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INTRODUCTION 

In vitro gait simulation is a powerful approach to investigate 

hypotheses related to foot biomechanics during gait. In vitro 

experimentation has benefits over other methods as it allows 

complete access to all tissues of the foot. Therefore, the effect 

of subsequent dissections or manipulations of the structures on 

foot biomechanics can be explored. Moreover, as all applied 

forces can be fully controlled in an in vitro gait simulator, high 

repeatability of the testing conditions can be achieved.  

Certain experimental conditions may however influence the 

outcome and conclusions drawn from the experiments. We 

therefore explored the sensitivity of hind foot kinematics 

imposed by our custom build gait simulator to speed and 

loading conditions. Furthermore, we report the effect on bone 

rotation and plantar pressure of (1) a three hour delay between 

measurements, (2) foot remounting in the set-up and, (3) 

testing after refreezing the foot over night. 

 

METHODS 

One cadaveric foot (Figure 1), donated voluntarily for 

scientific research, was tested in our gait simulator. First, a 

surgeon exposed the tendons of all shank muscles and inserted 

intracortical titanium pins in the tarsal bones (talus, calcaneus, 

cuboid, navicular) and tibia. 

 

 

Figure 1:  Foot, mounted in the gait simulator. Custom built 

clamps are attached to the tendons of six muscle groups. A 

detail of one clamp is shown in the top right of the image. The 

marker clusters, from which three are visible, are also present. 

 

The foot was then mounted in the gait simulator. The 

simulator consists of a general framework, carrying a frame, 

bearing six pneumatic actuators that apply load to the tendons 

of the foot. A linear guiding system with servo electric motor 

and encoder drives the foot bearing frame to simulate the 

horizontal progression of the tibia through stance. A force 

plate supports the foot, while an actuator below the plate 

applies and modulates the vertical ground reaction force. Bone 

motion is measured by a Krypton Optoelectronic Motion 

Capture Device which tracks a set of marker clusters mounted 

on the intracortical pins (Figure 1). Plantar pressure is 

measured by a pressure plate on top of the force plate. 

Actuator force magnitudes were calculated based on gait 

analysis data from a control subject using inverse analysis and 

static optimization [1]. These model forces were linearly 

rescaled according to a body weight of 25 kg. 

This set-up was used to measure bone and center of pressure 

(COP) motion during 10 repetitions of gait simulations using 

four different stance phase durations (0.6, 1, 5 and 20 sec.). 

The effect of loading conditions was explored by further 

scaling actuator forces according to body weights of 20, 30 

and 35 kg using a stance phase duration of one sec during 

simulation.  

To explore the effect of specific measurement conditions, a 

protocol consisting of four consecutive sessions of 20 

repetitions was defined: the first session was used as a 

reference measurement. After three hours, a second session 

was performed to evaluate the effect of a time delay between 

measurements. Following the second session, the foot was 

removed from the set-up and remounted, after which the same 

tests were repeated. After freezing the foot over night, a fourth 

session was performed the next day. 

For each measurement, three dimensional bone rotations were 

calculated using the projection angles approach [2]. The 

average difference between the average joint rotations during 

the gait cycle, measured for the different sessions, was 

calculated to reflect the magnitude of the effect of different 

measurement conditions. The coefficient of multiple 

determination [3] between averages of the sessions was 

calculated to reflect the similarity of the motion patterns 

between measurement sessions. In order to further analyze the 

significance of differences, the average difference was 

compared to the measurement repeatability, reflected by the 

average width of the 95% nonparametric confidence interval, 

averaged over the gait cycle [4]. 

 

RESULTS AND DISCUSSION 

As represented in Figure 1, measurements on the second 

testing day, after refreezing the foot over night, significantly 

changed joint rotations (up to 6.6°) as well as COP 

displacements (10.9  and 7.6 mm for the medio-lateral and 

anterior-posterior COP displacement respectively). After 

remounting on the first day, the relative differences for 

rotations were however small for the rotations (up to 1.7°), 

whereas larger differences for the medio-lateral COP 

displacement were found (11.1 mm). Only limited differences 



were found after a delay of 3 hours between measurements for 

both COP (2.33 and 2.62 mm for the medio-lateral and 

anterior-posterior COP displacement respectively) and joint 

rotations (on overall less than 3° with a peak of 4.44° for the 

inversion-eversion motion at the talo-navicular joint). With 

altered loading conditions, rotations changed significantly (up 

to 6.6°) whereas increasing gait speed affected the timing of 

the rotations but had limited effect on joint rotations (on 

overall less than 3°). 

 

 

 

 

 

 
 

Figure 1: Effect of gait speed by changing the stance phase  
duration from 1 to 20 sec, effect of loading conditions by 

changing simulated body weight from 20 to 35 kg, and effects 

of testing on the second day after freezing the foot over night, 

of remounting and a three hours interval between 

measurements on joint rotations. Joint names are abbreviated: 

TI-TA is tibio-talar, TA-CA is subtalar, CA-CU is calcaneo-

cuboid, TA-NA is talo-navicular, and NA-CU is navicular-

cuboid. Rotations are rotations around anatomical axis, with x 

the sagittal axis, y the longitudinal axis and z the transverse 

axis. DIFF is the average difference between the average joint 

rotations during the gait cycle, measured for the different 

sessions. DIFF is for each joint represented by the left most 

bars. It is compared to the measurement repeatability of a 

reference measurement, reflected by the width of the 

nonparametric 95% confidence interval, averaged over the gait 

cycle. Repeatability is presented by the right most bars. 

 

CONCLUSIONS 

Despite the limited sample size, our results are indicative for 

the effect of measurement conditions on hind foot kinematics 

and COP displacement. Results from our case study indicate 

that, within one session, gait speed had a limited influence, 

whereas the applied force levels were seen to have more 

relevant effects on bone rotation. The three hours delay 

between measurements had limited effects. The effects of 

remounting indicate that attention should be paid to accurate 

and repeatable foot mounting with foot orientation as in vivo. 

Whereas the effects were limited on the first day of testing, the 

results on the second day of testing were meaningfully 

different from results on the first day of testing, indicating that 

it is better to concentrate experimental work within one 

measurement day to avoid the effect of remounting and tissue 

decay. 
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