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Abstract A foot contact model is an important component of any forward-dynamic
human gait simulation. This work presents a preliminary experimental validation of
a three-dimensional (3D) foot contact model that represents the heel and forefoot
using a pair of contact disks. The disk elements are well-suited to modeling the
foot because they are computationally efficient and are mechanically stable when
flat on the ground. We evaluated the foot model by comparing its ankle position to
the subject’s ankle position (measured using skin-mounted reflective markers and
infrared cameras) when both feet developed the same ground reaction force (GRF)
and center-of-pressure (COP) profiles (measured using a force plate). We used this
novel approach because the experimental GRF and COP measurements are accurate,
but the kinematic data is usually corrupted with 1 cm of skin-movement error at the
foot. The results indicate that the disk-based foot model is an accurate representation
of the subject’s barefoot except during toe-off, and when the COP is on the extreme
medial boundaries of the foot. The experimental data and foot model presented in
this work is provided as supplementary material online.

1 Introduction

Human motion prediction in-silico is of great interest to many research communities
because of its potential to improve our understanding of healthy and pathological lo-
comotion. During normal bipedal locomotion feet are the only contacts that interact
with the ground. A validated model of the human foot is thus a pre-requisite for a
computed prediction of human gait.
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A predictive gait simulation requires a foot model that can simultaneously repro-
duce the kinematics, ground reaction forces (GRF) and center-of-pressure (COP)
profile of a human foot. In addition, a 3D foot contact model must be as stable as
a human foot, so that the ankle does not roll unrealistically during simulation. Al-
though the foot can be modeled using realistic geometry [17], this is computation-
ally expensive. Instead, most foot contact models use fast, but simplified contact-
pairs to represent the foot: point-plane [16, 15, 1, 5, 13, 18], circle-plane (2D) [12],
sphere-plane [14, 3], and disk-plane (3D) [9]. Here we focus on the disk-based 3D
foot contact model [9] because the disk contact approximates the round shape of the
foot pads, is mechanically stable, and is computationally efficient.

Though the foot has been modeled using a variety of approaches, relatively few
foot-ground contact models have been tested against experimental data [5, 12, 9].
Conceptually a foot contact model transforms a kinematic state into a wrench ap-
plied at the ankle, and vice-versa (though the mapping from wrench to kinematic
state is not unique). A good validation method matches one side of this transforma-
tion to experimental data, and then evaluates the model against experimental data
using the other side of the transformation.

The development of well-posed, well-behaved foot contact validation methods is
an area of active research. Skin-movement artifact precludes using one-to-one ex-
perimental kinematics as input to the foot contact model and then evaluating it by
comparing simulated GRF and COP profiles to experimental data [12]: the 1 cm
of skin movement error at the foot [7] is comparable to the expected heel [4] and
metatarsal pad compressions [2]. Numerical instability precludes applying the ob-
served wrench to the model’s ankle, forward integrating, and then evaluating the
model by comparing simulated foot kinematics to experimental kinematics [5]: ap-
plying large forces to a body of low mass results in a simulation that is very sensitive
to initial conditions and experimental error. This approach can be vastly improved
by ignoring the dynamics of the foot, solving for a position of static equilibrium,
and comparing the resulting foot orientation to experimental data [9] though the re-
sulting root-finding problem is not easily solved. In this paper we present a novel
control system which drives the ankle of the foot model to a trajectory that repro-
duces the accurately measured GRF and COP profiles. We evaluate the model by
comparing its ankle kinematics to experimental observations: distance errors of 1
cm [7] or less are acceptable, since this amount of skin-movement error is present
in motion capture data.

The experimental tasks that are used to validate the foot contact model are just
as important as the validation methods. Although walking data is commonly used to
evaluate foot contact models [5, 12, 9], additional motions should be used because
the kinematics of the foot and its COP profile during walking are mostly in the
sagittal plane. We have recorded a novel trial where the subject moves the COP of
their barefoot in the pattern of a growing spiral which eventually traces the outer
edge of their foot. The spiraling-COP task allows the foot model to be tested against
motions in both the sagittal and frontal planes, providing a more comprehensive
evaluation of the foot-ground contact model.
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Fig. 1 The foot interacts with
the ground plane through two
disk contacts. The heel disk
is rigidly attached the ankle
frame (frame A). A revolute
metatarsal joint allows the
fore-foot disk to rotate with
respect to the heel disk. A
spring-damper across the
metatarsal joint applies a
torque to the ankle frame. The
left foot is shown because
the subject’s left foot was
instrumented.
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Fig. 2 The contact point of
the disk model [10], shown
in black, is smoothly brought
to the center of the disk as
it flattens (as α → 0). The
smooth transition makes the
contact kinematics of the disk
similar to those of an infinitely
thin rounded surface. The
rounded appearance of the
disk lends itself to simulating
human foot pads, which have
a flat bottom and rounded
edges.
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2 Foot Model

The 3D foot contact model is composed of a hind foot, and a forefoot body joined
together by a revolute joint. The axis of this joint has been rotated 22◦ about the ẑ′

axis to match the raked alignment of the subject’s metatarsal joints. The musculature
of the toes is represented with a nonlinear spring-damper element in parallel with
the revolute joint. The heel contact is represented by a disk [10] attached to the hind
foot, while the metatarsal and toe contacts are represented by a single disk attached
to the forefoot body (Fig. 1).

