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Abstract
In vitro gait simulations have been available to researchers for more than two decades and have become an invaluable
tool for understanding fundamental foot–ankle biomechanics. This has been realised through several incremental technological and methodological developments, such as the actuation of muscle tendons, the increase in controlled degrees of
freedom and the use of advanced control schemes. Furthermore, in vitro experimentation enabled performing highly
repeatable and controllable simulations of gait during simultaneous measurement of several biomechanical signals (e.g.
bone kinematics, intra-articular pressure distribution, bone strain). Such signals cannot always be captured in detail using
in vivo techniques, and the importance of in vitro experimentation is therefore highlighted. The information provided by
in vitro gait simulations enabled researchers to answer numerous clinical questions related to pathology, injury and surgery. In this article, first an overview of the developments in design and methodology of the various foot–ankle simulators is presented. Furthermore, an overview of the conducted studies is outlined and an example of a study aiming at
understanding the differences in kinematics of the hindfoot, ankle and subtalar joints after total ankle arthroplasty is presented. Finally, the limitations and future perspectives of in vitro experimentation and in particular of foot–ankle gait
simulators are discussed. It is expected that the biofidelic nature of the controllers will be improved in order to make
them more subject-specific and to link foot motion to the simulated behaviour of the entire missing body, providing additional information for understanding the complex anatomical structure of the foot.
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Introduction
The investigation and treatment of foot-related pathologies require thorough knowledge of the biomechanical
behaviour of the individual structures of the foot such
as the bones, ligaments, muscles, tendons and soft tissue. Several methodologies have been developed over
the years to deepen the biomechanical knowledge of the
foot–ankle complex and hence to assist clinicians in better managing foot-related pathologies: radiology allows
clinicians to visualise the internal structures of the foot,
mainly those of higher density, that is, the bones, by
creating a two-dimensional (2D) imprint. Although this
often aids in identifying specific structural deformities
and fractures, it does not provide information on the
soft tissues surrounding the bones and it is generally
limited to 2D images. Three-dimensional (3D) imaging
modalities such as computed tomography (CT) and

magnetic resonance imaging (MRI) techniques allow
the study of soft tissues such as ligaments, cartilage and
tendons in a non-invasive manner.1,2 In most cases, CT
and MR images are captured in a lying and therefore
non-weight-bearing position. This reduces the relevance
of the images for locomotion since weight bearing considerably changes the foot bone positions. Weight-bearing acquisitions have the potential to reveal specific
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weight-bearing-related pathologies (e.g. flat-foot deformity).3 However, radiography, CT and MRI are all static modalities, and cannot provide information on the
functional, that is, dynamic behaviour of the different
foot structures.
To study dynamic foot function, several researchers
used integrated 3D motion capture techniques. Using
active or passive markers attached to the skin, the kinematics of foot segments, that is, a functional grouping
of different foot bones can be calculated.4,5 These measurements can be complemented by electromyographic
(EMG) measurements that reveal the activation pattern
of muscles of the lower leg.6–8 However, this approach
cannot document the kinematics of the individual
bones, nor the actual force applied by the muscles.
Furthermore, skin-motion artefacts limit the accuracy
of the measured kinematics and for specific bones (e.g.
talus) no markers can be placed to track their position.
Furthermore, EMG measurements only provide a measure of the proportional activation of a specific muscle
and do not provide information about the actual magnitude of the muscle force production.
In recent years, biomedical engineering has focussed
on substantiating insights gained from the descriptive
studies on foot-related treatment strategies using biomechanical modelling. Using musculoskeletal models
that represent the patient-specific geometry of the
bones, ligament and tendon attachment locations are
represented and using dedicated modelling formulations (being either rigid body dynamics or finite element analysis or a combination of both), the response
of the patient to a specific surgical intervention is calculated.9,10 However, such models require thorough validation in terms of bone kinematics and joint contact
forces given known motion and muscle actuation patterns. This level of validation cannot be provided
through gait analysis and static medical imaging.
