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Inverse dynamics methods are commonly used for the biome-
chanical analysis of human motion. External forces applied
on the subject are required as an input data to solve the
dynamic equilibrium of the subject. Force platforms mea-
sure ground reactions forces and moments (GRF&Ms) but
they limit the ecological aspect of experimental conditions.
Motion-based GRF&Ms prediction may circumvent this lim-
itation. The current study aims at evaluating the accuracy
of an optimization-based GRF&Ms prediction method mod-
ified to be applied to the interaction with a MNHS. The main
improvement of the method deals with the contact detection
in such a moving and/or non-horizontal frame. To evaluate
the accuracy of the method, 20 subjects performed squats
and steps on an instrumented moving structure, measuring
both motion and GRF&Ms. The comparison of the root mean
square error between the predicted and measured GFR&Ms
divided by the subjects mass showed a similar order of mag-
nitude than those from the method without the studied modi-
fication (0.14 N/kg for antero-posterior forces, 0.29 N/kg for
medio lateral forces, 0.61 N/kg for longitudinal forces, 0.06
Nm/kg for frontal moments, 0.13 Nm/kg for sagittal moments,
and 0.03 Nm/kg for transverse moments). The results showed
the suitability of the method to study human motions for tasks
performed on a MNHS.

1 Introduction
Inverse dynamics methods are widely used in motion

analysis studies to calculate biomechanical variables from
motion capture data [1]. The ground reaction forces and mo-
ments (GRF&Ms) are required to solve the dynamic equa-
tions from the subject’s biomechanical model. The force
platform is the gold standard for measuring GRF&Ms but
it constrains the motion to a very limited capture area, reduc-
ing the ecological aspect of the experiment. Motion-based
GRF&Ms prediction methods can be used to circumvent this
limitation.

Inverse dynamics problems involving multiple contacts
are underdetermined. Three motion-based approaches have
been proposed in the literature to solve this problem: analyt-
ical, machine learning, and optimization approaches.

First, the analytical approach distributes global
GRF&Ms among multiple contact points or predicts
GRF&Ms at each contact point [2] using analytical rela-
tionships between external forces and kinematic variables.
Global GRF&Ms are distributed between the two feet
during double-stance phases based on the timing of the gait
cycle [3, 4] or the position of the zero moment point [5].
This approach has only been applied to walking analysis.

Second, the machine learning approach uses statistical
learning theory. Machine learning-based prediction methods
often use neural networks (NNs). A NN is trained on motion
capture and force sensor data to reproduce the relationship
between kinematic parameters and GRF&Ms [6]. However,
this approach requires a large amount of data [7] and each
model is trained for a specific task. The average model de-
termined is independent of individual specifics. In addition,
the selection of input data depends on the study. For exam-

ple, a 2D study limited to the lower limbs requires a limited
input [8].

Finally, the optimization approach distributes GRF&Ms
by minimizing a cost function depending on the external
forces, constrained by the dynamic equilibrium of the sub-
ject. Contact surfaces [9] or a set of discrete contact points
[2, 10–14] are considered to simulate the contact. These
methods have demonstrated their ability to predict external
forces when studying various motions and subjects.

All of these methods assume that the ground is a static,
horizontal surface. When a subject is interacting with a mov-
ing and/or non-horizontal structure (MNHS), measurement
of external forces may be difficult or impossible. Many
sports and work activities involve this type of interaction,
such as working on a lifting platform, skateboarding, or ski-
ing on a slope. Studies of human postural control also re-
quire the use of moving structures [15,16]. Thus, a GRF&Ms
prediction method adapted to tasks involving interaction be-
tween a human subject and a MNHS could further the biome-
chanical analysis of human motion for these applications.
GRF&Ms prediction for such applications presents two chal-
lenges: accounting for the dynamics of the structure during
the GRF&Ms prediction process [15, 16] and detecting con-
tact between the structure and the subject’s feet.