The disk interacts with the ground plane through a point contact [10]. The point
contact lies in the direction

MûP = n̂C× (n̂C× n̂P) (1)

which points from the center of the disk to point P, the lowest point on the disk
edge. This direction vector is computed using the surface normal vector n̂C and the
disk normal vector n̂P. The contact point is located along MûP at a distance of
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r = r0(1− e−C sinα) (2)

from the center of the disk, where α is the angle between the surface and disk nor-
mal vectors. An exponential function makes the disk appear rounded by smoothly
blending r from 0, when the disk is flat on the ground (α = 0), to approach the disk
radius r0, when the disk is perpendicular to the ground plane (α = π

2 ). The parame-
ter C is used to control how rounded the disk appears. Low values of C will make the
disk edges appear more rounded, while high values of C will make the disk appear
sharper.

Once the point contact location has been computed, the state of the disk contact
is used to calculate the penetration depth, xN , and velocity, vN , of the point contact
into the surface. Here we use a Hunt-Crossley contact model [8] to compute the
normal force magnitude

F∗N = kxP
N(1+dvN) (3)

with the condition that only positive normal contact forces are permitted, i.e.

FN =

{
F∗N · n̂P if F∗N > 0
0 otherwise

(4)

. A Coulomb friction model is used to compute tangential contact forces

FT =−µ(|vT |2)FN v̂T (5)

using the tangential velocity vT between the point contact and the surface. The co-
efficient of friction µ is smoothly interpolated (using a cubic spline) to make the
system equations less stiff. We compute the tangential velocity direction, v̂T , using
the numerically stable method described in Eqn. 20 of Gonthier et al. [6].

3 Methods

We evaluated the foot contact model using experimental foot kinematic and kinetic
data collected during a conventional barefoot walking task, and a novel task de-
signed to move the COP over the entire bottom surface of the foot in the pattern of a
growing spiral. The COP-spiral began with COP rotations about the subject’s mid-
foot, and grew over 5 rotations to the outside of the subject’s foot while under a load
of≈ 3/4 bodyweight (the subject held onto a support to maintain balance during this
task). Foot kinematics were measured using infrared cameras and skin-mounted re-
flective markers, while ground reaction forces and moments were measured using a
floor-mounted force plate.

To evaluate the foot contact model we computed the Euclidean distance between
the subject’s ankle position r̃A(t) and the model’s ankle position rA(t) (Fig.1)

ε(t) = ||r̃A(t)− rA(t)|| (6)
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when both feet generated the same GRF and COP profiles (experimental quantities
indicated using the tilde symbol). In the context of this error measure, an excellent
foot contact model will be able to remain within a skin-movement distance (ε ≤ 1cm
[7]) of the subject’s ankle while accurately reproducing the observed GRF and COP
profiles. We used this novel evaluation method because it allows the foot model to
be evaluated accurately in the presence of skin-movement error.

A control system and forward-simulation was used to compute the path of the
foot model that reproduced the experimental GRF and COP profiles. The control
system consists of three parts: a feed-forward wrench computed from the exper-
imental data W̃, a kinematic feedback proportional-derivative (PD) tracking con-
troller ([P]qe +[D]q̇e), a force feedback controller [E]We, and a damping wrench
[V]q̇:

Wu = W̃+(1− s)CQ ([P]qe +[D]q̇e)+ sCW [E]We + sCV [V]q̇ (7)

. Here a subscript e, as in qe of Eqn.7, is used to indicate an error, defined as the
difference between an experimental observation and the corresponding value in the
simulation. All of the gain matrices in Eqn. 7 are diagonal, and have been tuned by
hand. The tracking, force-feedback, and damping control terms in Eqn.7 are scaled
by task dependent scalar gain variables CQ, CW , and CV respectively. These gains
are tuned so that the model’s GRF and COP profiles quickly and smoothly con-
verge to the experimentally measured profiles during the walking and spiral tasks.
A blending variable

s =
F̃N(t)

max(F̃N(t))
(8)

is used to ensure the kinematic tracking controller dominates when contact forces
are low, and the force feedback controller dominates when contact forces are high.
The results of a forward simulation are used to compute ε(t) in Eqn. 6, the distance
between the subject’s ankle and the model’s ankle.