Therefore, investigators have relied on in vitro investigation of the functional behaviour of the foot–ankle
complex. Through in vitro experimentation, it is possible to use highly invasive techniques and assess the
kinematic and kinetic behaviour of individual foot
structures. In vitro experimentation provides a standardised test allowing to apply highly repeatable test protocols that reduce intra-specimen variability. This
allows the study of the consecutive effect of subsequent
surgical interventions (e.g. prosthesis implantation,
osteotomy, etc.) in one and the same cadaveric specimen. As such, the effect of different stages of a surgical
intervention can be studied, while neglecting patientspecific compensation strategies. Although in vitro
experimentation offers many advantages, it is also
bound to specific difficulties. Special apparatuses need
to be designed that allow the simulation of functional
behaviour of the foot–ankle complex comparable to
physiological gait, or other types of locomotion.
Ideally, these apparatuses should induce physiological
foot–ankle motion by applying realistic loading profiles
to the various tendons of the foot muscles. Several
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research groups have performed in vitro experiments
ranging from simple static measurements to fully automated gait simulations with muscle actuation. In this
review article, the steps and developments that were
taken over the past decades are first outlined in the following section. Then, the studies that have used in vitro
simulators are presented in the next two sections. An
example of an application from research from our own
group is also included. Finally, the main limitations
and perspectives for the future of foot–ankle simulator
are discussed.

State of the art on foot–ankle simulators
Developments of the hardware design
The first studies that automated the in vitro study of
foot–ankle biomechanics were of a static nature: the
foot sole was compressed against the fixated tibia under
varying levels of loads,11–14 allowing study of various
intrinsic signals under physiological foot compression.
This methodology, although innovative for that time,
provided information only in a specific static position
of the foot, which might not be representative for the
gait cycle. This was both due to the design of the experimental set-up but also due to limitations of the available measurement technique. New experimental set-ups
concentrated on simulating the ankle motion along different physiological degrees of freedom (DoFs): Vrahas
et al.15 were the first to simulate plantar-dorsiflexion
motion, whereas Calhoun et al.16 and Hintermann
et al.17 imposed plantar-dorsiflexion and in-eversion
under varying loading levels. In all three studies, the
foot was positioned on top of a plate with variable position and different levels of compressive loading were
applied to the tibia, using an electric or a pneumatic
actuator. These set-ups therefore allowed study of foot
biomechanics not only under varying level of external
loading, but also relative to the foot position representative for specific phases of the gait cycle. Rosenbaum
et al.18 improved upon the existing designs by applying
static load to the tendons of three extrinsic muscles of
the lower leg (Achilles tendon, flexor digitorum longus
and flexor hallucis longus) using pulleys and weights,
being the first set-up to document the effect of muscle
actuation on foot biomechanics.
Although these static and quasi-static set-ups
revealed important aspects of foot–ankle biomechanics,
the need for a more dynamic set-up allowing to impose
motion dynamically was apparent. The study of
Sharkey and Hamel19 was the first to present a dynamic
cadaveric set-up. The set-up simulated a roll-off in 11 s
driving the horizontal kinematics and manipulating the
vertical kinematics using two guiding rails with a specific profile. The rotational kinematics in the sagittal
plane was enforced by the friction between a constraining platform and the specimens. Muscle forces were
applied dynamically on five tendons (triceps surae,
tibialis posterior, peroneal muscles combined, flexor

442
hallucis longus and flexor digitorum longus) using independently controlled linear actuators. This set-up therefore included all the essential elements of a realistic,
dynamic gait simulation.
Although this set-up was a significant breakthrough
for in vitro research on the foot–ankle complex, it was
an over-constrained design that lacked the flexibility of
applying scaled kinematics depending on the specific
dimensions of the specimens. To address this issue,
Kim et al.20 and Hurschler et al.21 introduced simulators that allowed full control of the sagittal plane kinematics. This simplification is a valid design restriction
as the main components of the foot–ankle kinematics
during gait relate to the sagittal plane. In Kim et al.,20
the foot was mounted on a carriage, able to translate in
the anterior/posterior and proximal/distal directions,
and to rotate in the sagittal plane. Six actuators were
mounted on the carriage and attached to muscle tendons simulating muscle action. One roll-off was performed in 5 s. Hurschler et al.21 followed a different
approach in their design: the foot was fixed proximally
and a plate beneath the foot simulated the sagittal
plane kinematics. Seven muscle actuators were attached
to nine tendons of the foot (Achilles tendon, tibialis
posterior, flexor hallucis longus, flexor digitorum
longus, peronei, tibialis anterior, extensor digitorum
longus and extensor hallucis longus), simplifying the
design. A roll-off was performed in 60 s and a varying
muscle force pattern was applied. Besides the increase
in the controlled DoFs that these designs brought,
there was also an increase in the number of simulated
muscle forces (six and seven muscles, respectively).
