angu-
lar displacement at the ankle than at the knee or hip
(Fig. 5). In addition, rotation of the foot segment, a
parameter directly affected by ankle stiffness, will lead
to a larger vertical excursion of the COM than will
rotation of any other segment. This is because the foot
segment is closer to horizontal than any other segment
and because of its distal position within the leg.

Previous observations suggest that the important
role of ankle stiffness in the adjustment of leg stiffness
may extend to other movements and other animals (9,
11). A comparison of leg stiffness between a single
landing and hopping in place in humans demonstrated
that the differences in leg stiffness (‘‘whole body stiff-
ness’’) are paralleled by differences in ankle stiffness
(11). Similarly, in a small bipedal bird, changes in leg
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stiffness are paralleled by changes in ankle stiffness
during running and during landing from a jump (9).
Finally, previous studies of landings and drop jumps in
humans have shown that the pattern of moment and
angular displacement at the joints changes depending
on surface stiffness and whether the subject intended to
land stiffly or compliantly (10, 33, 34, 37, 38). Although
joint stiffness was not reported, the data suggest that
joint stiffness varied depending on the task.

It is not obvious how ankle stiffness is adjusted for
hopping on surfaces of different stiffnesses. A variety of
techniques have been used to examine the modulation
of joint stiffness during single-joint movements (1, 17,
20, 23, 35, 39, 41, 42). Although many factors affect
joint stiffness, it is clear that joint stiffness strongly
depends on the level of activation of the muscles acting
about the joint. Thus the ankle could be made stiffer by
increasing the activation of the gastrocnemius or so-
leus, or by increasing the coactivation of the tibialis
anterior, an ankle flexor muscle (11, 35, 40). However,
our findings show that there is no increase in EMG
activity in the gastrocnemius, soleus, or tibialis ante-
rior over the range of surface stiffnesses where ankle
stiffness increases 1.75-fold (Fig. 7). Indeed, our data
show a decrease in activation in the gastrocnemius and
soleus. This observation shows that ankle stiffness
during hopping is not adjusted by changing the level of
muscle activation. Alternatively, it is conceivable that
ankle stiffness is adjusted by changing limb geometry
because the stiffness of the muscle-tendon units cross-
ing the ankle varies depending on their length (23, 41,
42). The touchdown ankle angle did not change on
different surfaces, but the touchdown knee angle in-
creased on lower stiffness surfaces (Fig. 6A). The
gastrocnemius muscle-tendon unit crosses both the
ankle and knee, and thus gastrocnemius stiffness and
ankle stiffness could be affected by the touchdown knee
angle. However, given the small change in touchdown
knee angle, it seems unlikely that it could have pro-
duced a 1.75-fold change in ankle stiffness. This conclu-
sion is based on the gastrocnemius force-length relation-
ship and the dependence of gastrocnemius length on
knee angle in humans (25, 29). A final alternative
explanation is that the stiffness of the muscles crossing
the ankle could be adjusted by changing the firing
frequency of the active motor units (26) or by recruiting
different motor units (36). These possibilities should be
explored in future studies.

As demonstrated by this study, our approach to
understanding the link between the mechanics of loco-
motion and the mechanical properties of the musculo-
skeletal elements begins at the global level and sequen-
tially moves toward lower levels of organization. The
musculoskeletal system comprises multiple segments
interconnected by joints. Each joint has numerous
muscles, tendons, and ligaments acting about it. Given
the complexity of the control of the stiffness of a single
muscle or joint, it would be extremely difficult to use a
forward dynamics approach that begins at the level of
individual muscles and attempts to explain the control
of locomotion. Instead, we have used an inverse dynam-

ics approach that began by characterizing the rules
governing the relationship between the global mechan-
ics and kinematics of locomotion and leg stiffness. The
present study reveals that leg stiffness is extremely
sensitive to the stiffness of the ankle. This finding
makes it obvious that the next step is to examine the
neuromuscular mechanisms for adjusting ankle stiff-
ness during locomotion. Thus, because of our progres-
sion from the global level to lower levels of organiza-
tion, we can now formulate focused hypotheses about
how individual elements of the musculoskeletal system
contribute toward determining the kinematics and
mechanics of locomotion at the global level. At this
point in the progression, an approach that combines
behavioral modeling (e.g., the models used in the
present study) with more realistic neuromuscular mod-
els may reveal important principles about the control of
bouncing gaits.
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