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Abstract: As a whole, human sprinting seems to be a completely periodic and symmetrical motion.
This view is changed when a person runs with a running-specific prosthesis after a unilateral
amputation. The aim of our study is to investigate differences and similarities between unilateral
below-knee amputee and non-amputee sprinters—especially with regard to whether asymmetry
is a distracting factor for sprint performance. We established three-dimensional rigid multibody
models of one unilateral transtibial amputee athlete and for reference purposes of three non-amputee
athletes. They consist of 16 bodies (head, ipper, middle and lower trunk, upper and lower arms,
hands, thighs, shanks and feet/running specific prosthesis) with 30 or 31 degrees of freedom (DOFs)
for the amputee and the non-amputee athletes, respectively. Six DOFs are associated with the
floating base, the remaining ones are rotational DOFs. The internal joints are equipped with torque
actuators except for the prosthetic ankle joint. To model the spring-like properties of the prosthesis,
the actuator is replaced by a linear spring-damper system. We consider a pair of steps which is
modeled as a multiphase problem with each step consisting of a flight, touchdown and single-leg
contact phase. Each phase is described by its own set of differential equations. By combining motion
capture recordings with a least squares optimal control problem formulation including constraints,
we reconstructed the dynamics of one sprinting trial for each athlete. The results show that even
the non-amputee athletes showed less symmetrical sprinting than expected when examined on an
individual level. Nevertheless, the asymmetry is much more pronounced in the amputee athlete.
The amputee athlete applies larger torques in the arm and trunk joints to compensate the asymmetry
and experiences a destabilizing influence of the trunk movement. Hence, the inter-limb asymmetry
of the amputee has a significant effect on the control of the sprint movement and the maintenance of
an upright body position.

Keywords: asymmetry; sprinting; prostheses; dynamic modeling; motion capture; optimal control;
running; amputee

1. Introduction

For humans, running is a very natural movement: Even the first human beings had
to use the strength of their legs to flee from dangerous animals, and already in ancient
times people competed in races. It is, therefore, reasonable to assume that humans have
optimized their running style over time, both for endurance running and for short sprints.
Although there are comprehensive training recommendations for sprinters, the underlying
criteria for optimal sprint performance are not precisely known. It is not clear which
combination of optimization criteria is minimized or maximized in (elite) sprinting. A
sprinter in a competition tries to run as fast as possible without caring about fatigue
and energy expenditure, thus maximizing his (average) velocity. In sports biomechanics,
sprint velocity is commonly defined as the product of step length and step frequency [1,2].
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Weyand and colleagues [3] investigated treadmill running at individual top speed of the
subjects to find biomechanical differences between slower and faster runners. From their
observations they concluded that faster running velocities are achieved by applying high
ground reaction forces during relatively short contact times. Willwacher et al. [4] studied
free moment application in sprinting and found that the amplitudes of free moment appli-
cation are significantly higher in sprinting than in endurance running. For the acceleration
phase of sprinting, Kugler and Janshen [5] highlight the importance of proper angular
momentum control.

A common assumption for sprinters is that they take symmetrical steps, as their body
build is also broadly symmetric. In this sense, optimization criteria should be symmetric,
i.e., identical for right and left body sides. However, if a person is missing part of a leg,
e.g., due to an amputation, the situation is different. Due to the special running-specific
prosthesis that the athlete has to use for sprinting, the geometry, mass and mass distribution
of the two legs differ significantly. Brüggemann and colleagues [6] have found that even for
athletes who have been amputated on both sides, which in turn is actually a symmetrical
system again, amputees have a completely different movement pattern than non-amputee
sprinters. This is caused by differences in ankle moments, joint energy changes and
mass distribution. A study by Weyand et al. [7] shows that although these differences
exist, the physiology of sprinting is the same despite the mechanical discrepancies. For
unilateral amputee athletes, the question arises yet more clearly whether the physical
asymmetry is more of a hindrance or a benefit. At first glance, such an asymmetry certainly
appears disadvantageous. Hobara and colleagues [8] investigated unilateral amputee
athletes and found significant differences in the regulation of leg stiffness between the
biological and the prosthetic side. Again considering the aim of a sprinter to maximize
his velocity, Hobara and co-workers [2] studied both non-amputee and amputee athletes.
They reported differences in sprint performance caused by shorter step lengths of the
amputee compared to the non-amputee athletes. Weyand and Bundle [9] explain that
double transtibial amputee athletes can reach higher step frequencies due to the light
prostheses which reduce leg mass in comparison to non-amputee athletes. Apart from the
fact that the prostheses are lighter than the biological leg, they are made of carbon fiber
and therefore have similar properties to a mechanical spring which might be an advantage.

As only a few world-level amputee athletes exist, it is difficult to draw general con-
clusions from measurements. At this point, computer simulation of whole-body sprinting
movements might be helpful. In this study, we analyze the three-dimensional biomechanics
of one amputee and three non-amputee athletes with a special emphasis on symmetry
and asymmetry. The unilateral transtibial amputee athlete is a highly asymmetric system
compared to a non-amputee athlete as for example can also be directly seen in the models
in Figure 1. The analysis is based on the reconstructed dynamic solutions of a least squares
optimal control problem. In contrast to the inverse dynamics approach which is commonly
used for the analysis of motion capture data, the least squares optimal control problem
formulation allows for a dynamics reconstruction with zero residual forces based on purely
kinematic data (i.e., without force plate measurements). The approach has been success-
fully used before, e.g., for reconstruction of walking gait dynamics [10], studies on muscle
characteristics in walking and running [11,12] and a previous study on two-dimensional
amputee and non-amputee sprinting [13]. In contrast to this previous study [13] on running
in the sagittal plane, we consider here also asymmetries in sideward motions, rotations in
the frontal plane and around the longitudinal axis as well as cross-effects. Furthermore, we
analyze the individual segments’ contribution to the angular momentum in detail.
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Figure 1. The unilateral amputee athlete is a highly asymmetric system due to the prosthetic device.

2. Materials and Methods

The present study uses subject-specific 3D models and an optimal control problem
formulation to reconstruct the full 3D dynamics of kinematic reference data for three
non-amputee and one unilateral transtibial amputee athlete.