The next generation of gait simulators further
increased the number of controlled DoFs, with a full 6DoFs simulation realised by Aubin et al.22 and Noble
et al.23 Both of these systems featured a platform that
simulated kinematics in 6 DoFs, with the specimen
fixed against a static frame. All the muscle control units
were also fixed to the static frame, similar to the
approach of Hurschler et al.21 Besides the increase in
simulated DoFs, there was also a considerable increase
in the simulation speed: Aubin et al.22 reported simulations at a nearly physiological speed of 1.5 s per roll-off,
using a prosthetic foot, whereas Noble et al.23 reported
a roll-off of 3.2 s. Finally, a new design was also introduced by Peeters et al.,24 simulating kinematics in
3 DoFs (anterior/posterior and proximal/distal displacement and sagittal rotation) under simultaneous actuation of six tendons (tibialis anterior, tibialis posterior,
peronei, Achilles tendon, flexor hallucis longus, flexor
digitorum longus). This design was further developed
by Natsakis et al.25 and allowed simulations with a rolloff speed of 1 s.

Advances in the control of gait simulators
One of the major limitations of state of the art gait
simulations relates to the choice of input signals. From
the very first simulations, the imposed input kinematics
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and kinetics were derived directly from in vivo measurements of lower leg kinematics of control subjects. This
approach, however, does not take into account differences in the biomechanical behaviour between specimens, as preferably different kinematics and kinetics
should be used for the simulation of gait characteristics
of specimens with different anthropometric dimensions.19,26 To address this issue, the control schemes of
gait simulators needed to be further developed. Aubin
et al.22 implemented iterative learning control, to
improve the reliability and repeatability of the experimental set-up: during each trial, the controller adapted
its response based on information gathered during previous trials, being able to predict the dynamic behaviour of the system. As a result, the controller could
account for differences in the specimen dimensions.
The controller was further improved a few years later,
using a fuzzy-logic controller for the applied ground
reaction force.27 This allowed to iteratively alter the
tibial kinetics and the force applied to the Achilles tendon and improved the quality of the simulations.
Besides the improvements in the controller, Ren et al.28
and Natsakis et al.29 defined kinematics models of the
leg and foot to calculate specimen-specific kinematics
based on anthropometric measurements. As a result,
the specific input kinematics was calculated for each
specimen and was shown to reproduce more accurate
kinematic and kinetic conditions.
One of the distinctions between different gait simulator designs related to the specific signal used to control
each DoF. In all simulator designs, the DoFs were
position controlled, with the exception of the vertical
translation DoF. Whereas some of the groups were
controlling the vertical kinematics,19,22–24 others were
controlling the vertical ground reaction force.20,21 The
initial simulations were performed with a position control for the vertical direction, causing much variability
in the measured ground reaction force. This is due to
the high sensitivity of the ground reaction force to
small position errors during the simulations. This error
is larger when dealing with specimens of different
dimensions and when not using a specimen-specific
kinematics model. Therefore, many investigators performed studies that controlled the vertical ground reaction force instead of the vertical kinematics. Although
the control of the vertical ground reaction force significantly improved the quality of the simulations, it was
still an over-constrained model: all DoFs were controlled and it lacked therefore a DoF that could adapt
and reflect the changes in the physiological conditions
of the cadaveric specimens, for example, in postsurgical conditions. This is important, as altering the
physiological condition of the specimen (e.g. after a
surgery), is expected to affect both the ground reaction
forces and the kinematics.30,31 Indeed, when performing new types of surgery, ground reaction forces or
kinematics cannot be obtained from a patient population and no information is available in the form of
these signals during stance phase. To address this issue
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and to allow performing physiological gait simulations
in specimens after surgery, our group developed a new
methodology called the inertial controller.25 This technique allowed simulations of gait without preknowledge on the vertical kinematics or ground reaction force conditions by simulating the effects of gravity and inertia during locomotion.

