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ABSTRACT

Biomechanical models provide information on parameters that are difficult to
measure experimentally. The validity of the results depends on the development of
anatomically accurate models, including reliable modeling of anatomical
articulations. The focus of this work is on the talocrural and talocalcaneal
articulations, which collectively form the ankle articular complex of the human foot.
Some studies include the talocrural articulation only and formulate it as a revolute
joint. Other studies consider both articulations, which are modeled as spherical,
revolute, or classical universal joints. Most of the existing approaches do not consider
a sufficiently accurate anatomical modelling of this articular complex. Thus, this
work presents a new formulation of the ankle articular complex by considering the
actual anatomy and movements of the talocrural and talocalcaneal articulations. The
proposed approach uses a modified universal joint, incorporated with a massless link
that implicitly models the talus bone and mimics its real function. A
three-dimensional biomechanical multibody model is used, which is composed of
three rigid bodies, namely leg, main foot, and toes. The bodies are kinematically
connected to each other by one revolute joint (metatarsophalangeal articulations), and
one modified universal joint (ankle articular complex). The model has nine
degrees-of-freedom, which are guided using experimental gait data of one adult
subject with no history of gait disorders. The formulation developed to guide the
degrees-of-freedom of the model is presented. The talocrural and talocalcaneal joint
angles, moments of force and mechanical powers are analyzed. The obtained results
show good agreement when compared with the literature.

Keywords: Foot model, Ankle articular complex, Modified universal joint, Massless
link, Multibody dynamics.

1 INTRODUCTION

The human foot comprises three main bone groups, namely, the tarsus, the metatarsus, and the
phalanges, as it can be observed in Figure 1a. The tarsus is composed of seven bones, namely the
calcaneus, the talus, the navicular, the cuboid and three cuneiform bones. The metatarsus group
includes five metatarsal bones, which are numbered from one to five with roman numerals.
Finally, there are two phalanges in the great toe (proximal and distal), while the remaining toes
comprise three phalanges each (proximal, middle, and distal) [1] (see Figure 1a). The intricate
interconnections established between the bones of the human foot result in 31 articulations that



allow the movements performed during daily life. Amongst these articulations, the talocrural and
the talocalcaneal articulations, which collectively form the ankle articular complex of the human
foot [2], are the focal point of the present research work. The talocrural articulation enables
plantarflexion and dorsiflexion, while the talocalcaneal articulation allows inversion and eversion
of the foot [3]. The anatomical axes of these two articulations are non-coplanar and the separating
distance can be established as the height of the talus since this bone is inserted between them
[4,5]. A schematic representation of the ankle articular complex is depicted in Figure 1b.

Phalanges

Metatarsus

Tarsus
M — medial cuneiform Tal | articulati
| — intermediate cuneiform alocruralarticutation
L — lateral cuneiform Talocalcaneal articulation
@ (b)
Figure 1. Schematic representation of the (a) bones and (b) ankle articular complex of the

right human foot.

The human foot and the ankle articular complex can be modeled using different approaches,
which present varying degrees of complexity and mimic more or less accurately the anatomical
characteristics of the foot [6—10]. Some models consider the dorsiflexion and plantarflexion
movements only and formulate the talocrural articulation as an ideal revolute joint, either in two-
[11] or three-dimensions [12]. More detailed models consider the movements allowed by both the
talocrural and the talocalcaneal articulations. In these cases, the ankle articular complex is
modeled as a spherical joint [13], as two [14] or three [15] separate revolute joints, and as a
classical universal joint [5]. The available studies have not yet considered a sufficiently
anatomically accurate modelling of this articular complex, which plays a key role in studying the
movement of the human foot. Thus, this work presents a new formulation of the ankle articular
complex of the human foot, which takes into consideration the actual anatomy and movements of
the talocrural and talocalcaneal articulations. The proposed approach uses a modified universal
joint, which is incorporated with a massless link that implicitly models the talus bone and mimics
its real function. A three-dimensional biomechanical multibody model of the right human leg and
foot is used. The model has nine degrees-of-freedom, which are guided using gait experimental
data of one adult subject with no history of gait disorders acquired at the Lisbon Biomechanics
Laboratory. The talocrural and talocalcaneal joint angles, moments of force and mechanical
powers are compared with the literature and the response of the proposed joint model is assessed.