2.1. Modeling of Sprinting Motions with and without Running-Specific Prostheses
2.1.1. Three-Dimensional Subject-Specific Modeling of Unilateral Transtibial Amputee and
Non-Amputee Athletes

We established subject-specific three-dimensional rigid multi-body system models
for one unilateral transtibial amputee athlete and three non-amputee athletes. For each
of them, the de Leva data [14] were extrapolated to the measured height and mass of the
athletes (as given in Figure 2). A detailed model of the prosthetic device was created based
on measurements taken during the motion capture recordings.

  

Non-amputee 
athlete 1

(1.80 m/75.4 kg)

Non-amputee 
athlete 2

(1.83 m/71.6 kg)

Non-amputee 
athlete 3

(1.96 m/85.2 kg)
Amputee athlete
(1.84 m/76.0 kg)

Figure 2. Visualization of the subject-specific models of three non-amputee and one amputee athlete and the running-
specific prosthesis.
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The three-dimensional models of the non-amputee athletes consist of 14 segments
(head, upper and middle trunk, pelvis, upper and lower arms, thighs, shanks, feet) with a
total of 31 degrees of freedom (DOFs). Six DOFs are associated with the overall motion of
the model in space where the pelvis is chosen as base segment describing the free motion
of the person in space. The remaining 25 DOFs are internal rotations of the joints. Each
internal joint can have one, two or three DOFs; the DOFs per joint are given in Table 1. The
action of all muscles at a joint is summarized by joint torque actuators, hence we do not
distinguish the contribution of antagonist and agonist muscles.

Table 1. Degrees of freedom per joint (T: Translation, R: Rotation).

Non-Amputee Athlete Amputee Athlete
Body Segment Degrees of Freedom Body Segment Degrees of Freedom

Pelvis (base) 6: TX, TY, TZ, RY, RX, RZ Pelvis (base) 6: TX, TY, TZ, RY, RX, RZ
Lumbar 2: RY, RX Lumbar 2: RY, RX
Thorax 2: RY, RZ Thorax 2: RY, RZ
Head 1: RY Head 1: RY
Thigh 3: RY, RX, RZ Thigh 3: RY, RX, RZ
Shank 1: RY Shank 1: RY
Foot 2: RY, RZ Foot (left) 2: RY, RZ

Prosthesis 1: RY
Upper Arm 3: RY, RX, RZ Upper Arm 3: RY, RX, RZ
Lower Arm 1: RY Lower Arm 1: RY

To model the amputee athlete, a model of the running-specific prosthesis is necessary
as well. Due to its design, a real prosthetic device shows overall deformation instead of
having an ankle joint. As an approximation, the model of the prosthesis is made of two
rigid segments with a rotational joint in between. The so-defined ‘ankle joint’ is the most
posterior point of the prosthesis which is the point of the prosthesis’ greatest curvature [15].
The model of the prosthetic device is attached to the residual shank using a fixed joint and
replaces the below-knee segments of the right leg. A linear spring-damper system acts
on the prosthetic ankle joint to simulate the spring-like behavior of the running-specific
prosthesis. A running-specific prosthesis has to be a passive device, thus non-actuated;
with the notation that q stands for the angle, q̇ for the angular velocity and k and d for the
spring or damping constant, the passive torque generation in the prosthesis is computed via

τF(q, q̇) = −dq̇− k(q− ϑ0) . (1)

The rest position of the spring is denoted by ϑ0.

2.1.2. Mathematical Description of Sprinting Motions

Sprinting at maximum speed can be described as a series of alternating airborne and
single support phases linked by touchdown and lift-off events (see Figure 3). We investigate
two full steps, since an assumption of symmetry, as is common in non-amputee sprinters,
is not reasonable in the case of the one-sided amputee due to the asymmetry between
the biological and prosthetic leg. Each phase is described by a separate set of ordinary
differential equations (ODEs) or differential-algebraic equations (DAEs).



Symmetry 2021, 13, 580 5 of 22

Figure 3. Phase description of sprint motions: Each step consists of an airborne phase, a completely inelastic touchdown
and a single-support contact phase. Two full steps are shown in the graphics.

The equation of motion during the airborne phases is given by

M(q)q̈ + N(q, q̇) = τ , (2)

where q, q̇, q̈ and τ are the generalized positions, velocities, accelerations and forces,
respectively. The latter covers all external forces such as gravity and air friction, but also
the torque developed by the muscles or the spring-damper system. The positive definite
mass matrix M(q) depends on the inertial properties of the subject-specific models and the
vector N(q, q̇) accounts for non-linear effects (e.g., centrifugal, gyroscopic, Coriolis forces).

Sprinting at high velocities is characterized by the fact that only the forefoot is in
contact with the ground during the single support phases. We model this behavior by a
rigid and non-sliding point contact. Distinct contact points are defined at the hallux of
each foot and the tip of the running-specific prosthesis for all models. This non-sliding
contact constraint reduces the number of DOFs of the system by two during each of the two
contact phases. As it is more convenient for the computations, we keep the same number
of coordinates, but insert holonomic scleronomic constraints g : Rndof → Rm into the set of
equations with m being the number of constraints.

As already mentioned, the flight and contact phases are linked by touchdown and
lift-off events. Each airborne phase is initiated by the lift-off event of the respective hallux
contact point which takes place as soon as the vertical ground reaction force vanishes, i.e.,

FLH/RH/P
z (x(hi), u(hi)) = 0 . (3)

Here, ‘LH’ and ‘RH’ denote the left and right hallux points, respectively, and ‘P’ the
contact point at the tip of the running-specific prosthesis. As we arrange phases in the
order shown in Figure 3, lift-off occurs at initial time h0 = 0, after the first contact phase
and at final time h f .