Research questions addressed through in
vitro experimentation
The first signals measured during in vitro experimentation of the foot were related to the contact characteristics of the ankle joint. This was at least partially driven
by the availability of pressure sensitive FujiFilm, a new
method for measuring contact characteristics in synovial joints.32,33 The pressure sensitive film was inserted
in the ankle and subtalar joint. During compression of
the foot sole to the fixated tibia, the contact area and
distribution were documented.11–13 This allowed testing
the hypothesis that cartilage pathology relates to high
contact stress. Vrahas et al.15 and Calhoun et al.16 also
measured loading conditions in the ankle joint using a
pressure sensitive film. Both set-ups allowed to relate
joint loading conditions not only to the level of external
loading, but also to the foot position representative for
specific phases of the gait cycle. With the development
of dynamic gait simulators, joint loading conditions,
and more specifically intra-articular pressure distribution, were measured also dynamically, mainly in the
ankle joint34–41 but also the chopart joint,42 the subtalar joint43 and four midfoot joints.44 The availability of
thin, flexible and dynamic pressure sensors, mainly
based on piezoresistive transducers, was crucial in this
respect.
Bone strains were measured during dynamic simulations, in an attempt to validate finite element models.45
Using strain gauges, strain measurements were performed at the second and fifth metatarsals. Niu et al.46
later measured bone strains of the navicular and medial
cuneiform under static compression and Achilles tendon actuation. In addition, plantar pressure distribution was measured during dynamic gait simulations,
first by Hamel et al.47 and later on by Kim et al.,48
Wülker et al.49 and Edwards et al.50 The plantar pressure was, and still is, used extensively as a quality control and validation of the reference gait simulations, as
its pattern is well documented and rather uniform in
control subjects.
To further unlock the potential of dynamic gait
simulations, many groups focused on more intrinsic signals such as specific bone kinematics. Indeed, the difficulty to directly measure bone kinematics during in
vivo measurements, hindered the development of accurate musculoskeletal models. Kitaoka et al.14 were the
first to measure the position of individual bones (talus,
navicular, calcaneus and first metatarsal) using magnetic sensors. The relative position of the bones was
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documented in a static position of the foot under varying loads of 0, 222, 445 and 667 N compression of the
tibia against the sole of the foot. Many groups documented foot bone kinematics during dynamic simulations of gait, starting with Hamel et al.51 (documenting
tibia, talus, calcaneus) followed by Nester et al.52,53
(documenting tibia, talus, calcaneus, navicular, cuneiforms, cuboid, metatarsals 1, 2, 3, 4 and 5); Whittaker
et al.,26 Aubin et al.54 (documenting tibia, talus, calcaneus, navicular, medial cuneiform, cuboid, metatarsals
1, 3 and 5); Peeters et al.,24 Burg et al.,55 Okita et al.56
(documenting tibia, talus, calcaneus, navicular, cuboid).
Apart from insights related to the native foot, gait
simulations were used to contrast the native and pathologic or surgically induced conditions in the same specimens. This is the main advantage of in vitro
experimentation as they allow study of the exact same
specimen in two different conditions and to isolate the
effect of the pathology/surgery on the various outcome
measures.
Konradsen and Voigt57 studied the risk of ankle
sprains using a custom-built apparatus capable of simulating swing and heel strike phases of the gait cycle in
cadaveric specimens. By altering the inclination of the
ground during the initial contact, they could investigate
the inclinations that caused ankle sprains and therefore
predict the occurrence of sprains during normal gait.
Lee and Davis44 studied the diabetic foot and its effect
on the joint contact pressure of the midfoot joints. They
performed gait simulations using the experimental setup described by Noble et al.23 using a control (N = 8)
and a diabetic (N = 8) group. The intra-articular pressure in the four joints of the midfoot was found to be
statistically increased in the diabetic feet, compared to
the native ones. Finally, flat-foot deformity was studied
by Jackson et al.58 and Watanabe et al.59 In both studies, normal feet were used to simulate stance phase
before and after simulating flat-foot deformity by surgically attenuating specific ligaments (i.e. spring, talocalcaneal interosseous, superficial deltoid and plantar
naviculocuneiform ligaments). As the imposed kinematics and muscle forces were identical before and after
the surgical intervention, the changes in the measured
kinematics reflected the isolated effect of the specific
ligament and its contribution to flat-foot deformity.
