
&p.1:Abstract The time-varying stiffness dynamics of the
human ankle joint were identified during a large stretch
imposed upon the active triceps surae muscles. Small
stochastic position perturbations were superimposed up-
on many repetitions of the larger movement and an en-
semble time-varying identification technique was then
used to characterize the relationship between the small
perturbation and the torque it evoked at each sample in
time throughout the movement. This technique was
found to provide an excellent description of the ankle
stiffness dynamics throughout this movement, with the
identified stiffness impulse response functions account-
ing for more than 80% of the torque variance at all times.
The average low-frequency stiffness values (Klow) de-
rived from the stiffness impulse responses at each sample
in time are believed to reflect primarily the instantaneous
elastic properties of active crossbridges. These proper-
ties, which reflect the contractile state of the muscles
more directly than force or torque measurements, have
not been obtained previously from an intact muscle-joint
system. We found that stiffness actually increased during
the later portion of the large imposed stretch, indicating
the triceps surae muscles did not yield significantly, and
that the post-stretch steady-state stiffness level was ap-
proximately 60% higher than prior to the stretch. Reflex
activity evoked by the large stretch did not produce a de-
tectable change in Klow, even though this activity did pro-
duce a clear twitch-like response in joint torque begin-
ning approximately 60 ms following stretch onset. A sec-
ond-order mechanical model was found to provide an ad-
equate characterization of stiffness dynamics for steady-
state periods before and well after the imposed move-
ment, but it could not adequately describe the observed
changes in stiffness dynamics during the movement it-

self. However, the variation of model parameters indicat-
ed that the torque evoked by the stochastic displacement
was predominantly elastic in nature. The stiffness behav-
ior during stretch observed here for the intact human an-
kle joint is largely consistent with previous studies per-
formed in isolated muscle preparations.
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Introduction

Joint stiffness, the dynamic relation between the position
of a joint and the torque acting about it, is an important
property in the control of posture and movement. It de-
termines the resistance generated in response to an exter-
nal perturbation and can be modulated over a substantial
range by changes in neural activation. Because of these
properties, it has been proposed that the nervous system
modulates muscle (Nichols and Houk 1976; Hoffer and
Andreassen 1981), joint (Feldman 1966, 1974; Crago et
al. 1976; Carter et al. 1990; Kirsch and Rymer 1992) or
endpoint (Hogan 1985b) stiffness to compensate for ex-
ternal perturbations and/or to initiate voluntary move-
ments. Furthermore, stiffness control has been investigat-
ed for use with electrically stimulated muscle (Crago et
al. 1990, 1991; Lan et al. 1991) and has been implement-
ed for robotic manipulators (Salisbury 1980; Hogan
1985a, 1987).

Stiffness has been studied during postural, quasi-static
conditions using a variety of approaches, both in reduced
animal muscle preparations and for intact human joints.
These studies have shown that stiffness varies with mean
joint position (Weiss et al. 1986a,b), muscle activation
level (Hunter and Kearney 1982; Cannon and Zahalak
1982; Weiss et al. 1988; Kirsch et al. 1994), and pertur-
bation amplitude (Kearney and Hunter 1982; Kirsch et
al. 1994). These steady-state properties are relevant for
static postural conditions but provide no information
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about joint stiffness when muscle activation and/or mus-
cle length change, as is the case in many everyday tasks.

Several techniques have recently been developed for
characterizing dynamic systems during nonstationary
conditions. An earlier report from this laboratory (Mac-
Neil et al. 1992) used an ensemble system identification
method in conjunction with a small imposed stochastic
displacement to describe variations in human ankle joint
stiffness when subjects voluntarily changed their isomet-
ric contraction from one level to another. Bennett et al.
(1992) examined the stiffness of the human elbow joint
during unconstrained cyclic movements using a related
ensemble technique together with the small force pertur-
bation provided by an air-jet apparatus. More recently,
Bennett (1993a,b) has examined reflex modulation of
joint stiffness during rapid elbow joint movements using
sinusoidal position perturbations superimposed upon a
nominal joint trajectory. Elbow joint stiffness modulation
has also been examined during both discrete and oscilla-
tory voluntary movements within the context of the equi-
librium point hypothesis (Latash and Gottlieb 1991a,b;
Latash 1992) using slowly varying external loads and the
inherent variability of subjects’ reaction times. Finally,
Lacquaniti et al. (1993) examined joint and endpoint
stiffness during a multi-joint ball catching task, again us-
ing an ensemble identification technique; in this case, a
force perturbation was applied to the upper arm and was
transmitted to the elbow and wrist joints via inertial cou-
pling.

In the current study, we have examined a behavior
where time-varying ankle joint stiffness was produced by
an externally applied stretch of the triceps surae muscles,
rather than by changes in neural activation as in the re-
ports cited above. Similar stretches have been widely
used in the past to study intrinsic muscle properties and
reflex excitability, both in isolated cat muscle (Joyce et
al. 1969; Nichols and Houk 1976; Hoffer and Andreas-
sen 1981; Kirsch et al. 1994) and at human joints (Allum
and Mauritz 1984; Carter et al. 1990; Toft et al. 1991).
Such studies have revealed “yielding”, short-range stiff-
ness, and other discontinuities in the force or torque re-
sponses which suggest significant changes in muscle and
joint stiffness. A time-varying system identification pro-
cedure developed in our laboratory (Kearney et al. 1991;
MacNeil et al. 1992) has been used to obtain estimates of
the full dynamic stiffness of the ankle joint at each time
sample throughout a large imposed stretch, in addition to
simply measuring the net joint torque response to the
stretch. Briefly, we found that the imposed stretch did
not produce the decline in instantaneous joint stiffness
expected during “yielding”, but rather stiffness increased
throughout most of the stretch. Stretch-evoked reflex ac-
tivity produced a twitch-like increase in joint torque, but
no obvious modulation of joint stiffness was detected
during the same interval. A second-order mechanical
model provided an accurate description of joint stiffness
during steady-state conditions, but its performance dete-
riorated significantly during the imposed stretch. The
variation of model parameters indicated that the torque

evoked by the stochastic displacement was primarily
elastic in nature.

Portions of this work have appeared previously
(Kirsch and Kearney 1991, 1993a).

Materials and methods

The experimental and analytical techniques used in this study are
virtually identical to those used previously to examine ankle joint
stiffness properties during a different task (MacNeil et al. 1992)
and to study time-varying electromyographic stretch reflex proper-
ties (Kirsch et al. 1993; Kirsch and Kearney 1993b); indeed, the
data used here were obtained from the same experiments de-
scribed in Kirsch and Kearney (1993b). These techniques are de-
scribed fully in these papers and elsewhere (Kearney et al. 1991),
and thus will be described only briefly below.

Subjects and apparatus

Five human subjects, aged 22–43 years, with no known history of
neuromuscular disease were tested. The experiments performed
here received prior approval from the ethics committee at McGill
University and conformed to the standards of the 1964 Declaration
of Helsinki. Subjects provided informed consent prior to each ex-
periment. Each subject was placed in a supine position on an ex-
perimental table with their left foot attached to a high-performance
hydraulic actuator through a rigid, low-inertia fiberglass boot.
Straps were applied to the hip and just above the knee (which was
maintained in a slightly flexed position by a firm support) to re-
strict movement to the ankle joint. An oscilloscope mounted above
the subject displayed a visual torque target and a torque feedback
signal, lowpass filtered at 5 Hz to reduce the perturbation-evoked
component.