The purpose of this study is to evaluate the accuracy of
an optimization-based GRF&Ms prediction method ( [13],
referred to as the ”original method” hereafter) improved for
application to interaction with a MNHS. The contact de-
tection process of the original method was improved to ac-
count for contact with a MNHS. To evaluate the accuracy
of the method, a moving structure equipped with force plat-
forms, measuring GRFs&Ms applied to the subjects’ feet,
was used in synchronization with the motion capture. The
measured GRF&Ms were compared with those predicted by
the method proposed in this study. The experimental pro-
cedures, the GRF&Ms prediction method and the accuracy
evaluation are presented. The results are then presented and
discussed, with emphasis on the contact detection process
under such ecological conditions.

2 Material and Methods
2.1 Experimental Procedures

Motion capture data were recorded using the optoelec-
tronic system Qualisys (composed of 22 12 Mpixels OQUS
7+ cameras, 200 Hz). 6 female and 14 male subjects (age: 29
± 9 years old, height: 180 ± 10 cm, mass: 70 ± 10 kg) partic-
ipated in this study. This study was approved by the National
INRIA Ethics Commitee (Comité Opérationnel dEvaluation
des Risques Légaux et Ethiques, 2021-06, 02/22/2021), and
all subjects signed an informed consent form.

During the experiment, the subjects performed differ-
ent tasks while standing on two force platforms (one for
each foot). These force platforms were composed of one
lower steel plate (the same for both platforms), a 6-degrees-
of-freedom strain-gauge force sensor (MCS10 5kN, 200 Hz,
precision up to accuracy class 0.1, HBM, Germany) for each
platform and a upper steel plate for each platform. The two



Fig. 1. Force platforms fixed on the mobile device

Fig. 2. Trials architecture

upper steel plates were covered with non-slip coating. The
force platforms were fixed on a mobile device provided by
CL Corporation (SASU, France) (Fig. 1).

A set of 45 reflective markers was placed on standard-
ized anatomical landmarks as recommended by the Interna-
tional Society of Biomechanics [17, 18]. 3 additional mark-
ers were placed in corners of the lower steel plate of the force
platforms.

A range of motion (sequential activation of each of the
joints) was carried out. This trial was used to geometrically
scale the model to the subject.

After a training phase to help the subjects feel comfort-
able on the mobile structure, the subjects performed 20 trials
(5 repetitions of 4 motion combinations, Fig. 2).

The mobile structure was programmed to achieve dif-
ferent motions. Firstly, a motion (called Translation) was
programmed: the mobile structure shifted up and then down
with a maximal displacement of 0.032 m reached after 2.5
s. The motion of the mobile structure followed a trapezoidal
velocity control law to reach a maximal velocity of 0.016
m.s−1. Secondly, the mobile structure was programmed to
perform a movement with combined pitch and roll compo-
nents (called Orientation). The mobile structure repeated the
same continuous back and forth 3D movement between an
initial position and a final position, which lasted 7 s.

In combination with those programmed motions, the
subject was asked to perform two types of tasks. The first,
called Step, consisted of lifting up both feet successively
twice during the mobile structure motion. The second, called
Squat, consisted of performing two squats during the mobile

Fig. 3. PP defined on the biomechanical model. Issued from [13]

structure motion.
The combination of both subject and mobile structure

motions resulted in 4 motion combinations: Translation Step,
Translation Squat, Orientation Step and Orientation Squat.
One video for each type of trial is available as supplementary
material.

6 out of 400 trials were removed from this study due to
forces sensors dysfunction or occlusion of the mobile struc-
ture markers.