Besides studying pathology, gait simulations are ideal
to investigate the effect of surgery. Valderrabano
et al.60 compared the range of motion (ROM) of several
joints in cadaveric ankles under three conditions: (1)
native, (2) after ankle arthrodesis and (3) after total
ankle arthroplasty (TAA). Their experimental set-up
allowed applying a maximum moment to each of the
three rotational axes of the ankle, after which the relative position of the bones was measured using reflective
markers. Finally, Nicholson et al.61 and Fukuda et al.62
studied the effect of misalignment of the two components of the Agility TAA (Depuy, Warsaw, IN). They
were able to demonstrate the negative effects of this
misalignment on the wear of the prosthetic
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components, quantifying the intra-articular pressure
distribution using piezoresistive pressure sensing arrays.
In addition, other surgical techniques have been
studied using in vitro gait simulations; Bayomy et al.63
studied the effect of the first metatarsophalangeal joint
arthrodesis on the plantar pressure distribution, while
Van Bergen et al.39 and Anderson et al.64 focused on
talar dome resurfacing and its influence on joint loading conditions. Finally, Trask et al.65 investigated the
effect of osteotomy of the second metatarsal on plantar
pressure peak, whereas Meardon et al.66 studied the
effect of orthotics on the ground reaction forces and on
the bone strain of the metatarsal bone. In all of these
studies, the use of gait simulations allowed to explore
the effect of each specific intervention, without any
harmful effects on patients.
Our group used a custom-built cadaveric gait simulator24 to investigate the effect of total ankle prosthesis
(TAP) on the kinematics of the ankle and subtalar
joints. In this study, nine freshly frozen cadaveric specimens were used to perform gait simulations before and
after the implantation of a three components Hintegra
TAP (New deal, Lyon, France). The simulations were
performed using a specimen-specific kinematics model
of Natsakis et al.,29 which determined the input kinematics for the horizontal and sagittal rotation kinematics of the simulation, whereas the inertial controller
of Natsakis et al.,25 determined the ground reaction
force and kinematics in the vertical direction. Each
simulated roll-off lasted 1 s and five repetitions were
performed for each specimen and each case. The position of five bones of the hindfoot (tibia, talus and calcaneus) was determined using a cluster of active markers
mounted on top of bone pins that were previously
inserted and fixated on the bones. The position of the
markers was captured using a Krypton Optoelectronic
Motion Capture System (Krypton K 600, Metris,
Belgium) at 100 Hz and the relative position between
the bones was calculated by constructing virtual coordinate frames on each bone. By calculating the joint kinematics in the three anatomical planes (sagittal, coronal,
transverse), the total ROM for each bone combination
was determined during initial double support (IDS),
single support (SS) and terminal double support (TDS)
phases of stance. The ROM prior and after TAP was
compared for each joint demonstrating the influence of
the TAP on the ankle and subtalar kinematics. The
results suggest that although there is little influence of
the TAP on the overall hindfoot kinematics, several differences are seen in the ankle and subtalar joints
(Figure 2). Especially in the coronal plane, where the
TAP does not influence hindfoot motion, ankle ROM
increases on average with three degrees, whereas the
subtalar ROM decreases on average with two degrees
during SS phase. This shift in ROM between ankle and
subtalar joint can only be documented through in vitro
experimentation (Figure 3).
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Figure 1. Time-line of major breakthroughs in in vitro ankle
simulators.

Discussion
From the very early investigations of foot–ankle kinematics by Isman et al.67 until today, in vitro simulators
with increasing complexity were developed to study the
dynamic function of the foot–ankle structure. History
has shown that in vitro simulations, when properly
designed, are complementary to in vivo studies. Several
research groups have contributed in achieving dynamic
gait simulations featuring six controlled DoFs, multiple
muscle actuation, specimen and condition specificity
and roll-offs at near physiological speed. In vitro simulators allow clinicians and engineers to investigate foot
function in pathology and after surgical intervention in
a highly invasive and repeatable way. The bone kinematics, joint loading conditions, bone or ligament
strains can be measured in specimens before and after
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Figure 2. Measured joint kinematics during gait simulations. Each column represents an anatomical plane and each row a joint. The
native (red) and TAP (blue) kinematics for all the specimens are presented for the duration of stance phase.