Signal measurement and acquisition

Signals proportional to ankle torque and angular position were
provided by transducers built into the apparatus, and electromyo-
grams (EMG) from triceps surae (TS) and tibialis anterior (TA)
were obtained from surface electrodes as previously described
(Kirsch et al. 1993). No attempt was made to obtain independent
EMGs from the different muscles of the triceps surae group. All
signals were filtered at 400 Hz by eight pole lowpass Bessel filters
(Frequency Devices 902LPF) prior to sampling at 2 kHz. The D/A
converter providing the “ramp” command to the actuator (see be-
low) was also sampled to facilitate trial alignment.

Displacement perturbations

The hydraulic actuator, configured as a rotary position servo, was
used to apply a rapid “ramp” movement onto the ankle joint in the
dorsiflexion direction (i.e., a stretch of the TS), upon which a
small stochastic displacement was superimposed. Note that the
“ramp” perturbation was actually a modified constant-velocity
movement, with sharp transients at the beginning and end of the
ramp stretch reduced by digital smoothing of the D/A command
sequence to reduce the contribution of joint inertia to the net
torque response. The resulting stretch had an amplitude of 0.13
rad (7.5°), a peak velocity of 6 rad/s (344°/s), and a peak accelera-
tion of 343 rad/s2 (19 600°/s2).

The stochastic perturbation sequence used for each subject was
identical to that described in a previous study (Kirsch and Kearney
1993b). Briefly, the perturbation for each subject was derived by
filtering a pseudo-random binary sequence with an impulse re-
sponse function corresponding to the quasi-static ankle compli-
ance of that subject for a 15% MVC (maximum voluntary contrac-
tion) torque level; this operation produced a displacement which
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was skewed to lower frequencies so that the evoked torque re-
sponse exhibited a power spectrum that was approximately flat
over the frequency range of interest (0–50 Hz). The resulting com-
mand sequence was truncated to a length of 7300 (36.5 s at the
200 Hz D/A update rate) and scaled to provide a displacement
with range of ±0.018 rad (±1°). Note that although the same sto-
chastic perturbation was repeatedly cycled throughout a given ex-
periment, its timing was not synchronized to the onset of the ramp.
Because the period of the stochastic sequence was much longer
than the duration of the ramp, its timing relative to ramp onset
proved to be random (see below).

Experimental paradigm

Each trial was initiated from a neutral ankle position, with the sub-
ject exerting a mean plantarflexion torque equal to 15% MVC
while the small stochastic perturbation was continuously applied.
When the subject had matched the desired 15% MVC contraction
level to within ±5% (i.e., 0.75% of MVC) for three consecutive
200-ms intervals, a second D/A converter added the command for
the ramp stretch, to which the subject was instructed to “not re-
act”. Data were recorded for 600 ms in each trial, beginning
200 ms prior to the onset of the ramp; Fig. 1 shows an example of
the superimposed stochastic and ramp perturbations for one trial,
along with the corresponding torque and rectified TS EMG. After
a minimum of 3 s, another trial could be initiated, although the ac-
tual inter-trial intervals were somewhat longer since the subject
had to voluntarily re-establish the required steady torque level and
could also wait longer if desired. Sets of 32 trials were recorded in
sequence, with an inter-set rest period of at least 2 min. Sixteen to
twenty-four sets were recorded in a given experiment, for a total
of 512–768 trials.

Several additional trials were also recorded in each experiment.
First, a 30-s trial with the stochastic perturbation only (i.e., no
ramp stretch) and a mean torque of 15% MVC was recorded for
all subjects to characterize quasi-static stiffness properties at a
neutral ankle position. In two of the five subjects, additional 30-s
stochastic-only trials were recorded at five equally spaced mean
positions across the span of the ramp stretch. In the same two sub-
jects, a set of 250 trials with the large stretch and superimposed
stochastic perturbation were recorded as described above, but in
this case the subject was instructed to remain completely relaxed.
Finally, 32 trials with the ramp perturbation only were recorded at
an initial 15% MVC contraction level for all five subjects.

Analysis

Trial alignment and selection

The trial alignment and selection procedures described previously
(Kirsch et al. 1993) were again used to choose the 250 “most simi-
lar” trials. All trials were first aligned to the D/A ramp command
recorded at 0.5-ms intervals, then the most similar trials were se-
lected using a mean-square error criterion between lowpass fil-
tered (18 Hz) torque responses. This filtering reduced the compo-
nent of the torque response due to the stochastic perturbation
while having minimal effect on the torque response evoked by the
ramp stretch, thus concentrating the selection process upon the un-
derlying time-varying behavior rather than on the perturbation-re-
lated component (which was by design different in each trial). The
position, torque, and digitally rectified EMG records were then
decimated (after digital anti-alias filtering) to a final sampling rate
of 250 Hz, which was more than adequate to capture stiffness dy-
namics for the 50-Hz bandwidth stochastic perturbation.

Time-varying system identification

An ensemble time-varying identification procedure was used to
track time-varying ankle stiffness properties. A full description of

this approach and its benefits relative to other time-varying identi-
fication techniques can be found elsewhere (Kearney et al. 1991;
MacNeil et al. 1992; Kirsch et al. 1993). The end result of this
identification process was a set of 43-point (168-ms), two-sided
impulse response functions representing ankle stiffness dynamics
at 4-ms intervals throughout the imposed ramp stretch. Goodness
of fit was assessed by convolving the experimentally recorded po-
sition ensemble with these identified stiffness impulse responses
to obtain a predicted torque ensemble, and then computing the
percentage of variance accounted for (%VAF) between the actual
and predicted torque ensembles, both across time at particular in-
stants in the time-varying behavior and across individual trials
(Kirsch and Kearney 1993a).

Second order model fits

Ankle stiffness dynamics were summarized by fitting a second-or-
der model of the form T(t)=Kθ(t)+Bθ

.
(t)+Iθ

..
(t) (where T is ankle

torque, θ is ankle angle, K is joint elastic stiffness, B is joint vis-
cosity and I is joint inertia) to the stiffness frequency responses
obtained by Fourier transforming the stiffness impulse responses.
Such a second-order model has been widely used to describe joint
stiffness properties (Hunter and Kearney 1982; Kearney and Hunt-
er 1982; Cannon and Zahalak 1982; Weiss et al. 1986a,b, 1988;
Bennett 1993a). The parameters of the model were fit to the com-
plex-valued stiffness frequency response at each sample in time
using a Levenberg-Marquardt nonlinear least-squares algorithm
(Optimization Toolbox for Matlab, The MathWorks). Each fit was
performed over a frequency range of 8–50 Hz, the upper limit set
by the highest frequency component in the stochastic perturbation
and the lower limit set primarily by the length of the stiffness im-
pulse responses; longer impulse responses would have provided
finer frequency resolution, but the identification of these longer
impulse responses would have required a correspondingly larger
(and impractical) number of experimental trials. Moreover, the
range of frequencies used in the fit was found to be more than ade-
quate to describe dynamic behavior of the joint (see below). The
goodness of fit of the second-order model was assessed by gener-
ating an ensemble of stiffness impulse responses from the second-
order parameters (one for each sample in time) and following the
same procedure used for the identified, nonparametric stiffness
impulse responses described above.