In contrast to the lift-off events, the touchdown events are described by their own
transition phases with zero phase duration (cf. Figure 3). This is necessary as we model the
touchdown to be instantaneous and completely inelastic which can result in discontinuities
in the velocities. The generalized velocity v+ after the collision and the contact impulse
Λ are computed from the generalized velocity v− before the collision and the same mass
matrix M as above via [

M GT

G 0

][
v+
Λ

]
=

[
Mv−

0

]
. (4)

The contact Jacobian G = (∂g/∂q) is computed based on the constraints g. The
touchdown event happens when the hallux contact points reaches the ground, i.e., when
its z-position becomes zero. By assuming the contact to be instantaneous, we ignore fast
timescale effects of the real contact in order to guarantee that the contact point remains in
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rigid contact with the ground instead of bouncing off again or moving parallel to it. Hence,
the touchdown constraints can be formulated as:

PLH/RH
z (x(hi+1), p) = 0 ,
−VLH/RH

z (x(hi+1), p) ≥ 0 .
(5)

Previous research has proven this approximation to be valid in the context of whole-
body model running motion prediction [16,17].

During the contact phase, the equations of motions can then be written as an index-3
DAE system:

M(q)q̈ + N(q, q̇) = τ + G(q)Tλ (6a)

g(q) = 0 , (6b)

where G = (∂g/∂q) is again the contact Jacobian and λ ∈ Rm are the contact forces. If the
invariants of the constraints

gpos = g(q(t)) = 0 and (7a)

gvel = G(q(t)) · q̇(t) = 0 (7b)

are fulfilled at the beginning of the contact phase, we can equivalently rewrite the index-3
DAE system (6) as a linear system of the unknowns q̈ and λ:[

M GT

G 0

][
q̈
−λ

]
=

[−N + τ
γ

]
. (8)

As this is an index-1 DAE, the contact Hessian γ appears naturally after differentiating
the position constraints. The system can always be solved, if the conditions in g(q) are not
redundant. To ensure proper unilateral ground contact, we introduce a constraint that the
vertical ground reaction force must be positive,

FLH/RH
z (x(hi), u(hi)) ≥ 0 , (9)

such that the hallux contact point remains rigidly attached to the ground.
We employ the Rigid Body Dynamics Library (RBDL, [18]) to derive the equations of

motion for the models.

2.2. Least-Squares Optimal Control Problem for Dynamics Reconstruction

We formulate a multi-phase least squares optimal control problem (OCP) of the form

min
x(·), u(·), p

m

∑
k=0

1
2

(∥∥∥W
(

qMC
k − q(hk)

)∥∥∥2

2
+ γu

∫ t f

t0

‖u(t)‖2
2dt
)

(10a)

subject to

ẋ(t) = fi(t, x(t), u(t), p) , t ∈ [hi−1, hi] , (10b)

x
(
h+i
)
= ci

(
x
(
h−i
)
, p
)

, i = 1, . . . , m , (10c)

g(t, x(t), u(t), p) ≥ 0 , t ∈ [hi−1, hi] , (10d)

req
(

x(0), . . . , x
(

h f

)
, p
)
= 0 , (10e)

rineq
(

x(0), . . . , x
(

h f

)
, p
)
≥ 0 , (10f)

to reconstruct the full dynamics of sprinting motions for each subject. This approach which
will be explained right below is based only on reference kinematic data without any force
plate information. Hence, an identification of all joint torques and the ground reaction
forces with zero residual error is possible because proper ground contact is ensured by
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the underlying dynamics (see Section 2.1.2 for the description of the constraints). The
variables x and u denote the vectors of differential state and control variables, respectively.
The former is made up of the generalized positions q ∈ Rndof , velocities q̇ ∈ Rndof and
joint torques τ ∈ Rnactuated_dof , the latter contains the derivatives of the torques, u = τ̇ ∈
Rnactuated_dof . The multi-phase OCP consists of six phases in total with phase durations
for airborne and contact phases extracted from the kinematically fitted motion by visual
analysis. As previously described, the two transition phases to model touchdown are of
zero length. We chose the number of nodes for the least squares method per phase with
a total of 53 time points. They are distributed to the individual phases as follows: each
flight phase consists of 15 nodes, each contact phase of 10 nodes, each transition phase of
one node. The last node belongs to the end of the time horizon. In the case of the amputee
athlete, one free parameter occurs, namely the spring constant of the prosthetic device.

Equation (10a) is the objective function of the OCP. It consists of two contributing
parts: a least squares term and a regularization term. The least squares term minimizes
the deviations between the generalized coordinates of the model q(hk) and the generalized
reference coordinates qMC

k at each time point hk. We use motion capture data of the
three non-amputee athletes and one amputee athlete which was provided by partners at
the German Sport University Cologne as reference data. The motion capture data was
transferred to the joint angles of our models using the tool Puppeteer [10]. For a detailed
description of the experimental setup and the pre-processing, we refer to [13]. As the
motion capture data was recorded at a fixed sampling rate, it is interpolated by spines
such that it can be assesed at the correct corresponding time points. The diagonal weight
matrix W ∈ Rndof is introduced to balance different orders of magnitude in the generalized
positions, as a deviation of a few centimeters in the positions might have an different impact
on the reconstruction than a deviation of a few rad in the joint angles. The regularization
term is introduced to suppress oscillations and guarantee a unique solution. The scaling
factor γu is chosen carefully in order to prevent large contributions of the regularization
term to the objective function.

The full multiphase dynamics including contact and phase switching conditions
as elaborated in Section 2.1.2 is introduced to the OCP formulation by Equations (10b)
and (10c). Further constraints regarding for example proper ground contact as well as
touchdown and lift-off events are formulated with the non-linear equality and inequality
point constraints (10e) and (10f). Upper and lower bounds on all variables and parameters
are inserted via the path constraints in Equation (10d). The limits are generously chosen
to allow an exact reconstruction of the recorded motions. Since the spring constant must
be positive, the lower limit was set to zero in this case. The software package MUSCOD-
II [19,20] was developed at the Interdisciplinary Center for Scientific Computing Heidelberg
to solve OCPs. It applies multiple shooting for state parameterization and a direct method
for control discretization. An especially tailored sequential quadratic programming method
including condensing techniques for the solution of the quadratic subproblems solves the
large non-linear problem resulting from the discretization and parameterization.