2 MULTIBODY SYSTEMS METHODOLOGY

A multibody system includes three main features, that is, rigid and/or deformable bodies
describing large rotational and translational displacements, joints that kinematically constrain the
relative motion of the adjacent bodies, and force or driving elements. The Newton-Euler approach
is amongst the most widely used methods to model multibody systems due to its straightforward
application and simplicity [16,17]. The formulation considered in this work uses Cartesian
coordinates, in which the degrees-of-freedom of each body of the system are described by three
translation (x, y and z) and four orientation coordinates (Euler parameters). The equation of motion
for a general constrained multibody system is formulated as [16]
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where M is the system mass matrix, D represents the Jacobian matrix of the constraint equations,

V denotes the vector containing the system accelerations, A is Lagrange multipliers vector that
contains the forces and moments associated with the kinematic constraints, g represents the vector
of applied forces and moments, and y denotes the right-hand side vector of the acceleration
constraint equations [16,17].

3 FORMULATION TO MODEL THE ANKLE ARTICULAR COMPLEX

In this work, a modified universal joint incorporated with a massless link representing the talus
bone is proposed for the ankle articular complex of the human foot (see Figure 2a), which closely
follows the work developed by Malaquias et al. [18]. A general representation of the proposed
joint model connecting bodies i and j is depicted in Figure 2b. The centers of mass of the bodies
are O; and O, respectively. Body-fixed coordinate systems 7 are attached to the center of mass,
whilst xyz represents the global coordinate system.
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Figure 2. (a) The ankle articular complex illustrated as a modified universal joint. (b)
Schematic representation of a modified universal joint connecting bodies i and j.
The modified universal joint allows two relative degrees-of-freedom between the connected
bodies. Thus, four kinematic constraint equations must be considered to formulate this joint as
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where s; and s; represent the vectors of the joint’s axes, / denotes the length of the massless link,
and d is established as

d=rl—r7 =r +sf -1, -5/ 3)

in which r” is the global position vector of point P located on body k (k=i, j), ri denotes the
position vector of the center of mass of body & described in global coordinates and s; is the
global position vector of point P located on body & with respect to the body’s local coordinate
system [16]. Vectors s;,, 8;0and dy denote the initial coordinates of vectors s;, s; and d, respectively.

The first branch of Eq. (2) allows to establish a constant length between points P; and P; on each
of the joint axes (see Figure 2b), and it represents a link connecting the two bodies, which is not
modeled as an actual body, but instead as a massless element. The massless link corresponds to
the talus bone of the ankle articular complex. The remaining branches of Eq. (2) allow to maintain
the relative orientation of vectors s;, s; and d constant at all configurations.



The contribution to the Jacobian matrix of the modified universal joint constraints is denoted as
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Finally, the right-hand side vector of the acceleration constraint equations of the modified
universal joint can be established as
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in which the dot represents the derivative with respect to time, @ is the angular velocity vector in
global coordinates, and the symbol (~) denotes the skew symmetric matrix.

The proposed approach has four major advantages, namely (7) the physiological distance between
the talocrural and talocalcaneal joints is preserved; (i) the specific anatomical orientation of the
joint axes is taken into account; (iii) the complexity of the model is not increased as the number
of coordinates and constraints is kept unchanged; and (iv) the addition of the talus with small mass
and inertia in the mass matrix is avoided, which prevents the calculation of high accelerations
during the resolution of Eq. (1) and increases the computational efficiency [5,18].

4 DESCRIPTION OF THE CONSIDERED BIOMECHANICAL MODEL

A three-dimensional biomechanical multibody model was developed using an in-house code. The
model is composed of three rigid bodies, namely the leg, main foot, and toes. The leg represents
the tibia and fibula, the main foot is composed of the tarsus and metatarsus, and the toes
encompass the phalanges. The bodies of the model are kinematically connected to each other by
means of one revolute joint, connecting the toes to the main foot and representing the
metatarsophalangeal articulations, and one modified universal joint, connecting the main foot to
the leg and representing the ankle articular complex. Thus, the considered biomechanical model
has nine degrees-of-freedom. The generic configuration of the model is displayed in Figure 3.

Figure 3. Schematic representation of the considered biomechanical multibody model.

The dimensions and inertial properties of each body of the biomechanical model were calculated
using the experimentally acquired data and the anthropometric parameters provided in [5].