Results

Responses to ramp and stochastic position perturbations

Basic properties

Figure 1 shows both single trial and ensemble average
data for a single subject. The position records illustrated
in Fig. 1A show the net positional variations imposed by
the hydraulic actuator in one trial (the thin continuous
line), as well as the two components of this net perturba-
tion. The ensemble average position across all 250 se-
lected trials (thick continuous line) indicates the large
dorsiflexing ramp stretch (0.13 rad or 7.5°, 25 ms dura-
tion, peak velocity 6 rad/s) that was common to each tri-
al, while the thin dashed trace shows the small stochastic
perturbation that was unique to each trial. Also shown in
Fig. 1A (as the thick dashed trace) is the ensemble stan-
dard deviation, whose constancy across time indicates
that the stochastic perturbation was stationary across
time in single trials. Furthermore, this ensemble standard
deviation was found to be equal to the standard deviation
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of the stochastic perturbation across time in a single trial.
This demonstrates that the properties of the perturbation
were very similar across all trials and that the timing of
the large imposed stretch was random relative to the su-
perimposed stochastic perturbation (for a more detailed
discussion see Kirsch et al. 1993).

The torque records shown in Fig. 1B indicate the re-
sponses to the ramp stretch alone (the ensemble aver-
age), the stochastic perturbation alone, and the combina-
tion of the two. The large stretch produced a rapid in-
crease in torque that settled after an overshoot to a
steady-state level approximately twice the pre-stretch
value, while the stochastic position perturbation resulted
in smaller, random changes in torque. The TS EMG
(Fig. 1C) exhibited a large synchronous reflex response

beginning approximately 40 ms after stretch onset and
smaller continuous variations evoked by the stochastic
perturbation. A steady-state increase in TS EMG follow-
ing the imposed stretch was also found, with the mean
steady-state EMG increasing across all subjects by an
average of 24.7% relative to the pre-stretch mean EMG.
Although not obvious in Fig. 1, a twitch-like increase in
torque was often observed (see Fig. 5) beginning approx-
imately 60 ms following stretch onset, and was presum-
ably associated with the synchronous reflex burst of TS
EMG occurring 20 ms earlier. TA EMG records are not
illustrated in Fig. 1, but we found TA activity to be negli-
gible in all subjects. Maximum TA EMG levels were
typically less than 5% of that of the TS EMG, and the
time course of the TA EMG was very similar to that of
the TS EMG. This suggests that the main source of the
recorded TA EMG was a small degree of crosstalk from
the TS group, and it is therefore highly unlikely that the
ankle dorsiflexor muscles contributed to the mechanical
responses described below.

Figure 1D plots the same ensemble average torque
and position records as in Fig. 1A and B, but in a nor-
malized form and using an expanded time scale. Super-
imposed on these records are normalized velocity and
acceleration records obtained by numerically differenti-
ating the position record. The vertical arrows indicate
break points where the slope of the torque record exhib-
ited clear changes. Note that the leftmost break point co-
incides with the decrease of acceleration from its peak
positive level, the center break point coincides with the
decrease of velocity from its peak, and the rightmost
break point coincides with an increase in acceleration
from its peak negative level. These features were highly
repeatable across all five subjects.

Effect of stochastic perturbation on torque response
to ramp stretch

The imposition of the stochastic position perturbation
was found in all subjects to enhance the torque generated
in response to the larger ramp stretch. The lower traces
in Fig. 2 compare the torque ensemble averages obtained
from two subjects using the 250 ramp+stochastic pertur-
bation trials with those obtained from these same two
subjects in the 32 ramp-only trials. For both subjects, the
pre-ramp torque level produced by the subject was the
same with or without the stochastic perturbation, but the
imposed ramp stretch resulted in a significantly larger
torque response when the stochastic perturbation was
present. This behavior was found for all five subjects,
and is summarized in the upper portion of Fig. 2 by the
difference in the torque ensemble averages obtained with
and without the stochastic perturbation. The response en-
hancement occurred very rapidly, reached its peak value
before the onset of reflex action, and was maintained for
an interval longer than voluntary reaction times.
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Fig. 1A–D A–C Single trial data records. A Ankle position,
showing the ensemble average of the 250 selected trials (thick
trace), the stochastic perturbation imposed in a single trial (thin
dashed trace), and the sum of the two (thin continuous trace). The
ensemble standard deviation is shown as the thick dashed trace. B
Ankle torque, showing the ensemble average response (thick
trace), the response to the stochastic perturbation alone (thin
dashed line), and the sum of the two (thin continuous solid trace).
Note that plantarflexion torque is shown increasing in the negative
direction. C Rectified triceps surae (TS) electromyogram (EMG)
responses, showing the ensemble average (thick trace) and a single
trial response (thin trace). D Normalized joint torque, position, ve-
locity, and acceleration records for same subject as in A–C. Veloc-
ity and acceleration were obtained from numerical differentiation
of position record. Arrows indicate times where slope of torque re-
sponse changes&/fig.c:



Fig. 3A, B Stiffness dynamics across time during the imposed
stretch for one subject. A Stiffness impulse responses identified
before, during, and following the imposed stretch. Note that im-
pulse responses have been minimally smoothed to remove noise
near the Nyquist frequency. B Stiffness frequency response magni-
tude ensemble; stretch applied at time zero and each curve repre-
sents the absolute value of the Fast Fourier transform of the stiff-
ness impulse response identified at that time&/fig.c:
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Fig. 2 Effect of the stochastic perturbation on the torque response
to the ramp stretch. The lower portion of the figure shows the re-
sponses to the ramp stretch with (continuous traces) and without
(dashed traces) the stochastic perturbation superimposed, for two
subjects (thin traces and thick traces). The upper traces show the
differences between the torque responses with and without the su-
perimposed stochastic perturbation for all five subjects&/fig.c:

Nonparametric stiffness properties

Stiffness dynamics: impulse response
and frequency response ensembles

The 250 “most similar” trials remaining after the trial se-
lection procedure were input to the ensemble time-vary-
ing identification procedure, which produced estimates
of ankle joint stiffness impulse response functions at
each time sample (i.e., every 4 ms) throughout the exper-
imental trial. Representative impulse responses are
shown in Fig. 3A for three times: during the pre-stretch
steady state, during the middle of the imposed stretch,
and during the post-stretch steady state.

Although time-varying joint stiffness dynamics are
most conveniently identifiedusing two-sided impulse re-
sponse functions, these impulse responses are difficult to
interpret because they are noncausal and dominated by
inertial contributions. Fortunately, these impulse re-
sponses can readily be transformed to the frequency do-
main using the Fast Fourier Transform (FFT), and the re-
sulting stiffness frequency responses illustrate the rele-
vant low-frequency components of joint stiffness much
more clearly. Figure 3B illustrates the magnitude portion
of the ensemble of stiffness frequency responses ob-
tained in this way for one subject. In this figure, time
during the trial progresses along the “Time” axis, while
the stiffness dynamics at each time are shown by individ-
ual traces along the “Frequency” axis. The pre-stretch
frequency response at –100 ms shows the basic form of
ankle stiffness dynamics familiar from time-invariant
studies: stiffness magnitude is relatively flat at low fre-

quencies, exhibits a resonance at approximately
25–30 Hz, and thereafter increases with frequency due to
the inertia of the joint. Following the imposed stretch (at
time 0), stiffness magnitudes at low frequencies clearly
increased, but this did not occur instantaneously and the
shape of the frequency responses changed as well as the
amplitude. These changes will be described in more de-
tail below.

Goodness of fit

The ensemble of time-varying stiffness impulse respons-
es described ankle stiffness properties throughout the im-
posed stretch very well, as illustrated in Fig. 4. In this
figure the recorded joint torque (thin traces) is superim-



posed on that predicted by convolving joint position with
the time-varying stiffness impulse responses (heavy trac-
es). This comparison has been done across the ensemble
of trials at three different times (Fig. 4A). The close cor-
respondence between the actual and predicted torques in-
dicates that the experimental and analytical techniques
were successful in freezing and capturing joint dynamics
at each time, even during the middle of the large im-
posed stretch.