3. Results and Discussion

Since we have a large number of numerical results, we present them by topic and have
combined description and discussion of each result for the sake of clarity. We reconstructed
the dynamics of three non-amputee and one amputee recorded sprinting trial using subject-
specific three-dimensional rigid multi-body system models with a least squares optimal
control problem formulation from purely kinematic data without additional forceplate
information. Figure 4 shows the resulting animated sequences. In addition, we show
the front, side and top view of the motions for one non-amputee (NA1) and the amputee
athlete in Figure 5.
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(a) Non-amputee athlete 1

  

(b) Non-amputee athlete 2

  

(c) Non-amputee athlete 3

  

(d) Amputee athlete

Figure 4. Animated sequences of the sprint motions of three non-amputee and one amputee athlete. For an animated
version of this figure, see the supplementary video.

  

(a) Non-amputee athlete 1: Front view

  

(b) Amputee athlete: Front view

(c) Non-amputee athlete 1: Side view (d) Amputee athlete: Side view

(e) Non-amputee athlete 1: Top view (f) Amputee athlete: Top view

Figure 5. Animated sequences of the sprint motions of one non-amputee and one amputee athlete from different perspectives
to highlight differences in upper body movement. For an animated version of this figure, see the supplementary video.

3.1. Precision of Kinematic Reconstruction

We first evaluate the quality of the reconstructions by computing the root-mean-square
error (RMSE) of reconstructed and reference data and comparing torques and forces with
(literature) reference values. The RMSE is computed by

RMSE =

√√√√ 1
nqm

(
∑

k∈IDOF

m

∑
j=0

(
qOCP

k
(
tj
)
− qMC

k
(
tj
))2
)

, (11)

with qOCP
k and qMC

k denoting the reconstructed and reference generalized positions of the
degree of freedom (DOF) k. Instead of assessing each DOF individually, we compute the
RMSE for translational and rotational DOF groups, denoted by the set of indices IDOF. The
RMSE is calculated over all multiple shooting nodes and normalized by the number of
DOFs nq = |IDOF| and the number of multiple shooting nodes m. The results are:

• RMSEtrans = 0.358 cm and RMSErot = 0.010 rad ≈ 0.57° for non-amputee athlete 1,
• RMSEtrans = 0.487 cm and RMSErot = 0.004 rad ≈ 0.23° for non-amputee athlete 2,
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• RMSEtrans = 0.421 cm and RMSErot = 0.006 rad ≈ 0.34° for non-amputee athlete 3,
• RMSEtrans = 0.774 cm and RMSErot = 0.010 rad ≈ 0.57° for the amputee athlete.

As the RMSEs are smaller than 0.8 cm for translational and 0.01 rad (≈0.6◦) for rota-
tional DOFs, the solution of the least squares OCP follows the reference movement quite
closely. Most of the deviations between the reconstructed and the reference motion are
due to small variances in the exact contact point and the rather simple foot model, which
approximates the contact by a single contact point. In reality, though, this contact point
moves a few centimeters along the forefoot during contact. It should be noted at this
point that the computed RMSEs only account for deviations between the reconstructed
and reference data, however not for measurement errors and errors in the transfer of the
measured marker positions to model joint angles. Especially considering the coordinates’
range of motion, the RMSEs are small enough to accept the quality of the reconstruction.

3.2. Validation of Ground Reaction Forces

To demonstrate that our approach generates reasonable ground reaction forces and
joint torques, we compare the reconstructed ground reaction forces with the filtered mea-
surements from force plates (Figure 6).
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Figure 6. Reconstructed and measured filtered ground reaction forces of three non-amputee and one amputee athlete (rows
from top to bottom: non-amputee athlete 1, non-amputee athlete 2, non-amputee athlete 3, amputee athlete; columns from
left to right: anterior-posterior force (TX), mediolateral force (TY), vertical force (TZ))
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Figure 6 shows the anterior-posterior (TX), mediolateral (TY) and vertical (TZ) compo-
nents of both the measured filtered and reconstructed ground reaction forces for all four
athletes investigated. Apart from minor deviations, the reconstructed and measured forces
fit together well. The anterior-posterior force (TX) is composed of a braking and propulsive
component and the time of the zero transition is appropriate, too. For the vertical forces
(TZ), the reconstructed and measured data show a parabolic course, in accordance with
literature on sprint dynamics [21,22]. However, there are minor deviations in each of the
three force components, which we will discuss briefly. In the measured anterior-posterior
force (TX), there is a peak at the beginning of the contact which is not reconstructed. In
addition, the propulsive component is over- or underestimated, especially during the sec-
ond contact. This is particularly noticeable in the amputee athlete’s second contact. Apart
from the possibility of residual artifacts in the measured data, two causes in particular
appear plausible: First, we use a rather simple foot-contact model which is a strong ap-
proximation of reality (but as the overall good results show, it is certainly justified). On the
other hand, especially for the second observation, it seems probable that the formulation
of the optimal control problem allows fulfilling the regularization term of the objective
function (10a) more strongly during the second contact phase. Here it would be interesting
to analyze a longer step sequence. Regarding the mediolateral ground reaction forces (TY),
it is noticeable that the reconstructed forces follow the measured ones rather roughly. We
attribute this to the simplified foot model, since even small displacements of the contact
point in mediolateral direction have a large influence. Finally, we consider the vertical force
(TZ): Here, the reconstructed forces are very good, only for the non-amputee athlete 2 is
the rapid increase in the measured data at the beginning of the contact phase not present.

3.3. Validation and Analysis of Joint Torques

As a third and final validation step, we compare the reconstructed joint torques with
literature values for non-amputee [23–25] and double transtibial sprinting [6]. To our
knowledge, no joint torques for unilateral amputee sprinting have been published yet.
Figure 7 shows the mean and standard deviation of the joint torques of the non-amputee
athletes (blue solid line and shaded regions) as well as the joint torque curves of the
amputee athlete (red lines where dashed red lines show the curves of the unaffected side
joints if applicable). Intuitively, one would expect that non-amputee athletes would run
symmetrically, i.e., that the movements of joints that are present twice would show similar
curves, if one takes into account the phase shift and possible sign changes between the sides.
Accordingly, and because it is not clear why the right side of the amputee athlete should be
compared with the right side of the non-amputee athlete, we consider for the non-amputee
athletes the mean values of both steps of the three sprinters. In the subsequent section, we
will examine in more detail how symmetrically the non-amputee athletes actually run.