5 EXPERIMENTAL ACQUISITION PROTOCOL AND DATA TREATMENT

The experimental gait data of one adult female subject (22 years old, 96.1 kg) with no history of
gait disorders was acquired at the Lisbon Biomechanics Laboratory, at Instituto Superior Técnico.
The laboratory is equipped with an optoelectronic motion capture system, composed of fourteen
Infrared ProReflex 1000 cameras (Qualisys®, Goteborg, Sweden) and one video camera (Sony
HDR-HC3E). Three force plates (AMTI OR 6-7-1000, 508 mm x 464 mm) were used to acquire
the ground reaction forces. The video, markers’ positions, ground reaction forces and center of
pressure data were acquired synchronously using the Qualisys Track Manager 2.9 (Qualisys®)
software. The sampling frequency was set to 100 Hz.

The subject was asked to walk continuously with her natural cadence. Prior to data acquisition,
the subject had a period of adaptation to the experimental setup. A 15-second static trial was
performed, followed by three valid trials. A trial is considered to be valid if the subject’s feet hit
correctly the three force plates (one foot per plate) without adapting the cadence or step length.

The marker set protocol utilized in the present work follows the one proposed by Malaquias et al.
[18] with some modifications. The protocol is based on the bony landmarks specified on the
recommendations of the International Society of Biomechanics [19]. Eleven reflective markers
with 11 mm of diameter for the right foot and leg were used during the gait trials. Two markers,
MS8s and M9s, were used for calibration during static acquisitions only, allowing to define the axis
of rotation of the talocalcaneal joint [4]. The midpoints of markers M3 and M4, and M6 and M7
enable the definition of the metatarsophalangeal and talocrural joint axes of rotation, respectively.
A cluster of tracking markers was used on the leg to allow the reconstruction of markers M10 and
M11. A schematic representation of the marker set protocol is presented in Figure 4.
M10 M11 M1 - Medial aspect of the hallux

M2 - Top head of the phalange 11

M3 - Medial aspect of the head of metatarsal I
M4 M4 - Lateral aspect of the head of metatarsal V
MS5 - Posterior aspect of the calcaneus
M6 - Apex of the medial malleolus
M7 - Apex of the lateral malleolus

MS8s - Posterior-lateral “corner” of the heel

M6 M9s - Super-medial aspect of the talus
M7 M10 - Medial apex of the head of the tibia
M5 P M8s M11 - Lateral apex of the head of the fibula

Figure 4. Marker set protocol considered in the present work.

A third order low pass digital Butterworth filter with a cutoff frequency of 6 Hz for the kinematic
data, 15 Hz for the center of pressure, and 20 Hz for the ground reaction forces was employed.
The filtered data was used to calculate the joint angles and the coordinates of the biomechanical
model, including the position of the center of mass and the Euler parameters of each segment,
which are necessary to prescribe the experimental data to the model.

6 DRIVING CONSTRAINTS FORMULATION

The nine degrees-of-freedom of the biomechanical multibody model presented in Section 4 must
be guided. The position of the center of mass and Euler parameters of the leg, and the talocrural,
talocalcaneal and metatarsophalangeal joint angles are guided. The formulation used to prescribe
the experimental data to the model considers four types of driving constraints, namely guiding (7)
a generic point G, (if) an arbitrary Euler parameter to control the orientation of a body, (iii) an
angle between two vectors a; and b; and (iv) an angle between a vector a; and a massless link d.

To guide a generic point G, the following three kinematic constraints must be considered
O =r® —c'(t)=r,+s7 —c'(t)=0 (6)

where ¢*(7) is the prescribed experimental data containing the x, y, and z coordinates of the guided
point and ¢ is the time variable.



The corresponding contribution to the Jacobian matrix, the right-hand side contributions of the
velocities and acceleration are as
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in which I represents the identity matrix.

One arbitrary Euler parameter, ex, with k=0, 1, 2, 3, can be guided using the following constraint
equation, the corresponding Jacobian matrix, and the right-hand side vectors of the velocities and
accelerations

oY =g —e (t)=0 (10)
1 T
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where e, (t) is the experimental data for e; and G represents the transformation matrix in terms of
the Euler parameters [16].