A similar comparison was also carried out for individ-
ual trials. Figure 4B shows the actual and predicted
torques for trials at the beginning, middle, and end of the
experiment. Again, the predicted and observed torques
were very similar, indicating that a single set of time-
varying stiffness impulse responses described stiffness
dynamics accurately throughout the entire experimental
session.

Low-frequency stiffness

We generated an empirical indicator of stiffness varia-
tions across time by computing Klow, the average low-
frequency stiffness, as the average value of the stiffness
frequency response magnitude between 10 and 20 Hz
(depicted by the shaded rectangle in the lower panel of

Fig. 7A) for each frequency response in the ensemble.
(Note that a more detailed description of stiffness dy-
namics in terms of a parametric model will be given be-
low.) Figure 5 shows Klow as a function of time, along
with the ensemble averages of position, torque, and TS
EMG, for all subjects. All quantities except position
have been normalized to their average values prior to the
onset of the ramp. (The average pre-stretch torque and
stiffness values are indicated for each subject since the
contraction level was defined as a percentage of each
subject’s MVC rather than an absolute level. Note that
the scale for TS EMG is somewhat larger than for the
other quantities and is shown to the right of each panel.)

The position ensemble averages were essentially iden-
tical for all subjects, but were scaled in each panel of
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Fig. 4A, B Comparison of recorded torque with that predicted by
time-varying stiffness impulse responses. Recorded torques (with
ensemble average subtracted) are plotted with thin lines, predicted
torques by heavy lines. A Actual and predicted torque for the three
indicated times during the task, plotted across 100 trials. Note that
the percentage of variance accounted for (%VAF) is computed
across all 250 trials. B Actual and predicted torque plotted across
time for single trials at the beginning, middle, and end of one ex-
periment. Timing relative to the behavioral task is indicated by
torque and position ensemble averages at the bottom&/fig.c:

Fig. 5A–F A–E Normalized ensemble average position, torque,
and EMG responses plotted with normalized low-frequency stiff-
ness (Klow) for all five subjects. Torque, EMG, and Klow are nor-
malized to their pre-stretch average values (absolute pre-stretch
torque and stiffness average values indicated in each panel); posi-
tion ensemble averages are scaled to fit the range of Klow for each
subject. Note that the EMG scale is to the right. F The average po-
sition, torque, EMG, and Klow taken across the responses of all five
subjects in A–E &/fig.c:



Fig. 5 to match the range of that subject’s Klow to facili-
tate a comparison of their time courses. For all subjects,
low-frequency stiffness was nearly constant during the
steady-state intervals before and well after the stretch,
but increased by 50–100% following the stretch. At the
onset of the stretch, most subjects showed a transient in-
crease in Klow followed by a more gradual increase to the
final steady-state level. In three subjects (i.e., subjects
3–5) the time course of this gradual increase in Klow was
very similar to that of the imposed ramp stretch, while
the stiffness of the other two subjects followed a some-
what more variable trajectory to the final steady state. In
all subjects, however, Klow increased towards its final
steady-state value at the same time as the active TS mus-
cles were being rapidly and forcibly lengthened.

The time course of Klow was not affected by the siz-
able reflex activation indicated by the large burst of TS
EMG at 40–45 ms following ramp onset. This burst was
highly repeatable and evoked clear twitch-like torque re-
sponses in all subjects. For all subjects, however, Klow
reached its steady-state value prior to the onset of this re-
flex burst and did not increase even during the subse-
quent reflexive increase in joint torque.

Static position dependence of stiffness

The similarity in the time course of the average low-fre-
quency stiffness, Klow, and that of the ramp position per-
turbation led us to examine the effect of static joint posi-
tion on joint stiffness. For two subjects, stochastic per-
turbations (without the large stretch) were applied at six
different mean joint positions across the range of the
stretch imposed in other trials, and stiffness dynamics
were estimated using quasi-static methods. The low-fre-
quency stiffness values resulting from these trials are
plotted for both subjects in Fig. 6; the zero position cor-
responds to the pre-stretch position in ramp stretch trials,
while the 0.13 position is near the final position of the
ramp. For both subjects there was little change in joint
stiffness with static position over the range examined
(which was near the neutral position of the joint). More-
over, the stiffness magnitudes were comparable to those
obtained for the pre-stretch steady-state period of time-
varying trials (compare with the pre-stretch values indi-
cated in Fig. 5).

Parametric modeling: variations in elastic, viscous,
and inertial components

Single-subject responses

As described in the Materials and methods, a second-or-
der model with parameters corresponding to the elastic,
viscous, and inertial properties of the ankle joint was fit-
ted to the stiffness frequency response obtained at each
time sample. Several examples of the fits obtained for
one subject are shown in Fig. 7A. The change in the
stiffness dynamics across time is evident in the progres-
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Fig. 6 Dependence of quasi-static stiffness on mean joint position
for two subjects. Time-invariant identification was used at each
position; mean joint position was varied to six locations equally
spaced over the range of the ramp stretch used in this study&/fig.c:

Fig. 7A, B Second-order modeling of time-varying ankle joint
stiffness for subject 1. A Identified and modeled stiffness frequen-
cy responses for same times as in Fig. 4A. Heavy continuous trace
indicates identified stiffness magnitude (scale to the left), heavy
dashed traceindicates identified phase (scale to the right). Thin
traces indicate responses predicted by the best-fit second-order
model. Lower panelindicates frequency range for low-frequency
stiffness average, Klow. B Parameter variations and goodness of fit
for second-order model parameters (light traces) for subject 1.
Klow and the %VAF of the nonparametric stiffness impulse re-
sponses are shown with thick traces&/fig.c:



sive increase in the low-frequency magnitude and break
frequency from the top to the bottom panel in Fig. 7A,
indicating that the joint has become stiffer.

Figure 7B plots the variation of the elastic, viscous,
and inertial parameters of the second-order fits for one
subject as functions of time during the experimental trial.
As shown in the upper panel of Fig. 7B, the variation of
the elastic parameter K was similar to that of the average
low frequency stiffness, Klow; moreover the pre-ramp
steady-state values were very similar to those obtained
previously during quasi-static conditions (Hunter and
Kearney 1982; Weiss et al. 1988). The pre-ramp values
estimated for the viscous and inertial parameters were
also similar to those found for quasi-static conditions,
but both parameters changed in a complex manner dur-
ing the imposed ramp stretch. The viscous parameter ex-
hibited a transient change immediately after ramp onset,
and then again at the termination of the ramp. The iner-
tial parameter nearly doubled during the ramp stretch,
even though its value would be expected to remain con-
stant over the range of joint angles examined here.

The bottom panel of Fig. 7B compares the ability of
the nonparametric stiffness impulse responses and the
corresponding second-order models to predict the experi-
mental torque responses. For all times during the trial,
the stiffness impulse responses predicted the perturba-
tion-evoked torque more accurately than the second-or-
der model; this was most evident during the large im-
posed stretch, where the %VAF of the second-order
model fell below 50% while that of the stiffness impulse
responses remained above 80%.