simulating a specific pathology or performing a surgical
intervention. The imposed kinematics and muscle forces
can be controlled and altered separately, reflecting their
individual effect on the measured signals.
Although in vitro gait simulations allow important
insights on foot–ankle function, this approach is not
without its limitations. First, the soft tissues of the
cadaveric specimens undergo certain deterioration over
time, and therefore changes in material properties (e.g.
stiffness, wear, etc.) might affect their functional behaviour. The advances in automation to increase the
simulation speed aim at reducing the influence of this
limitation by lowering the time that each specimen is
used. Second, all aforementioned studies perform a
scaling on the forces applied to the cadaveric specimens, by reducing them commonly to 50% of body
weight (BW). This will influence the measured outcome
parameters during the simulations. However, reports in
literature54 have demonstrated that such scaling has
negligible influence on the resulting bone kinematics.
Third, cadaveric studies usually involve small number
of subjects, hindering strong conclusions given the lack

of extensive statistical testing. However, the increased
repeatability of the in vitro simulations, among other
due to improved control, inherently decreases the variability and errors during the measurements. This has the
potential to increase the statistical power of in vitro
simulation studies regardless of the small amount of
specimens used.
Many studies have demonstrated the potential of
gait simulations in exploring foot–ankle biomechanics;
however, there are still many aspects that can be
improved and explored further. One way to improve
the quality and accuracy of the simulations could be
the implementation of smarter types of controllers. The
use of iterative learning control introduced by Aubin
et al.22 and Noble et al.23 could be further improved
using model prediction control, a control methodology
that has been used extensively in other fields for
decades.68 This will be possible by introducing more
complex models of the gait simulators and of the foot
as pre-knowledge in the controller.
In addition, better ways to calculate and impose the
muscle actuation during simulations can be found.
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Figure 3. Differences in degrees of range of motion (ROM) for the hindfoot, ankle and subtalar joint for each anatomical plane
(sagittal, coronal, transverse) and part of stance (initial double support (IDS), single support (SS), terminal double support (TDS)).
The width of each box represents the interquartile range, whereas the bottom and top end of the whiskers represent the lowest
and highest value still within 1.5 of interquartile ranges, respectively. The horizontal line inside the box represents the median. The
horizontal dotted lines represent the one standard deviation of the ROM in all the measurements before the implantation.

Currently, most studies derive the muscle forces that
are applied during the simulation through inverse
dynamic musculoskeletal modelling. However, this
modelling is subject-specific and might therefore not
necessarily correspond to each specific cadaveric specimen. Similar to the specimen-specific kinematic model
that has been developed,29 a specimen-specific muscle
force model could be useful for performing more realistic and reliable simulations.
The signals measured during dynamic gait simulations could also be extended to measure strain of ligaments or tendons, or deformation of soft tissue (e.g.
heel pad, plantar aponeurosis, etc.), as has been performed in simulations of the knee.69 Such information
could be crucial for construction of more accurate musculoskeletal and joint contact models. This requires
integrating readily available strain gauges and ultrasound measurement devices in the current designs of
gait simulators. Furthermore, currently only the

loading conditions normal to the surface of the joints
can be measured; shear loading however is of utmost
importance when investigating joint disorders and cartilage wear during gait.70 Therefore, developing new
techniques for measuring the shear component of joint
loading during gait can help in better understanding the
development of osteoarthritis and prosthesis wear.
Finally, in vitro dynamic simulations can be utilised
to study other types of locomotion, besides normal
gait. The cases of stair ascending-descending, squatting
or even running could further aid the understanding of
foot function. Other types of simulators, such as for
instance for the knee71–73 or the hip74 have already
attempted to simulate such types of locomotion.
In the past 20 years, several in vitro gait simulators
have been developed to advance the understanding of
human foot biomechanics. Review of the literature
clearly indicates the added value of in vitro gait simulations. Given the recent methodological developments,
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their role in functional outcome evaluation of different
surgical interventions and validation of biomechanical
modelling techniques is only expected to become more
important. By improving the biofidelic nature of the
controllers in order to make them more subject-specific
and to link foot motion to the simulated behaviour of
the entire missing body, it is expected to broaden the
scope of these measurements and provide additional
information for better understanding the complex anatomical structure of the foot.
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