To guide the angle between two arbitrary a; and b, vectors, each belonging to a body of the
multibody system, the following constraint equation must be formulated

@“Y =a'b, —cosf(t)=0 (14)

in which 6(?) is the angle between the two a; and b; vectors calculated using the experimental data.
It must be noted that a; and b; must be unit vectors perpendicular to the joint axis. The contribution
to the Jacobian matrix, the right-hand side vectors of the velocities and accelerations are as
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Finally, the last driving constraint is used to guide the angle of each joint of the modified universal
joint. To correctly calculate the joint angle, it must be noted that the massless link vector must be
projected onto the plane perpendicular to the joint axis. Thus, vector d, is defined as

d, =d—(d's, s, (18)
where s; is the vector defining the rotation axis of the joint which angle is meant to be guided.
Thus, the kinematic constraint equation used to guide the angle between one arbitrary unit vector

a; perpendicular to the s; joint axis and the projected massless link d, is established as

a'd
PV == —cos B(t)=0 (19)
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in which f(#) is the angle between the a; and d,, vectors calculated using the experimental data.

The corresponding contribution to the Jacobian matrix and the right-hand side vectors of the
velocities and accelerations can be expressed as
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in which the first time derivative of vector d, is established as
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7 RESULTS AND DISCUSSION

Since the focus of this work is to propose a new formulation for the ankle articular complex of
the human foot, only the results concerning the talocrural and talocalcaneal joints are object of
investigation in this Section. The results are presented using the mean and the standard deviation.

The angle and moments of force for the talocrural and for the talocalcaneal joints during the gait
cycle are depicted in Figure 5. In general, the profile and magnitude of the talocrural joint angle
show good agreement with the results reported in the literature [18,20-22] (see Figure 5a). It is
clear that Figure 5a presents the two characteristics loading and unloading phases that occur in
human gait, which correspond to the two plantarflexion peaks observed at 10% and 65% of gait
cycle, respectively. At the initial support phase (0-10% of gait cycle), the talocrural joint
plantarflexes in order to lower the foot towards the ground. When the foot is flat on the ground,
the leg starts rotating forward over the foot, provoking dorsiflexion of the talocrural joint (10-50%
of gait cycle). Before the toe-off, which occurs at approximately 63% of gait cycle, the talocrural
joint plantarflexes, corresponding to the pre-swing phase. During the swing phase of gait, the
talocrural joint dorsiflexes in order to prepare the foot for the subsequent gait cycle.

The profile and magnitude of the talocrural joint moment of force is consistent with the literature
[18,20-22] (see Figure 5c). In the beginning of the gait cycle, a small dorsiflexion moment is
generated to control the lowering of the foot to the ground. Then, from 5% to 50% of gait cycle,
there is a large plantarflexion moment to control the forward progression of the leg over the foot,
which is flat on the ground. Prior to the toe-off, the talocrural joint moment of force decreases
since the corresponding lower limb is being unloaded to prepare for the toe-off. During the swing
phase of the gait cycle, since no ground reaction forces are acting on the foot, there is a small
dorsiflexion moment to maintain the talocrural joint dorsiflexed, preventing the toes from
touching the ground and ensuring a safe toe clearance.

From 0% to 55% of gait cycle, the talocalcaneal joint angle is similar to the results presented in
the literature [22—-24], both in magnitude and profile of the plot (see Figure 5b). However, from
55% to the end of the gait cycle, the results are different, specifically for the magnitude of the
plot. The results show that there is an excessive eversion of the foot prior to the toe-off. According
to the literature, the magnitude of the talocalcaneal joint angle should vary between -10° and 10°,
as opposed to -25° and 10° shown in Figure 5b. The differences between the results of the present
work and the literature might be associated with the specific gait pattern of the considered subject.
During experimental data acquisition, excessive eversion of the subject's foot was noticeable,
which supports the obtained results. Thus, it can be concluded that the proposed joint model can
correctly reproduce the movements of the talocalcaneal joint.

The profile and magnitude of the talocalcaneal joint moment of force (see Figure 5d) agree with
the literature [22—-24]. In the beginning of the gait cycle, a small eversion moment is generated,
followed by a large inversion moment, seen during the majority of the stance phase. Before the
toe-off, the moment gradually increases, ultimately reaching a value near zero, which is observed
during the swing phase. It is important to mention that the intra-subject variability is greater for
the talocalcaneal joint when compared with the talocrural joint due to higher standard deviations.
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Figure 5. Talocrural and talocalcaneal joint angle (a), (b), and moments of force (c), (d)
throughout the gait cycle. The black vertical line indicates the occurrence of the toe off.