Population averages

The single-subject results shown in Fig. 7B were typical
for all subjects. The overall population behavior is illus-
trated in Fig. 8 as normalized parameter values; the pa-
rameters (elasticity, viscosity, and inertia) for each sub-
ject were first normalized with respect to that subject’s
pre-stretch average parameter values, and the resulting
normalized records were then averaged across subjects.
The average elastic parameter followed a course similar
to that of Klow, except during the ramp stretch itself,
when Klow increased more rapidly than the elastic param-
eter. At the same time, the viscous parameter exhibited
large and complex changes, while the inertial parameter
nearly doubled. These unusual variations in the second-
order model parameters during the stretch were accom-
panied by a significant deterioration in the goodness of
fit, with the model accounting for less than 50% of the
torque variance on average while the nonparametric stiff-
ness impulse responses accounted for approximately
80% of the variance during this period.

Steady-state incremental stiffness measurements for
each subject are plotted in Fig. 8B for comparison with
the elastic and Klow estimates. Incremental stiffness was
computed by dividing the incremental steady-state
torque response to the ramp stretch (indicated as ∆τ in

Fig. 1) by the corresponding steady-state positional
change (∆θ in Fig. 1). This quantity was computed for
each of the 250 selected trials for each subject and then
averaged across trials to obtain a single estimate for each
subject; note that the standard deviation of the steady-
state stiffness across trials produced error bars smaller
than the plotting symbol used in Fig. 8B, indicating the
similarity of the trials. For presentation purposes, the in-
cremental stiffness was normalized by the average pre-
stretch Klow. All five subjects showed similar relative be-
havior, with incremental stiffness magnitudes approxi-
mately 60–100% of the pre-stretch Klow.

Relative elastic, viscous, and inertial torque
contributions

Figure 9 plots the predicted contributions of the elastic,
viscous, and inertial model parameters to the torque
evoked by the stochastic perturbation for subject 1. These
curves were computed by taking the 250 joint position
data points across the ensemble of trials at each time, nu-
merically computing joint velocity and acceleration, tak-
ing the root-mean-square (RMS) values of position, ve-
locity, and acceleration, and finally multiplying these
RMS values by the elastic, viscous, and inertial stiffness
estimates, respectively, for that time. Prior to the stretch,
the elastic component was responsible, on average, for
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Fig. 8A–E Summary of parametric modeling: normalized cross-
subject averages. A Position, torque, and EMG ensemble averages,
averaged across subjects as in Fig. 5F. B–D Time variations of the
parameters of the second-order model, averaged across subjects
after being normalized with respect to their respective pre-stretch
average values. B includes the average time variations of Klow
across subjects (thick trace), as well as the average steady-state in-
cremental stiffness for each subject (filled circles) for reference. E
Average %VAF for the second-order model (thin trace) and non-
parametric stiffness impulse responses (thick trace) across all five
subjects&/fig.c:



nearly twice the torque produced by viscous effects and
approximately 3 times that produced by inertia. During
the stretch, the second-order model was not accurate, but
following the stretch the elastic torque component in-
creased by almost 100% while the other two components
were essentially unchanged, resulting in a clear domi-
nance of elastic properties during this period.

Passive torque and stiffness components

Figure 10A examines the contributions of passive joint
properties to the torque evoked by the large imposed
ramp stretch. Each curve in Fig. 10A represents a differ-
ent subject and was computed by dividing the torque en-
semble average for the 32 ramp-only trials obtained with
the subject completely relaxed (“passive”) by the corre-
sponding ensemble average from the 32 ramp-only trials
with the subject contracting to 15% MVC. Over the first
40 ms, a substantial fraction of the response is passive
and due primarily to the inertia of the joint. After 50 ms
post-onset, however, the response flattens out, with the
“passive” response accounting for approximately
10–50% of the total response in different subjects. We
had significant difficulty obtaining truly passive respons-
es from most subjects, however, as indicated by the cor-
responding “passive” EMG responses illustrated in
Fig. 10B. These EMG stretch responses, normalized by
the peak of the active response of each subject, were sig-
nificant in 4 of 5 subjects; only the subject illustrated by
the heavier trace showed negligible reflex activity, and
the passive torque component for this subject (heavy
trace in Fig. 10A) was the smallest by far. Judging from
this subject and from the other subjects prior to the onset
of reflex activity, passive properties probably accounted
for between 10% and 25% of the net torque response to
ramp stretch.

Passive time-varying stiffness properties were also
characterized in two of our five subjects by recording

250 trials with the large stretch and superimposed sto-
chastic perturbations (i.e., identical to the main body of
experimental trials), but with the subject relaxed rather
than contracting at 15% MVC. A set of time-varying
stiffness impulse responses was identified and second-or-
der models were fitted to the corresponding stiffness fre-
quencies as for the active trials. Figure 10C and D sum-
marize these results by plotting the resulting passive
elastic and viscous stiffness estimates, respectively, for
both subjects, normalized with respect to the correspond-
ing active parameters for that subject. Prior to the
stretch, the passive contribution to elastic stiffness was
less than 20% for both subjects, but it clearly increased
as a fraction of the net stiffness following the imposed
stretch, averaging 32.5% of the total stiffness for subject
4 and 24.7% for subject 5. The passive contribution to
net viscous stiffness was a greater fraction of total vis-
cosity, averaging 48.7% and 95.9% for the pre-stretch
period for subjects 4 and 5, respectively, and being even
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Fig. 9 Relative contributions of the elastic, viscous, and inertial
terms of the second-order model to the evoked torque. Traces are
computed as the root-mean-squared (RMS) value of position (elas-
tic), velocity (viscous), or acceleration (inertial) at each time
across the ensemble of 250 trials, multiplied by the appropriate pa-
rameter at that time&/fig.c:

Fig. 10A–D Passive torque and stiffness properties. A Passive en-
semble average torque responses divided by the corresponding ac-
tive ensemble average at each time for each subject and plotted as
a percentage. B Ensemble average EMG responses to the ramp
stretch for all five subjects for “passive” conditions, normalized by
their respective peak active EMG values. Heavy tracesin A and B
indicate subject 2, who exhibited the smallest reflex EMG under
passive conditions. C Passive elastic stiffness divided by the corre-
sponding active elastic stiffness for subjects 4 and 5. D Passive
viscosities divided by the corresponding active viscosities for
these same two subjects&/fig.c:



larger during the post-stretch period. It should be noted
again that the post-stretch “passive” elastic and viscous
stiffness values of both these subjects almost certainly
contained an active component since both had significant
reflex responses to the imposed stretch even while re-
laxed. The pre-stretch behavior indicates, however, that
the passive contribution to elastic stiffness was rather
small for the position tested, while passive properties
produced a significant fraction of the net viscosity.

Discussion

We have used an ensemble time-varying identification
technique to characterize the instantaneous stiffness dy-
namics of the human ankle joint throughout a large, rap-
id stretch imposed upon the active TS muscles. The rapid
stretch produced large joint torque and TS EMG re-
sponses, but excellent descriptions of instantaneous stiff-
ness dynamics were obtained throughout the imposed
movement using the torque responses evoked by a small
stochastic perturbation superimposed upon the larger
stretch.

Low-frequency stiffness (Klow) was increased by the
stretch by approximately 60% on average and reached its
final steady-state value before the termination of the
stretch and well before any reflex activity evoked by it.
Reflex activity evoked by the large stretch produced a
clear twitch-like response in joint torque beginning ap-
proximately 60 ms following stretch onset, but had no
apparent effect on the instantaneous joint stiffness. A
second-order mechanical model described stiffness dy-
namics well during the pre-stretch and post-stretch
steady-state periods. However, during and immediately
following the imposed stretch, the goodness of fit de-
clined significantly and the model parameters varied in a
complex and seemingly inappropriate manner. The fol-
lowing sections will discuss methodological issues rele-
vant to our conclusions, possible mechanisms mediating
the observed stiffness properties, and the physiological
significance of the results.