As described in detail in Section 2, we approximate the action of all muscles at
a related joint (i.e., antagonist and agonist muscles) by net torque actuators. All four
mentioned publications report sagittal plane moments for (part of) the leg joints based
on measurements and standard inverse dynamics techniques. For the sagittal plane hip
joint torques during the stance phase, the trend from external flexion to external extension
torques is consistent between the reconstructed and the literature data. The orders of
magnitude match, too. However, Bezodis and colleagues [23] found a peak at the beginning
of the contact phase which our non-amputee models do not generate. In accordance
with [24], they computed maximal extension and flexion torques of 2.5 N m kg−1 for the
knee joints which corresponds to the reconstructed values of 1 N m kg−1 for the maximal
extension and 3 N m kg−1 for the maximal flexion torques. For the ankle torques, too,
the both the course and the magnitude of the reconstructed torques fit well with the
literature values with a peak external flexion torque of circa 5 N m kg−1. Transversal and
frontal moments for knee and ankle joints are reported by Stafilidis and Arampatzis [24].
However, our models have only the RZ-DOF in the ankle which corresponds with the
reported data. As the additional torques are rather small, the simplifications introduced
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in our models by diminishing the number of DOFs seems justifiable. The torques given
by Schache and colleagues [25] correspond well during the stance phase. In addition,
they show torques during the swing phase of sprinting at (8.95± 0.70)m s−1 which fit the
reconstructed torques.
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Due to the passive device, there is no active torque in the prosthetic ankle.
The plotted torque is computed via eq. (2).
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Figure 7. Comparison of joint torques for non-amputee and amputee springting. Joint torques are normalized by individual
body mass, phase durations are scaled per phase. For the non-amputee athletes, the mean values over both steps of all three
athletes are shown together with the regions of standard deviation.



Symmetry 2021, 13, 580 12 of 22

Brüggemann and co-workers [6] investigated double transtibial amputee sprinting.
While the order of magnitude of the reported hip moments match the ones from our re-
construction of a unilateral transtibial amputee sprinter, there are significant differences
in the curves. They probably stem from differences between one-sided and double am-
putee athletes concerning leg stiffness of the biological versus the prosthetic leg and mass
differences between the two. The deviations in the peak flexion torque of the prosthetic
ankle might be partly due to the same reason. In addition, they are probably a result of the
different prosthesis models – they differ both in reality and in the computer model.

As already mentioned, we examined the results of the reconstruction in the sagittal
plane (2D), among others also the joint torques, in a previous publication [13]. In the
present study, we focus on a comprehensive analysis of the (a)symmetry between steps
and the angular momentum about the center of mass (CoM). Nevertheless, we will now
briefly review the reconstructed joint torques and discuss especially those in the frontal
and transversal planes: Without looking more closely at any of the subdiagrams, clear
differences between the non-amputee and amputee athletes are apparent from the very
first look. In addition, even when comparing the two sides of the amputee’s body (solid
line: body side of the amputated leg, dashed line: side of the biological leg), differences
can be seen directly. In the sagittal plane, the active joint torques in the affected leg are
significantly lower, except for the hip joint during the contact phase. The latter remains
completely within the flexion region during the contact phase, while a transition from
flexion to extension torque can be seen in non-amputee athletes. Presumably, the low knee
flexion moment in the sagittal plane and the strong hip rotation in the transversal plane are
compensated here. Especially in the hip rotation moments of the frontal and transversal
planes, the influence of the different geometry between affected and non-affected leg is
clearly visible. On the one hand, the reduced torque in the knee joint of the affected leg
could indicate that this joint is likewise affected by the amputation. On the other hand,
there are indicators that the conscious stiffening of the knee joint could be a strategy to
make optimal use of the prosthesis [26,27]. At first glance, it seems appropriate in this
context that the passive torque generated in the prosthetic ankle is almost twice as high as
in the biological ankle. However, a closer look reveals it as an artefact of the geometry of
the prosthetic device as the large joint torque is generated at the very posterior prosthetic
ankle joint and the ground reaction forces are of comparable magnitude for both non-
amputee and amputee athletes. In the sagittal plane, the torques in the biological leg
of the amputee athlete are on average greater than those of the non-amputee athletes,
especially in the knee joint during ground contact. To run at a comparable speed to that of
the non-amputee athletes, the amputee must therefore generate significantly more torque
with the non-amputee leg. The progression of the hip torque during the contact phase
is also interesting, since the torque is in the extension range during the entire phase. In
the frontal and sagittal plane, the torques of the biological leg are also higher on average
than those of the non-amputee athletes. In addition, they fluctuate more, which indicates
that more permanent readjustment is necessary to achieve a stable sprint movement. The
observation of the arm torques shows that especially the arm that is on the opposite side to
the prosthetic leg has significantly higher torques in all planes. The amputee must therefore
use this arm more to compensate for the inter-limb asymmetry. However, the amputee’s
other arm also has slightly greater torque compared to the non-amputee’s arm. This also
applies to the spinal joints: the torques are significantly higher on average than in the
non-amputee control group.

To be able to make another quantitative statement, we calculated the average of the
absolute joint torques for each joint and normalized them with respect to the individual
body mass M and covered distance D by:

1
DT

∫ t f

t0

| τi
M
|dt . (12)
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The total duration of the motion T = t f − t0 is individual for each athlete. The
computed values are given in Table 2.

Table 2. Average over absolute joint torques per joint normalized by covered distance. For joints that appear on both sides
of the body, we give the average over both sides in the case of the non-amputee athletes and the individual values in the
case of the amputee athlete. All numbers are given in N kg−1.