2.2 GRF&Ms Prediction Method
The GRF&Ms were predicted using an improved ver-

sion of the method presented by [13] for application to inter-
action with a MNHS. A biomechanical model with 18 seg-
ments, 18 joints and 44 degrees of freedom) was used. The
subject-specific geometric calibration was realized with the
method proposed in [19]. The inertial parameters of the body
segments were computed from [20]. The inverse kinemat-
ics step to compute joint coordinates q consisted of an opti-
mization approach based on Levenberg-Marquardt algorithm
minimizing the least-squares distance between the experi-
mental markers and those of the model [21]. The positions
of the subject markers and mobile structure markers were
filtered with 4th-order Butterworth low-pass filters with no
phase shift and cutoff frequencies of 5 Hz and 4 Hz respec-
tively. A cutoff frequency of 5 Hz was found to be suitable
for non-rapid human motions [22] and a cutoff frequency of
4 Hz was used to study translation and rotation motions of
a moving platform in [16]. The average reconstruction error
was 1.42 ± 0.3 cm, taking into account the 394 trials.

Contact under the subject’s feet was considered possi-
ble at a set of 28 (14 for each foot) discrete contact points
on the biomechanical model, named prediction points (PP)
(Fig. 3). The GRF&Ms prediction consisted of two steps at
each frame: contact detection and forces distribution.

Firstly, a moving frame (Om, Xm, Ym, Zm) linked to the
mobile structure was created using the 3D displacements of
the 3 markers placed on the lower steel plate of the force
platforms, named PL1, PL2, and PL3 (Fig. 4). The marker
PL1 was considered as the origin of the moving frame Om.
The Xm axis was defined by the normalized vector from PL2
to PL1. The vector from PL3 to the nearest mobile struc-
ture marker (here PL2) was used to define the plane of the
mobile structure and its width W . Zm was obtained from
the cross product between the two previous vectors. Then,
Zm was normalized. Ym was computed from the cross prod-
uct between Xm and Zm. The transformation matrix T from



Fig. 4. Moving frame (Om, Xm, Ym, Zm) linked to the moving struc-
ture

Fig. 5. Contact detection process in a moving frame (position
threshold - dashed line, active contact points - square, inactive con-
tact points in diamond, mobile structure markers in round)

the global frame to the moving frame was computed at each
frame. The position of each PP was expressed in the moving
frame using T . The relative velocity of each PP in the mov-
ing frame was defined as the difference between the absolute
velocity of the PP and the absolute velocity of Om, and was
thus expressed in the global frame.

Contact was considered active when the corresponding
PP respected all the following conditions (Fig. 5):

• a position according to Ym between 0 m and W ,
• a position according to Zm less than 0.02 m (to ensure that

the PP was close enough to the ground),
• a relative velocity norm less than 0.8 m.s−1 (to ensure that

the PP was almost without motion) [10].

On each active PP a 3-component force was considered. This
force was limited to 0.4 Body Weight [10] and had to respect
the Coulomb’s friction law (friction coefficient of 0.5) [11].
Secondly, the quadratic sum of the external forces applied to
each active PP was minimized with respect to the dynamic
equilibrium of the subject. At each frame, the optimization
problem presented in Eqn. (1) was solved using a Sequential
Quadratic Programming method [13].

min
F

i=28

∑
i=1

||Fi||2

s. t.

{
M(q)q̈+C(q, q̇)+G(q)+λ+E = 0
∀i ∈ J1,28K,Fi ≤ Fmax

i

(1)

Where, isolating the biomechanical model, M(q) is the

inertia matrix, C(q, q̇) is the centrifugal and Coriolis force
vector, G(q) is the gravity force vector, λ is the generalized
internal force vector, E is the generalized external force vec-
tor, and Fmax

i is the vector containing the maximal forces
available for the PP i. The external force vector E contains
the external efforts Fi applied on the PP i.

The prediction method in a moving frame was imple-
mented in the CusToM Matlab toolbox [23] and all the com-
putations were performed using this toolbox.