Methodological considerations

Dynamics and identification of time-varying properties

The time-varying identification technique used here was
developed specifically for characterizing time-varying
dynamic systems, and thus is capable of distinguishing
between effects due to the stiffness dynamics themselves
and the change of these dynamics across time, with a
temporal resolution limited only by the sampling inter-
val. This fine resolution is attained by using data from
many similar trials rather than across time in a single tri-
al, so it is referred to as an ensembleapproach. A more
detailed discussion of the relative advantages of this
technique can be found in Kirsch et al. (1993). In the
current application, this time-varying identification tech-

nique allowed us to track the rapid changes in ankle joint
stiffness by an imposed stretch in a manner not previous-
ly possible in an intact system.

Linearity and goodness of fit

A linear time-varying identification technique was used
here, even though muscle and joint stiffness properties
are known to exhibit several nonlinear features. Previous
quasi-static studies (Hunter and Kearney 1982; Kearney
and Hunter 1982; Weiss et al. 1988; MacNeil et al. 1992)
have shown ankle joint stiffness to be quite linear for
small stochastic perturbations; in the present study, stiff-
ness was linearized about the time-varying imposed
ramp stretch. The resulting time-varying stiffness im-
pulse responses were found to provide an excellent de-
scription of ankle joint dynamics, accounting for be-
tween 80% and 95% of the torque variance related to the
stochastic perturbation throughout the experimental trial
(Figs. 7, 8). The highest %VAFs were reached during
steady-state conditions, while the slightly lower levels
were observed during and immediately after the imposed
stretch. The higher %VAF post-stretch relative to pre-
stretch probably results from the higher stiffness ob-
served during this period; a higher stiffness will provide
larger torque variations for a fixed displacement ampli-
tude, so the effects of fixed amplitude noise (i.e., torque
components not related to the stochastic perturbation)
will be reduced. The form of the stiffness impulse re-
sponses (and the stiffness frequency responses derived
from them) was in general quite similar to that obtained
under quasi-static conditions. Furthermore, stiffness
magnitudes from the pre-stretch steady-state period ob-
tained using the time-varying method were very similar
to corresponding quasi-static stiffness estimates. Thus,
the nonparametric description of stiffness dynamics af-
forded by the time-varying ensemble of stiffness impulse
responses was very good. We therefore also have high
confidence in the low-frequency stiffness values (Klow)
obtained from these impulse responses.

Ankle stiffness dynamics and modeling

The nonparametric Klow quantity is important because it
represents the static stiffness available to reject external
disturbances. However, the frequency responses illustrat-
ed in Fig. 7 clearly show that the dynamic properties of
the joint also changed significantly during and following
the imposed stretch. The increase in stiffness magnitude
at low frequencies and the shift in the natural frequency
seen in these records during and following the stretch are
consistent with an increase in elastic stiffness, but a more
complete assessment of stiffness dynamic properties was
attempted by fitting a second-order model to the stiffness
frequency responses. This fitting process provided elas-
ticity, viscosity, and inertia estimates at each point dur-
ing the trial. In agreement with previous results obtained
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under quasi-static conditions (Hunter and Kearney 1982;
Weiss et al. 1988), we found that a second-order para-
metric model of ankle joint stiffness dynamics performed
well during steady-state conditions, accurately fitting
stiffness magnitude and phase responses over the fre-
quency range of interest. The elastic, viscous, and iner-
tial parameters computed for the pre-ramp steady-state
period were comparable to measures obtained for quasi-
static conditions at similar contraction levels, indicating
that the time-varying technique was accurate, at least
during these intervals. During and immediately follow-
ing the imposed stretch, however, the fidelity of the mod-
el to the observed nonparametric stiffness frequency re-
sponses deteriorated significantly, and the model param-
eters exhibited unexpected variations. The elastic param-
eter varied in a manner similar to Klow during steady-
state periods, but its increase during the ramp stretch it-
self was usually delayed. The viscous parameter oscillat-
ed during the ramp stretch between about 40% and 120%
of the pre-stretch value and the inertial parameter unex-
pectedly doubled during the stretch.

It is possible that these parameter variations reflect
important underlying mechanisms; for example, changes
in viscosity could be due to rapid changes in crossbridge
attachment produced by the imposed stretch, and the ap-
parent increase in joint inertia could be due to an inade-
quate coupling of the foot to the actuator or to nonlinear-
ities in the stiffness properties. A significant fraction of
net viscosity was found to be passive (Fig. 10), however,
and the significant decrease in goodness of fit by the sec-
ond-order model but not by the linear stiffness impulse
responses largely rules out poor fixation or nonlinear
properties.

It is more likely that these parameter variations arose
because the net ankle stiffness dynamics became more
complex during the imposed ramp stretch than could be
described by the simple second-order model used here.
Certainly, the decrease in the %VAF of the second-order
fit would support this interpretation, and fitting the
wrong parametric model to data is well known to give er-
ratic results (Ljung 1987). Moreover, MacNeil et al.
(1992) reported that a second-order ankle stiffness model
was also inappropriate during volitional changes in iso-
metric contraction level. We evaluated a simple exten-
sion of the second-order model which incorporated a se-
ries elasticity to account for tendon compliance. Howev-
er, this did not significantly improve the fit provided by
the second-order model and will therefore not be pre-
sented here. It was beyond the scope of the current study
to develop a musculoskeletal model capable of describ-
ing these results. This is an active research area, howev-
er, and improved models capable of predicting the results
presented here are anticipated. It should be reiterated,
though, that these parameter variations were probably
due to an inadequate model of the stiffness frequency re-
sponses, not to noise in the frequency responses them-
selves. The gain cutoff and phase shifts could not be
modeled by changes in viscosity and inertia alone, so the
unexpected variations in all the model parameters proba-

bly resulted from an inadequate approximation to higher-
order (and unmodeled) effects. Furthermore, the fact that
the second-order model provides a poor description of
system dynamics during the stretch has no effect on the
relevance of the nonparametric Klow value; regardless of
the changes in system dynamics, this quantity represents
the static, elastic component of joint stiffness. The elastic
parameter of the second-order model, on the other hand,
will almost certainly be distorted by the poor fit of the
model to the data during the stretch.

Stiffness mechanisms

The net ankle torque response to the imposed perturba-
tions (ramp and stochastic) arises from a number of
mechanisms, including muscle contractile properties,
passive joint properties, and reflex action. The following
paragraphs summarize our attempts to characterize the
influence of each of these components using changes in
task (i.e., active or passive), different stiffness measures
(i.e., time-varying, small-amplitude stiffness and steady-
state, large-amplitude stiffness), and timing (i.e., before
and after reflex latency).

Muscle contractile properties

The time-varying stiffness properties characterized in
this study were obtained using a stochastic perturbation
with a displacement range of ±1°, which represents less
than 2% of the ankle joint range. Length-tension proper-
ties are unlikely to make significant contributions to
stiffness for such small displacements. However, the
small displacement amplitude places the stochastic stiff-
ness responses well within the “short-range” stiffness re-
gion (Rack and Westbury 1974; Walmsley and Proske
1981), and the dominance of the torque response to the
small stochastic perturbation by the elastic component,
coupled with the predominantly nonmuscular origin of
the viscous and inertial components, is suggestive of the
nearly purely elastic properties of active crossbridges
(Julian and Morgan 1981; Zahalak 1986; Lombardi and
Piazzesi 1990). We thus believe that Klow (Figs. 5, 7, 8)
primarily reflects the intrinsic stiffness of active cross-
bridges in-series with the muscle tendon. The computa-
tion of this quantity with high temporal resolution for an
intact human joint is a unique contribution of the time-
varying identification technique used in this study.