The path of the center of pressure is shown in Figure 6. The talocalcaneal joint moment discussed
in the above paragraph is consistent with the location of the center of pressure for the considered
subject. This can be concluded from the fact that the center of pressure is deviated towards the
lateral side of the foot (see Figure 6), provoking an eversion moment on the foot, which must be
compensated by an inversion moment (see Figure 5d). The kinematic pattern for the talocalcaneal
joint is highly variable and dependent on the type of gait pattern of the subject and the contact of
the foot with the ground. Thus, the results for this joint might not represent a generic case.
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Figure 6. Path of the center of pressure from heel contact to toe off.

The mechanical power is related to the net rate of generating and absorbing energy by the muscles
and other tissues crossing a joint. Positive values indicate power generation and concentric muscle
activation, while negative values imply power absorption and eccentric muscle activation [20].



The talocrural and the talocalcaneal joint mechanical power is presented in Figure 7. The negative
peak observed in the mechanical power plot of the talocrural joint from 0% to 15% of gait cycle
indicates that there is power absorption just after heel strike from the muscles responsible for
dorsiflexion, which contract eccentrically to control the initial plantarflexion of this joint. Then,
from 15% to 50% of the gait cycle, the power absorption increases as the muscles responsible for
plantarflexion contract eccentrically during the forward progression of the leg over the foot,
indicating an action of the plantarflexors to control the dorsiflexion movement. The maximum
positive power magnitude for the talocrural joint occurs at around 55% of the gait cycle, which
corresponds to the phase in which the lower limb propels the body forward in preparation for the
toe-off and the plantarflexors contract concentrically (see Figure 7a). The results agree with the
literature [18,20]. For the talocalcaneal joint, in the beginning of the gait cycle there is power
absorption, followed by power generation with a maximum magnitude occurring at around 50%
of gait cycle, which agrees with the literature in magnitude and profile of the plot [23,24]. Before
the toe off, power absorption occurs with a maximum magnitude of -0.60 W/kg (see Figure 7b),
which differs from literature [23,24]. This phenomenon indicates that there is excessive action of
the muscles responsible for ankle stabilization due to the high eversion of the foot and it may be
related to the differences previously reported for the talocalcaneal joint angle and moment.

6 . . . . 1.00
- 2
2 4t =
=S _ 0.50f
o} 2
z 2f 2
Q <
.E §‘ 0.00 —
5 =
=0 ©
© 2
=} (]
e [&]
5} S 050t
S-2r 3
e 2
-
-4 : : : : -1.00 : : : :
0 20 40 60 80 100 0 20 40 60 80 100
Gait Cyle [%] Gait Cyle [%]
@) (b)

Figure 7. Mechanical power of the (a) talocrural and (c) talocalcaneal joints throughout the
gait cycle. The black vertical line indicates the occurrence of the toe off.

A limitation of the present work is that only one subject was considered in the analysis. Future
studies should aim at increasing the sample size to evaluate the reliability of the model. However,
the obtained results allow the validation of both the proposed joint formulation and the
methodology used to prescribe the experimental data to the biomechanical model. The proposed
formulation is able to correctly describe the degrees-of-freedom allowed by the ankle articular
complex of the human foot, as it could reproduce the biomechanical parameters analyzed in this
work according both with the literature and the movements observed during the experimental data
acquisition. In addition, the model can realistically represent the anatomical characteristics
intrinsic to the human foot due to the fact that the talus bone is modelled implicitly, which allows
to preserve the physiological distance between the talocrural and talocalcaneal joints. The specific
anatomical orientation of each joint axis is also guaranteed by the model. Finally, even though the
proposed formulation is developed using Cartesian coordinates, it can easily be adapted to other
multibody formulations, including natural [25] and fully Cartesian [26] coordinates.

8 CONCLUSIONS

In this work, a new formulation to model the ankle articular complex of the human foot has been
proposed within the framework of multibody systems methodologies. The main kinematic aspects
were described, including the kinematic constraints, Jacobian matrix, and right-hand side vector
of the accelerations constraint equations. The degrees-of-freedom of a biomechanical model of
the right human foot and leg were guided using experimental gait data. The talocrural and the
talocalcaneal joint angles, moments of force and mechanical power showed good agreement with
literature. The proposed formulation can correctly reproduce the movements of both articulations.
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