Joint Non-Amputee
Athlete 1

Non-Amputee
Athlete 2

Non-Amputee
Athlete 3

Mean of Non-
AmputeeAthletes

Amputee Athlete
Right Side Left Side

hip 0.81 0.61 0.74 0.72± 0.08 0.65 0.84
knee 0.28 0.21 0.25 0.24± 0.03 0.10 0.31
ankle 0.27 0.23 0.24 0.25± 0.02 - 0.19

shoulder 0.17 0.15 0.13 0.15± 0.02 0.17 0.23
elbow 0.059 0.053 0.052 0.055± 0.003 0.052 0.073
thorax 0.29 0.23 0.28 0.27± 0.02 0.37
lumbar 0.28 0.29 0.35 0.31± 0.03 0.37

neck 0.04 0.03 0.02 0.03± 0.01 0.03
sum 3.78 3.05 3.47 3.43± 0.30 3.39

In addition to the values for the amputee athlete and the mean of the non-amputee
athletes, we focus on the values for the non-amputee athlete 1 for the comparison of
amputee and non-amputee sprinting since the average velocities of the non-amputee athlete
1 and the amputee athlete are of comparable order. The non-amputee athletes 2 and 3 run
0.74 m s−1 and 0.37 m s−1 slower on average, respectively (see Table 3). However, the effects
due to the different velocities are already reflected to some extent by the normalization with
respect to total time and covered distance. We first compare the amputee athlete with the
mean value of the non-amputee athletes: it is immediately noticeable that the sum over all
joints for the amputee athlete is smaller than for the non-amputee athletes (98.8%), but still
quite clearly within the standard deviation. Furthermore, it is noticeable that the values in
some joints are lower than those of the non-amputee athletes: in the affected leg (hip: 90.3%,
knee: 41.7% compared with the mean of the non-amputee athletes), in the biological ankle
(76.0%), and in the right elbow (94.6%). However, except for the affected knee, all values are
within the standard deviation regions. In all other joints (except the neck, where the values
are practically the same), the values are significantly larger and also lie at the margin (right
shoulder) or significantly above the standard deviation regions (unaffected hip, unaffected
knee, left shoulder, left elbow, lumbar, thorax). The deviations from the mean ranged from
13.3% to 53.3%. Compared to the mean value of the non-amputee athletes, it is therefore
clear that the amputee athlete must apply significantly greater torques in the majority of
the joints, which also increases the risk of fatigue and injury in these joints. If we now draw
the comparison only to the non-amputee athlete 1, who runs at a comparable speed, the
result becomes a little less clear, but remains broadly the same: In the same joints as before,
the torque values of the amputee athlete are lower than those of the non-amputee athlete 1
(affected hip: 80.3%, affected knee: 35.7%, biological ankle: 70.4%, right elbow: 88.1%
compared to the non-amputee athlete 1). In the joints where the values for the amputee
were greater in the previous comparison, the deviations are a little less significant, ranging
between 3.7% and 35.3%. Considering the sum over all joints, the value of the amputee
athlete is 89.7%. Nevertheless, it is also clear that this comparatively smaller value results
in particular from lower torques in the affected leg. Due to the asymmetry of the amputee
athlete, there is a clear imbalance in the load on the individual joints, which particularly
affects the back and arms. Overall, it can be seen that the amputee must use his upper body
more and in some joints in a completely different way to compensate for the asymmetry
caused by the prosthesis.
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3.4. Symmetry Analysis of 3D Kinematics and Dynamics

The diagrams of Figure 7 show the mean values over both steps in the case of the
non-amputee athletes. This is reasonable due to the fact that it is not a priori evident why
the we should compare the right/left side of the amputee athlete with the corresponding
side of the non-amputee athletes, without further knowledge of which is the “stronger
side”. Nevertheless, there are some suggestions that a certain asymmetry is also present in
non-amputee elite sprinters and might be beneficial for performance. We therefore now
take a closer look at the (a)symmetry in the generalized positions and joint torques of both
the non-amputee and unilateral transtibial amputee athletes. Figures 8 and 9 show the
absolute symmetry values between the two steps with values closer to zero indicating that
the two steps are more symmetric. These differences are computed by subtraction of the
second step from the first with respecting the necessary phase shifts in leg and arm joints.
Hence, their time horizon is only one step consisting of one airborne and one contact phase.
In all diagrams (of Figure 8 and all following figures), the red solid lines represent the data
of the amputee athlete. The blue solid lines show the mean curves of the non-amputee
athletes with shaded regions indicating the standard deviations. In addition, we show the
individual curves of the three non-amputee athletes by dashed lines in shades of blue. All
phase durations are scaled to allow a better comparison of the curves at the same relative
time points in phases. Individual phase durations are given in Table 4. The joint torques are
normalized by the individual body masses. As the prosthetic device has to be passive, no
active torque produced by a torque actuator is present. For the diagrams, we computed the
torque generated by the prosthesis via Equation (1). Passively generated torques are drawn
as green solid lines. We refer to the most posterior point of the prosthesis when using the
term ‘prosthetic ankle’. At this point, we would like to refer in addition to Figure 5, which
shows the animated sequences of the movements, from which many of the observations
described below can also be graphically understood.

Considering both figures together, we immediately notice that the values for the
amputee athlete are much larger on average than those of the non-amputee athletes (for
both the mean and the individual curves). Hence, non-amputee sprinting is much more
symmetric than unilateral transtibial amputee sprinting. This meets our expectations as the
body of the amputee athlete is highly asymmetric, while those of the non-amputee athletes
are a lot more symmetric. Hence, our above symmetry assumption for the comparison of
the joint torques seems justified.

Table 3. Average velocities of non-amputee athletes.

Step 1 Step 2 Average of Both Steps(Flight and Right/Affected Contact) (Flight and Left/Unaffected Contact)

Non-amputee athletes (mean) (9.11± 0.30)m s−1 (9.17± 0.37)m s−1 (9.14± 0.30)m s−1