Each upper steel plate of the mobile platform had a
weight m = 2.6 kg. For Translation trials, the vertical ve-
locity profile was considered to be a perfect trapeze. The
vertical acceleration obtained was γ = 0.032 m.s−2. An esti-
mation of the angular acceleration according to Xm during the
Orientation trials was made. The other angular accelerations
were considered to be of the same order of magnitude. Each
upper steal plate of the mobile platform had a moment of in-
ertia I = 0.013 kg.m2. The motion of the mobile device came
from 3 translational actuators. The 2 actuators in the plan
(Om, Ym, Zm) were considered to be moving in the opposite
direction with a vertical acceleration γ. The angular accelera-
tion obtained from these assumptions was ω = 0.18 rad.s−2.
From all these quantities, the following results were calcu-
lated:

• mγ = 0.08 N,
• Iω = 0.002 Nm.

So, the inertial components of the moving structure were
considered as negligible with respect to the subject’s weight.

2.3 Data Analysis

Predicted and measured GRF&Ms were compared using
root mean square error divided by subject’s mass (RMSE/m)
and relative RMSE (rRMSE) [24]. The RMSE between the
predicted and measured CoP positions (RMSE CoP) were
also computed. To compute the CoP positions, the predicted
and measured GRF&Ms were expressed in the moving frame
linked to the mobile structure. In this frame, the CoP was
regarded as the point at zero altitude where the F and S mo-
ments were zero. The CoP positions were computed only
when the norm of the GRF were over 10 % of the BW to
avoid unusable results when the contact between the foot and
ground was lost. All the metrics were computed for each
subject, each trial, each GRF&M component, and each foot.
The RMSE and rRMSE were defined as in Eqn. (2) and Eqn.
(3) respectively:

RMSE =

√
1
D

t=T

∑
t=0

(u1(t)−u2(t))2
(2)



rRMSE =
RMSE

1
2 ∑

i=2
i=1

(
max

t∈[0,T ]
ui(t)− min

t∈[0,T ]
ui(t)

)
(3)

where D is the duration of the trial, u1(t) and u2(t) are
the predicted force or moment and the measured one re-
spectively. RMSE/mass, rRMSE and RMSE CoP were av-
eraged across all subjects, all trials and both feet to provide
an overview of the accuracy. The mean and standard devia-
tion values of RMSE/mass, rRMSE were also calculated for
each type of trial separately.

To validate the presented method accuracy, comparisons
with similar results from literature were carried out. Some
tasks studied in the literature were not taken into account be-
cause the motions were considered to be too different from
those studied in the present article. Reference [13] studied
asymmetric handling tasks with different loads. Only the
case without any load was considered. Reference [10] stud-
ied walking at different speeds, walking over different ob-
stacles, gait initiation, gait termination, deep squatting, and
stair ascent and descent. Only walking at different speeds,
deep squatting, and stair ascent and descent were taken into
account. Reference [2] studied human walking at different
speed and running. Only the results for walking at different
speeds were taken into account.

The different components of forces and moments were
named as follows:

• AP for antero-posterior forces,
• ML for medio-lateral forces,
• L for longitudinal forces,
• F for frontal moments,
• S for sagittal moments,
• T for transverse moments.

3 Results
The averaged RMSE/m and rRMSE for the presented

method are presented in Tab. 1 for forces and Tab. 2 for mo-
ments. The RMSE CoP are presented in Tab. 2.

The RMSE/m obtained from the presented method were
of the same order of magnitude as those from [13] and [10]
for all the force components except for L (0.61 for the pre-
sented method and 0.25 for [13]). There were lower than
those from [2]. The rRMSE obtained from the presented
method were of the same order of magnitude as those ob-
tained from [13] for all force components.

The RMSE/m and rRMSE obtained from the presented
method were lower or of the same order of magnitude as
[13] and [10] for all moment components. The RMSE CoP
obtained from the presented method were higher than those
obtained from [2].

Figures 6 to 9 present examples of the predicted and
measured GRF&Ms divided by the subject’s mass for the left

foot for each type of trial. For the medio-lateral forces, there
was an offset between the predicted and measured curves
during the static phases (colored shapes). The predicted ef-
forts were close to zero, which was not the case for the mea-
sured ones. This type of offset was not visible during the
Translation Step trial (static phase was between 2 s and 5 s).