The behavior of joint torque evoked by the large im-
posed ramp stretch was rather similar to that described in
earlier studies (Allum and Mauritz 1984; Toft et al.
1991), with torque increasing rapidly during the stretch
and overshooting slightly before reaching a steady-state
value that was significantly larger than the pre-stretch
value. The incremental steady-state stiffness typically
computed (Fig. 8B) was found to be somewhat smaller
in amplitude than Klow obtained using stochastic pertur-
bations, consistent with the view that Klow primarily re-
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flects intrinsic “short-range” stiffness properties of active
crossbridges, while the incremental stiffness quantity is
determined primarily by muscle length-tension proper-
ties (i.e., number of available crossbridges) and reflex-
ively mediated changes in muscle activation level.

Yielding, as described for isolated muscle (Joyce et
al. 1969; Nichols and Houk 1976; Flitney and Hirst
1978) and intact human joints (Carter et al. 1990), is a
rapid decrease in force or torque during an imposed
stretch which is presumed to result from the nearly si-
multaneous disruption of a large fraction of the active
crossbridges when their displacement range is exceeded.
The amplitude of the ramp stretch used in the current
study was much greater in amplitude than the stochastic
perturbation and was almost certainly beyond the range
where yielding would be expected. The evidence for the
presence of yielding in our data is weak, however. The
torque response usually exhibited a change in slope dur-
ing the stretch that coincided with a transient decrease in
Klow (Fig. 5), which could indicate the presence of yield-
ing. However, this change in slope coincided with the
peak of acceleration, indicating that it probably arose
from joint dynamic properties such as inertia rather than
from a significant change in elastic stiffness properties.
Furthermore, the decrease in Klow during this period was
quite brief and followed a transient increase, so that Klow
during the stretch never decreased below the pre-stretch
level. Indeed, Klow actually increased quite rapidly as the
stretch continued – a property that would not be expect-
ed in a yielding muscle with a decreased number of at-
tached crossbridges.

Yielding behavior has been described extensively for
the cat soleus muscle only (e.g., Joyce et al. 1969; Ni-
chols and Houk 1976), with one study reporting yielding
in the human first dorsal interossoeus muscle (Carter et
al. 1990). Other cat TS muscles either show very subtle
yielding effects or none at all (e.g., see Kirsch et al.
1994). Even in the cat soleus muscle, yielding occurs on-
ly in an active muscle which is stretched from an initially
isometric condition. Deafferented muscle perturbed with
a very restricted bandwidth stochastic displacement ex-
hibits no evidence of yielding for perturbation ampli-
tudes at least 3 times the normal range of “short-range
stiffness” (Kirsch et al. 1994). The results presented in
this current report were also obtained during continuous
movement (the small stochastic perturbation), so our
failure to observe obvious yielding may result from simi-
lar mechanisms. Furthermore, to our knowledge there is
no previous evidence of yielding behavior in the human
TS muscles. For example, Allum and Mauritz (1984)
noted the lack of yielding in their ankle joint responses
to dorsiflexing stretches (including ones larger than
those used in the current study) and attributed this result
to mechanical filtering by connective tissue. We believe
that the intact state of the muscles (including inter-mus-
cle connective tissues) and inertial properties due to the
mass of the foot may mask or prevent yielding behavior,
but differences in the muscle fiber type composition of
the human TS muscles relative to the rather unique cat

soleus muscle may also be so significant that yielding
would not occur even in the absence of connective tissue.
We cannot distinguish between these possibilities from
our data, but in either case we believe that yielding, if
present at all, is subtle and certainly does not produce the
catastrophic effects seen in the cat soleus muscle.

Our estimates of low-frequency stiffness showed that
its magnitude actually increased during much of the
stretch, even though neural activation remained constant
during this interval. This is counter to evidence for yield-
ing behavior in some muscles (as discussed above), but
other studies of lengthening muscle have shown similar
behavior to that described here. Lombardi and Piazzesi
(1990) found that stiffness was always significantly
greater during a lengthening stretch than for isometric
conditions, even for extremely high stretch velocities.
They attributed this enhanced stiffness to either an in-
crease in the excursion range over which crossbridges
can remain attached, an increase in the number of at-
tached crossbridges during stretch, or both. A larger
range over which attachment can be maintained would
result in a larger force generated by a given crossbridge
(for a fixed crossbridge stiffness), which in turn would
lead to an increase in net muscle stiffness. An increase in
the number of attached crossbridges during stretch has
also been reported by Julian and Morgan (1979). Lom-
bardi and Piazzesi (1990) hypothesized that this behavior
occurs because crossbridges forcibly detached by stretch
can reattach 200 times faster than crossbridges which de-
tach after a “normal” contraction cycle.

Our protocol is not directly comparable to that of
Lombardi and Piazzesi (1990), however, since they mea-
sured stiffness at different constant stretch velocities
rather than for a single displacement with a bell-shaped
velocity profile. That is, the dynamics of stiffness
changes were not studied in the isolated muscle fiber.
We did study this quantity, but in a whole muscle with
many muscle fibers and no control over individual fiber
stretch velocities. Even so, the enhanced stiffness during
the stretch is consistent with the isolated fiber results of
Lombardi and Piazzesi (1990); enhanced muscle fiber
stiffness during lengthening (due to either greater force
per crossbridge or to a higher number of attached cross-
bridges) could produce an increase in net muscle stiff-
ness. This increase may be delayed somewhat, perhaps
due to some degree of initial “yielding” or to viscous ef-
fects in the muscle that we could not accurately esti-
mate.

The maintenance of stiffness (Klow) after the cessation
of lengthening (when muscle fiber properties presumably
revert to their lower stiffness “isometric” behavior) must
be due to other mechanisms. Changes in the muscle
length-tension relationship or in muscle moment arms
are not likely mechanisms since the quasi-static stiffness
of the ankle showed very little change over the angle
range of the stretch (Fig. 6), and passive properties
changed only slightly following the large imposed
stretch (Fig. 10). It is thus most likely that the steady-
state stiffness enhancement seen after the stretch was pri-
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marily mediated by the approximately 25% increase in
baseline EMG observed during this period.

Passive properties

The passive stiffness properties of the ankle joint were
difficult to obtain in isolation due to reflex responses
evoked in the TS by the ramp stretch in most subjects,
even when they were instructed to relax completely. On
the basis of one subject who was able to suppress all re-
flex action and on the “passive” responses obtained in
the other subjects prior to the onset of reflex EMG activ-
ity, it appears that passive properties contributed only a
modest component to the torque response of the joint
and to the net elastic component of joint stiffness. We
examined joint properties near the neutral position of the
ankle where passive properties are at a minimum, how-
ever; stiffness properties for ankle angles near either of
the extremes of joint excursion would be expected to
contain significantly greater passive components (Weiss
et al. 1986a). The viscous component, which accounted
for a smaller fraction of the torque variance than the
elastic component, contained a large passive component
which presumably arose from the viscoelastic properties
of the ankle joint capsule and other connective tissue
crossing the joint.