Non-amputee athlete 1 9.37 m s−1 9.55 m s−1 9.46 m s−1

Non-amputee athlete 2 8.78 m s−1 8.81 m s−1 8.80 m s−1

Non-amputee athlete 3 9.18 m s−1 9.16 m s−1 9.17 m s−1

Amputee athlete 9.03 m s−1 10.06 m s−1 9.54 m s−1
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Figure 8. Amount of asymmetry in generalized positions of the amputee athlete (red solid line, ‘A’), the mean and standard
deviation regions of the non-amputee athletes (blue solid line and region, ‘NA mean’ and the three individual non-amputee
athletes (blue dotted lines, ‘NA 1’, ‘NA 2’ and ‘NA 3’). The symmetry values have been computed by subtracting the second
step from the first step at respective time points in phases taking into account the phase shifts between left and right steps.
Phase durations are scaled for better comparability. We show the absolute symmetry values and a value of 0 would indicate
that the motions are perfectly symmetric.
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Figure 9. Amount of asymmetry in joint torques of the amputee athlete (red solid line, ‘A’), the mean and standard deviation
regions of the non-amputee athletes (blue solid line and region, ‘NA mean’ and the three individual non-amputee athletes
(blue dotted lines, ‘NA 1’, ‘NA 2’ and ‘NA 3’). The symmetry values have been computed by subtracting the second step
from the first step at respective time points in phases taking into account the phase shifts between left and right steps.
We show the absolute symmetry values and a value of 0 would indicate that the motions are perfectly symmetric. Phase
durations are scaled for better comparability and joint torques are normalized by body mass. The joint torques for the
ankle joint rotations in the sagittal plane have been computed with the passively generated torque in the prosthetic device,
computed based on Equation (1).
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We start the analysis with a description and discussion of the absolute asymmetries
in the generalized positions (i.e., overall position in space and joint angles). On average,
the differences between the two steps for the translational DOFs are about three and a
half times greater in the amputee athlete than in the non-amputee control group. The
significantly large difference in the distance travelled in the forward direction plays a
particularly important role here: during the second step (following the prosthetic contact
phase) the amputee’s center of mass moves about 30 cm further than during the first step.
This step takes also about 8 ms longer (see Table 4). Interestingly, the difference in the step
lengths of these two steps is only about 15 cm. It follows that the amputee positions his
pelvis significantly differently with respect to the contact point during the two contact
phases. For the rotational DOFs, the differences between the two steps are more than
twice as great when the amputee is compared with the control group. As expected, the
greatest differences are found here in the leg joints and individual joints of the arms. In
particular, hip movement in the sagittal plane and knee movement during contact are
very asymmetrical. In the arm joints, the asymmetry is particularly evident on the side of
the body opposite the amputation (‘swing-side’). It appears that the amputee attempts to
compensate for the weight asymmetry of his or her legs with the arm movements.

Another interesting fact is that the asymmetry between the two steps in the amputee
case is significantly greater for almost all joints than in the non-amputee athletes; on
average almost three times greater for all joints.Here it is particularly clear that the amputee
has a completely different actuation strategy firstly for both legs, but also between the steps
in which the prosthesis and the biological foot are in contact with the ground. The question
arises whether such an actuation strategy, which has to generate very different torques,
is disadvantageous overall or in relation to individual joints, e.g., in terms of increased
abrasion or fatigue and the associated increased risk of injury.

Although we are particularly interested in the differences in sprinting behavior of
the amputee compared to the average of non-amputee athletes, we would like to briefly
discuss the aspect of asymmetry in non-amputee sprinting. In both figures we also drew
the symmetry values for the individual athletes (dashed lines). It is noticeable that even
the non-amputee athletes do not run perfectly symmetrically. Averaged over all diagrams,
the non-amputee athlete 3 runs most symmetrically and the non-amputee athlete 2 runs
most asymmetrically. Interestingly, the non-amputee athlete 1 is exactly in between in
terms of symmetry, although his average speed shows the greatest difference between the
two steps (see Table 3). Interestingly, the athlete which runs most asymmetrically is at the
same time the athlete with the lowest average velocity, the shortest contact phase durations
and the biggest peak vertical ground reaction forces in this study. Hence, it seems that
smaller asymmetries such as in non-amputee athletes 1 and 3 might have little influence
on or even be beneficial for sprint performance. However, more pronounced asymmetries
(non-amputee athlete) might hinder sprint performance.

Table 4. Phase durations of the amputee athlete and the non-amputee athletes. Phases are numbered as ordered in Figure 3:
1—first flight phase, 2—right contact phase (affected leg), 3—second flight phase, 4—left contact phase (unaffected leg).

Phase 1 2 3 4

Non-amputee athletes (mean) (0.147± 0.012) s (0.092± 0.002) s (0.149± 0.012) s (0.093± 0.002) s
Non-amputee athlete 1 0.124 s 0.092 s 0.124 s 0.098 s
Non-amputee athlete 2 0.168 s 0.088 s 0.172 s 0.088 s
Non-amputee athlete 3 0.150 s 0.096 s 0.150 s 0.094 s
Amputee athlete 0.144 s 0.080 s 0.152 s 0.084 s

3.5. (Symmetry) Analysis of Angular Momentum Around Center of Mass in all Three Planes

Figures 10–12 show the angular momenta for the sagittal, frontal and transversal
planes, respectively. The values are normalized by body mass and body height squared.
The diagrams distinguish the contribution of the legs, arms and torso segment to the total
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angular momentum. At first sight, clear differences in the angular momentum curves
between the amputee and the non-amputee athletes are visible. To begin with, we take a
look at the total angular momentum of the non-amputee athlete: They follow similar curves
as those observed by Hinrichs[28], though absolute numbers vary because of differences in
running velocity. Arms and trunk move around an angular momentum of zero. However,
the angular momentum of the two legs is in opposite directions, with the contact leg always
having a greater angular momentum. Accordingly, the total angular momentum does not
move around zero. The reason for this is the circular motion of the legs, especially the feet
(see Hinrichs [28]). A comparison with the curves of the amputated athlete now shows
a similar curve for the biological leg, which consequently follows a comparable circular
motion. In contrast, the angular momentum of the prosthetic leg during the contact phase is
significantly lower and the curve deviates. We suspect the cause to be the asymmetry of the
legs, which is especially caused by the lighter prosthesis. Similar observations can be made
for the leg angular momenta in the frontal and transversal planes: For the biological leg, the
curves of the amputee athlete are comparable to those of the non-amputee reference group,
whereas the curves for the leg affected by the amputation differ more. For rotations around
the forward axis (RX), the curve of the affected leg’s angular momentum changes more
frequently indicating that the amputee athlete has to adjust this leg several times during
the motion. For rotations around the vertical axis (RZ), the prosthetic leg rotates clearly
stronger than the biological legs which is probably due to the fact that the prosthetic device
is a fixed device which has only one rotational DOF, i.e., the one around the frontal axis.
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Figure 10. Angular momentum about CoM of the amputee athlete and the non-amputee reference group in the frontal
plane (rotations around x-axis). Phase durations are scaled and angular momentum values are normalized by body mass
and body height squared.
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Figure 11. Angular momentum about CoM of the amputee athlete and the non-amputee reference group in the sagittal
plane (rotations around y-axis). Phase durations are scaled and angular momentum values are normalized by body mass
and body height squared. Please note the different y-axis scales for the contribution of the arms.
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Figure 12. Angular momentum about CoM of the amputee athlete and the non-amputee reference group in the transversal
plane (rotations around z-axis). Phase durations are scaled and angular momentum values are normalized by body mass
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Coming back to the sagittal plane angular momentum, the differences in the total
angular momentum of the amputee athlete versus the control group of non-amputees
cannot be completely explained by differences in the leg movement. Overall, the angular
momentum of the arm segments is comparable between amputee and non-amputee ath-
letes; there are small differences in the left arm angular momentum during the flight phase
following contact with the prosthetic leg. Interestingly, in the frontal and transversal plane,
too, is mainly the left arm (i.e., the arm on the opposite body side to the one where the
amputation has been) angular momentum that has a different course in comparison to the
non-amputee reference group. The left arm angular momentum values are significantly
larger, especially during the contact phase with the prosthetic leg and the subsequent
flight phase. This indicates that the amputee athlete has to make great use of his left
arm for compensation of the weight asymmetry in the legs. The angular momenta of the
trunk (spinal) segments are larger in the frontal and sagittal planes as well, in the frontal
plane again especially at the end of the prosthetic contact and the subsequent flight phase.
Hence, the spinal segments as well account for balancing the lift-off of the relatively light
prosthetic leg.