The parameters of the foot model were tuned using the distance error ε to guide
changes. The geometric parameters of the foot model were initially matched as
closely as possible to the subject’s foot using manual measurements. The stiffness of
the contact disks were set so that the heel and metatarsal pads compress by approx-
imately 50% of their unloaded thickness during stance [4]. For this subject, a 50%
compression of the heel pad amounts to 11.4 mm (22.8 mm thick), and 6.7 mm (13.2
mm thick) for the 2nd metatarsal pad. The thickness of the subject’s foot pads were
measured previously using an ultrasound scanner. The stiffness and damping of the
toe joint was initially manually set. A combination of derivative-free optimization
and hand tuning was used to adjust the geometry of the foot and the stiffness of the
toe joint to find a single set of parameters that fit the experimental data taken from
the walking and spiraling-COP tasks.
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Fig. 3 Panel a. illustrates the distance error, ε(t), between the model’s ankle and the subject’s
ankle during the walking experiment. The error exceeds 1cm at t = 0.39s, which is marked with
an ‘*’. Panel b. illustrates the COP (as seen from above) on the surface of the model’s foot, using
a line that becomes thicker and darker as the distance error, ε(t), increases. The dashed line shows
the axis of rotation of the metatarsal joint (n.b. left foot is shown). To provide context, the outside
of the subject’s foot is shown in white, and the disk contacts are shown in light gray. Panels c. and
d. illustrate the GRF and COP profiles of the model (black line) and the experiment (grey line).

4 Results and Discussion

The walking trial shows that the model foot is indistinguishable from the subject’s
foot until toe-off. The distance error, ε , between the model’s ankle and the subject’s
ankle is less than the experimental skin-stretch error of 1 cm [7] until t = 0.39s
(Panel a. of Fig.3). An association between error and the foot model is made in
Panel b. of Fig.3 by plotting the COP projected on the model foot, using a line
that becomes thicker and darker as the distance error, ε , increases. The thickest and
darkest lines of the COP error plot (Panel b. of Fig. 3) show that the distance error
is small until the COP extends past the metatarsal joint (Panel b. of Fig. 3), the
equivalent location of the subject’s big toe. The control system drives the model
to accurately track the experimental GRF and COP profiles with little error, except
during heel contact and toe-off (Panels c. and d. of Fig.3). The COP error that occurs
during initial heel contact (t = 0s) is caused by a shape mismatch between the heel
disk and the subject’s heel in the initial pose. Due to this shape mismatch we could
not simultaneously collocate both the ankle and the COP at the start of the stance
phase. We chose to match the position of the ankle, introducing an error in the
COP profile, so that the two ankles would continue to align as the foot rotated and
flattened on the ground plane. The COP error at toe-off occurs because the contact
disk does not extend far enough to cover the contact patch of the big toe.

The spiraling-COP trial results show that the model foot closely tracks the exper-
imental data for the first 3 COP rotations (4.6s). The error steadily accumulates dur-
ing the entire trial, we suspect, due to small differences in the shape of the model’s
foot and the subject’s foot. The distance error, ε , can be associated with a location
on the foot model in Panel b. of Fig.3 by plotting the COP projected onto the surface
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Fig. 4 Panel a. illustrates the distance error, ε(t), between the model ankle and the human ankle
during the spiraling-COP task. The first 3 rotations are marked using ‘*’,�, and N symbols. Panel
b. illustrates the COP (as seen from above) on the surface of the model’s foot, using a line that
becomes thicker and darker as the distance error, ε(t), increases. The dashed line shows the axis of
rotation of the metatarsal joint of the left foot. To provide context, the outside of the subject’s foot
is shown in white, and the disk contacts are shown in light gray. Panels c. and d. illustrate the GRF
and COP profiles from the model (black line) and the experiment (grey line).

of the model foot using a line that becomes thicker and darker as the distance error
ε increases. At the beginning of the trial, the COP-error line is light and thin, but
steadily grows with each subsequent rotation (Panel b. of Fig.4). During the final
rotation, both the distance error ε and the COP tracking error become large as the
COP traverses the subject’s toe, and proceeds down the medial side of the subject’s
left foot. The COP was on the extreme edge of the subject’s foot, which was everted
by 21◦ (relative to the ground plane), during this final movement.

The high level of agreement between the model and experimental data during
these two different tasks is very encouraging. In both tasks, the model matches the
data within experimental error when the COP is on the heel, or is between the heel
and metatarsal joint. It is only when the COP is beyond the metatarsal joint, or
when the foot is everted by 21◦ (about the ground plane), that the model’s ankle
kinematics differ substantially from the experimental data. The error between the
model and the experimental data during the final loop of the spiral task is acceptable
for most simulations since it required an extreme tilt of 21◦. The close agreement
during the first 3 rotations of the spiraling-COP task suggests that the model’s heel
and mid-foot is as resistant to ankle rolling as the subject’s foot. Further efforts
will concentrate on improving the fidelity of the toe, and characterizing the model’s
stability. The data and software required to reproduce these results are available
online [11].
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