Reflex action

The results presented above show that reflex activity
evoked by the large imposed stretch was clearly present
in both the EMG and torque responses. The superim-
posed ramp stretch evoked large and repeatable reflex
EMG responses in all subjects, followed in most cases
by a robust twitch-like torque response. These results are
in contrast to those reported by Stein and Kearney
(1995), who found that the human ankle reflex torque re-
sponse to a small position pulse displacement was atten-
uated progressively as the mean absolute velocity of a
superimposed stochastic perturbation increased. For the
mean absolute velocity of the stochastic perturbation
used in the current study (0.49 rad/s), reflex torque re-
sponses would be predicted to be decreased by a factor
of 2 to 3 relative to the responses obtained with no super-
imposed stochastic perturbation. The results presented in
Fig. 2 indicate that such severe attenuation was not ap-
parent in the current study, however. We believe that the
difference between these studies is due to the higher
mean contraction levels used here (12.6–20.3 Nm as
compared with the 0–10 Nm range used by Stein and
Kearney) and to the use of a maintained stretch 3 times
the amplitude of the brief pulse perturbation (akin to a
tendon tap) used by Stein and Kearney. It is likely that
the stretches in the present experiments were supra-max-
imal for the stretch reflex and thus overwhelmed any in-
hibitory effects due to the ongoing stochastic perturba-
tion. We did not examine reflex responses to smaller per-

turbations that may have shown the attenuation predicted
by Stein and Kearney.

Even though the effects of reflex activity on several
aspects of the joint were clearly present, the time-vary-
ing Klow quantity appeared to be independent of both the
large burst of ramp stretch-evoked EMG and the twitch-
like increase in torque that followed. Likewise, Klow was
completely unaffected by the 80–100 ms “silent period”
which commenced approximately 60 ms following
stretch onset and exhibited an EMG stretch reflex gain of
essentially zero (Kirsch and Kearney 1993b). Even
though we believe that our current method primarily esti-
mates intrinsic, rather than reflexive, components of
stiffness properties, one would expect the intrinsic stiff-
ness to increase in parallel with joint torque following
the large ramp-evoked burst of reflex EMG activity. Al-
though this was not observed, it should be noted that in
the steady state both stiffness and torque were increased
and that the twitch-like reflex contribution to joint
torque, although easily observed in most subjects
(Fig. 5), was in most cases small in comparison with the
overall increase in torque due to the stretch. Thus, a
small increase in time-varying stiffness during the reflex
twitch may have been too small to detect. It is also possi-
ble that the low-frequency stiffness estimate did indeed
contain a reflex component that combined with a de-
crease in intrinsic stiffness to produce a relatively con-
stant net stiffness. We did not examine stretch responses
in the absence of reflex action, so further study would be
required to assess this and other possible explanations
for the lack of an obvious reflex stiffness component.

Although reflex action seemingly produced no obvi-
ous change in Klow, the presence of the stochastic pertur-
bation clearly enhanced the torque response to the large
imposed ramp stretch. Continuous movement similar to
that produced by the stochastic perturbation has previ-
ously been found to reduce isometric force in isolated
muscle preparations (Rack and Westbury 1974; Kirsch et
al. 1994), so it is very unlikely that intrinsic muscle
mechanisms are responsible for the observed enhance-
ment of the torque response to ramp stretch. It is possible
that the perturbation did indeed interfere with muscle
contractile mechanisms, requiring the subjects to pro-
duce a higher activation level to achieve the required
15% MVC mean ankle torque level. Although baseline
EMG levels were significantly larger with the ongoing
perturbation than without it (Kirsch and Kearney 1993b),
the enhanced torque response to the subsequent ramp
stretch indicates that muscle stiffness (which is mediated
by the same mechanisms as muscle force) was larger and
thus clearly not reduced by the stochastic perturbation.
The remaining possibility is that the increase in baseline
EMG during the perturbation is primarily reflexive in or-
igin and that this particular temporal pattern of activation
is somehow more effective in producing muscle stiffness
than force.

Whatever the mechanism, the enhancement of the
torque response to imposed stretch by the stochastic per-
turbation suggests that our estimates of time-varying
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stiffness magnitude may be larger than would be ob-
served for an unperturbed condition; if so, our conclu-
sions are valid only for the particular experimental con-
ditions tested. It should be noted, however, that stiffness
can be measured only by imposing sometype of pertur-
bation; an ideal input perturbation would provide suffi-
cient excitation to the system under study to evoke all
relevant behavior without causing the system to act in an
inappropriate or distorted manner. Unfortunately, this
ideal is difficult or impossible to attain in a nonlinear
system such as the stiffness properties of the intact hu-
man ankle joint. We chose a small stochastic perturba-
tion and matched its frequency spectrum to the expected
frequency response of ankle stiffness to reduce distor-
tion. Subjects perceived the perturbation as very mild
and the torque evoked by it was small compared with the
stretch-evoked component. Thus, we believe that the
stiffness behavior reported here presents a reasonable
picture of the variation in joint stiffness during an im-
posed movement.

Implications

The time-varying identification approach described in
this study is capable of estimating intrinsic muscle stiff-
ness during nonstationary conditions in a manner not
previously possible, and can be used to examine stiffness
during other tasks and at other joints. The primary limi-
tation on its applicability is that the selected behavior
must be highly repeatable over a large number of repeti-
tions. The behavior examined here is, in many respects,
“worst-case” because of the rapid time course of the
stretch, but our technique was still able to provide excel-
lent stiffness characterization at 4-ms intervals through-
out the stretch.

Several important conclusions resulted from the new
information provided by the time-varying stiffness char-
acterization. First, the low-frequency stiffness measure
(Klow) extracted from the identified stiffness impulse re-
sponses is likely to be the direct analog of the small am-
plitude, high frequency stiffness measured in isolated
muscle and assumed to be proportional to the number of
attached crossbridges (Julian and Morgan 1981; Zahalak
1986; Lombardi and Piazzesi 1990). If so, this quantity
uniquely reflects the contractile state of the contracting
muscles and can be used during a variety of relevant
tasks to examine the muscle properties of an intact
system operating in a normal manner. Second, the ob-
served behavior of Klow indicates that muscle “yielding”,
observed in the cat soleus (Joyce et al. 1969; Nichols
and Houk 1976) and in human intrinsic hand muscles
(Carter et al. 1990), either was much reduced at the in-
tact human ankle joint or was masked by joint inertia
and passive stiffness properties. Furthermore, the in-
crease in stiffness observed during the stretch is consis-
tent with previous results (Lombardi and Piazzesi 1990)
in forcibly lengthened isolated muscle fibers. These pre-
sumably intrinsic muscle properties indicate that reflex

action may be organized somewhat differently at the in-
tact human ankle joint relative to that of the decerebrate
cat TS, where reflex action has been proposed to act pri-
marily to prevent yielding (Nichols and Houk 1976;
Hoffer and Andreassen 1981). Third, while a simple sec-
ond-order model was found to be adequate for describ-
ing ankle stiffness dynamics during stationary condi-
tions, it was unable to describe these dynamics accurate-
ly during the imposed stretch. A more complex model of
joint stiffness is required to describe the nonstationary
changes in joint stiffness characterized here and for
other tasks which may be examined in a similar manner
in the future. Finally, reflex contributions to the time-
varying low-frequency stiffness estimated here appear
to be small or absent. This may be due to the small mag-
nitude of the reflex component or to its nonlinear nature;
indeed, it has been recently shown (Stein and Kear-
ney 1993; Kearney et al. 1994) that a nonlinear identifi-
cation approach is required to detect such reflex contri-
butions. Further study of the contribution of reflex
mechanisms to stiffness properties under a variety of
conditions is clearly indicated by the results of this pres-
ent study.
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