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SUMMARY 
Human bipedal stance is inherently unstable due to gravity and 
corrective muscle torques are required to maintain balance. 
Here we systematically investigated ankle stiffness during 
stance as a function of stretch amplitude and stretch direction 
(dorsiflexion/plantarflexion). 
To investigate ankle stiffness during stance we developed a 
device to apply fast support surface rotations to both ankles. 
During the experiments subjects had to lean forward to 
pretension the calf muscles. Ankle stiffness was assessed by 
applying fast step-like support surface rotations, in the form of 
minimum jerk profiles. As a result of the minimum jerk 
profiles the torque is flat 55 ms after perturbation onset; ankle 
stiffness can be estimated by dividing the differences in torque 
and angle (before vs. after perturbation) and excludes afferent 
feedback. 
We found that ankle stiffness during stance decreased with 
stretch amplitude, is asymmetric and total ankle stiffness is 
lower than the critical stiffness imposed by gravity. These 
results are in accordance with literature which suggests that 
intrinsic ankle stiffness alone is not sufficient to counteract. 
 
 
INTRODUCTION 
Bipedal upright stance seems effortless for healthy adults. 
However, human upright stance is inherently unstable; gravity 
pulls the body away from its equilibrium position and 
corrective torques are necessary to maintain upright stance [1]. 
How the (central) nervous system (CNS) controls body 
posture and estimates the amount of torque is not fully 
understood. Support surface rotations give pure proprioceptive 
perturbations and as such allow to investigate ankle stiffness 
during balance [2,3]. Joint stiffness provides postural stability 
and is comprised of an intrinsic muscular component due to 
passive structures and tonic muscle activation, and a reflexive 
component due to afferent feedback [4,5]. An issue of debate 
is whether intrinsic ankle stiffness alone is sufficient to 
stabilize the body against the pull of gravity. Due to the 
differences in perturbation devices and experimental 
protocols, different estimates of the intrinsic ankle stiffness are 
reported (normalized to the gravitational stiffness): to 64% [3] 
and 94% [2]. 
 
To apply support surface rotations, many researchers use 
custom build actuated apparatuses that can rotate the support 
surface through the ankle joint axes [1-3,6]. Most of the 

devices apply the support surface rotations to both feet 
simultaneously [1-3]. To our knowledge, only one device is 
described in the literature capable of giving separate support 
surface rotations to both ankles while standing [6]. An 
attractive experimental paradigm is to apply ramp-and-hold 
perturbations which are faster then the short latency stretch 
reflex, as such the intrinsic and reflexive component of the 
ankle torque are separated in time. Short latency reflexes can 
show up in the exerted ankle torque as early as 70 ms [4,5]. 
However none of the described apparatuses is fast enough to 
allow this experimental paradigm while standing. 
 
To address these important questions regarding human balance 
control and to overcome methodological pitfalls, we 
developed a bilateral ankle perturbator (BAP) capable of 
giving perturbations for both legs independently up to 8.6 
degrees with a settling time as fast as 30 ms. We 
systematically investigated ankle stiffness during stance as a 
function of stretch amplitude and stretch direction 
(dorsiflexion/plantarflexion). 
 
 
METHODS 
The device consists of two support surfaces (Figure 1). During 
an experiment subjects stood on the platforms and had to lean 
forward by 5 degrees to preload the calf muscles. Visual 
feedback on the actual and target torque for each ankle was 
presented on a screen in front of the subject  
 

 

Figure 1:  A subject on the Bipedal Ankle Perturbator (BAP). 
The BAP consists of two support surfaces which can 
independently rotate in dorsi-/plantarflexion direction.  



Ankle stiffness was assessed by applying fast step-like support 
surface rotation, so called minimum jerk profiles. The 
minimum jerk profiles had an amplitude of 0.005, 0.01, 0.02, 
0.04, 0.08 rad and were presented in both directions (i.e. 
shortening and lengthening the calf muscles). The support 
surfaces moved synchronized in the same direction or in the 
opposite direction, eventually resulting in four different 
conditions. Each conditions was presented 8 times to allow 
averaging, resulting in 160 trials in total. The trials were 
presented in random order and at random instants. 
 
At the end of the minimum jerk profile the velocity, 
acceleration and the jerk (derivative of acceleration) are zero; 
this implicates that at this time only the static effects 
contributes to the torque, like stiffness and gravity. The ankle 
stiffness can be estimated by dividing the difference in the 
support surface rotation before and after the profile by the 
torque difference before and after the profile [7]. Here we used 
the time-windows of 15-5 ms before perturbation onset and 
55-65 ms after (Figure 2). 
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Figure 2:  Response to a minimum jerk profile in 
plantarflexion direction of the left ankle of one subject. The 
right column displays the same data with a zoomed time scale. 
The grey bound indicates the SD; the dashed line in the upper 
plots displays the reference trajectory; the dotted line in the 
middle right plot the torque data with the response of the 
device subtracted, i.e. the human ankle only. The light grey 
bars indicate the time windows used to calculate the ankle 
stiffness. 
 
 
RESULTS AND DISCUSSION 
A typical response to the minimum jerk profiles is presented 
in Figure 2. The minimum jerk profile had a length of 30 ms; 
the fastest profile the device can accurately perform. The 
earliest EMG response in the Soleus, i.e. the stretch reflex, is 
seen after approximately 55 ms after perturbations onset. Due 
the relatively high inertia of the human body, the main initial 
response is the ankle joint, and after 200 ms a corrective 
torque starts. 

No differences were found in the ankle stiffness of the left and 
right ankle. Synchronized or asynchronized rotations of the 
support surfaces did not affect the ankle stiffness either. 
However plantarflexion, i.e. toes down, tends to higher ankle 
stiffness. The ankle stiffness (averaged over both ankles) after 
a stretch of 0.02 rad in plantarflexion direction is 237 (SD 8.7) 
Nm/rad and 225 (SD 5.1) Nm/rad after a stretch of 0.02 rad in 
dorsiflexion direction. The total ankle stiffness (i.e. the sum of 
the left and right ankle) averaged over all stretches with 0.02 
rad is 464 (SD 26) Nm/rad, i.e. a relative stiffness of 64.5 (SD 
3.6) %. The total ankle stiffness as a function of stretch 
amplitude is presented in Figure 3. 
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Figure 3:  Combined ankle stiffness as a function of stretch 
amplitude. The error bars indicate SD. The open circles denote 
data from literature [2,3]. 
 
 
CONCLUSIONS 
We systematically investigated ankle stiffness during stance 
and found that ankle stiffness decreased with stretch 
amplitude, is asymmetric and total ankle stiffness is lower 
than the critical stiffness imposed by gravity. These results are 
in accordance with literature which suggests that intrinsic 
ankle stiffness alone is not sufficient to counteract. 
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