Considering the total angular momenta, we notice that they are larger for the amputee
than for the non-amputee reference group in the frontal and transversal planes, i.e., the
planes which are generally considered less interesting in linear sprint motions. Interestingly,
the total angular momentum of the amputee is relatively symmetrically distributed around
the zero line. The rotations in these two planes are therefore overall very symmetrical for
the two steps, but show clear asymmetries when the individual components are considered.
In the sagittal plane, the total angular momentum is comparable during the first flight
phase which is the airborne phase following contact with the biological leg. During the
flight phase following prosthetic contact, the angular momentum of the amputee athlete is
close to zero, indicating very little rotation around the frontal axis.

In summary, the amputee’s angular momentum values, particularly in the frontal and
lateral planes, are on average significantly higher than those of the non-amputee athlete.
Regarding the legs, the inter-limb asymmetry mainly affects the rotations in the sagittal
plane. However, the amputee athlete generates completely different angular momenta in
his arms and spine to achieve stability despite the present asymmetries.

4. Conclusions & Future Work

We reconstructed the three-dimensional dynamics of one unilateral transtibial am-
putee athlete and for reference purposes of three non-amputee athletes based on subject-
specific models and a least squares optimal control problem formulation. In comparison to
a previous study [13], which focused on the analysis of dynamics in the sagittal plane, it
was shown that the consideration of the three-dimensional movement provides valuable
new insights, especially regarding the angular momentum and the joints of the upper body
(shoulders, lumbar and thorax).

We found asymmetries in all athletes’ motions, whether in amputee or the non-
amputee athletes. However, these asymmetries are of varying intensity: the unilateral
amputee athlete is significantly more asymmetric than the non-amputee athletes. The inter-
limb asymmetry of the amputee athlete is clearly reflected in the joint angles, joint torques
and angular momenta. We observed significant differences in the actuation pattern of the
unilateral transtibial amputee athlete: the strategies to achieve stability and comparable
sprint velocities to the non-amputee athletes are largely different. In fact, the larger
ground reaction forces are not generated with the prosthetic leg, but with the biological
leg. The compensation for the inter-limb asymmetry is mainly done using the arms and
trunk segments. Our analysis shows that the amputee athlete actually produces larger
joint torques in these segments compared to the non-amputee athletes. Large torques
also increase the risk of injury, abrasion and strain in the respective joint. Furthermore,
the contributions of the trunk to the total angular momentum were remarkably larger
in the case of the amputee athlete, especially in the frontal and sagittal planes. These



Symmetry 2021, 13, 580 21 of 22

strong back and forth as well as lateral motions are a clearly destabilizing influence on the
overall motion. It seems plausible that the observed asymmetries in the motion and the
destabilizing angular momentum disrupt the sprint motion. This is supported, for example,
by the clear differences between the average velocities of the two steps. In contrast to small
oscillations of acceleration and deceleration in each step for non-amputee athletes, the
amputee athlete is in addition constantly undergoing more pronounced acceleration and
deceleration due to the huge velocity differences between left and right steps. At this point,
the difference to earlier studies, which found that bilateral amputee athletes might have
an advantage for uniform sprinting at constant speed compared to non-amputee athletes,
can be clearly seen: While bilateral amputee athletes are again a symmetrical system and
can therefore also use their prostheses consistently, unilateral amputee athletes must adapt
their behavior in each step to the conditions of the current contact leg. In addition and in
further contrast to bilateral amputee athletes, unilateral amputee athletes cannot choose
the length of their prosthesis as it has to match the length of the biological leg.

Finally, it should be noted that a sprint race does not only consist of the maximum
speed phase. Previous studies on sprint start of unilateral amputee athletes [29,30] suggest
that prostheses limit power transfer to the starting block and sprint start performance.
The additional complexity of accelerating at the beginning of a sprint race is for both
unilateral and bilateral amputee athletes challenging. Together with the results presented
here, especially the pronounced asymmetry, there are several hints that unilateral amputee
athletes do not have an advantage due to their running-specific prosthesis over non-
amputee athletes in sprint races. However, the study of more amputee and non-amputee
athletes would be necessary to make more reliable claims. Furthermore, it should be
investigated how the different simplifications of our models, e.g., the rather simple foot
contact model, the model of the running-specific prosthesis or the approximation of the
work of all muscles at a specific joint by a joint torque actuator influence the motions
and results. Finally, it might be interesting to apply the approach of optimization-based
dynamics reconstruction to conduct studies including athletes of different age, gender,
weight, and physical fitness.
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