Fig. 6. Example of the predicted (dashed line) and measured (solid
line) GRF&Ms divided by the subject’s mass for a Translation Squat
trial (left foot). Scales of the ordinate-axis are different between the
6 graphs. The offsets due to a static phase are visible in the colored
shapes

Fig. 7. Example of the predicted (dashed line) and measured (solid
line) GRF&Ms divided by the subject’s mass for a Translation Step
trial (left foot). Scales of the ordinate-axis are different between the 6
graphs

The RMSE/m and the rRMSE are for each type of trials
are presented in Tab. 3. For a given force component and
subject’s movement, the different results are similar. So, it
seemed that results were unrelated to the mobile structure
motion. The type of subject’s motion seemed to have an im-
pact on the results. The AP and ML forces, and S moments
presented higher RMSE/m for trials involving squats than for
trials involving steps. The ML and L forces, and F and T
moments presented higher rRMSE for trials involving squats
than for trials involving steps.



Table 1. Averaged RMSE/m and rRMSE, and associated standard deviation in parentheses for forces

Components AP ML L

Methods RMSE/m rRMSE RMSE/m rRMSE RMSE/m rRMSE

(N/kg) (N/kg) (N/kg)

Presented method 0.14 (0.07) 0.20 (0.07) 0.29 (0.09) 0.25 (0.12) 0.61 (0.25) 0.09 (0.06)

[13] 0.09 (0.07) 0.17 (0.14) 0.40 (0.32) 0.38 (0.29) 0.25 (0.23) 0.03 (0.03)

[2] 1.21 (0.18) - 0.57 (0.11) - 2.58 (0.43) -

[10] 0.31 (0.09) - 0.23 (0.09) - 0.72 (0.20) -

Table 2. Averaged RMSE/m, rRMSE and RMSE CoP, and associated standard deviation in parentheses for moments

Components F S T

Methods RMSE/m rRMSE RMSE CoP RMSE/m rRMSE RMSE CoP RMSE/m rRMSE

(Nm/kg) (mm) (Nm/kg) (mm) (Nm/kg)

Presented method 0.06 (0.02) 0.22 (0.09) 47.6 (108) 0.13 (0.03) 0.20 (0.07) 17.0 (48) 0.03 (0.02) 0.32 (0.13)

[13] 0.09 (0.08) 0.17 (0.15) - 0.14 (0.11) 0.13 (0.10) - 0.10 (0.07) 0.57 (0.41)

[2] - - 24.6 (5.0) - - 9.2 (4.0) - -

[10] 0.12 (0.04) - - 0.18 (0.05) - - 0.18 (0.06) -

Fig. 8. Example of the predicted (dashed line) and measured (solid
line) GRF&Ms divided by the subject’s mass for an Orientation Squat
trial (left foot). Scales of the ordinate-axis are different between the
6 graphs. The offsets due to a static phase are visible in the colored
shapes

4 Discussion
4.1 Method Accuracy

The presented method seemed to provide similar results
to those from [13]. The difference between the presented
method and the original method [13] was the contact detec-
tion step. So, it seemed that this modification did not have
an impact on the accuracy of the overall method. The dis-
crepancy observed for the RMSE/m for L was not significant
due to the high magnitude of this component. As shown in
Figures 6 to 9, L reached up to 11 N/kg. A RMSE/m of
0.61 N/kg can thus be considered negligible. This observa-
tion is confirmed by the rRMSE, which takes into account
the maximum magnitude, and which was very low and simi-
lar to those from [13]. Moreover, all the metrics except those

Fig. 9. Example of the predicted (dashed line) and measured (solid
line) GRF&Ms divided by the subject’s mass for an Orientation Step
trial (left foot). Scales of the ordinate-axis are different between the
6 graphs. The offsets due to a static phase are visible in the colored
shapes

based on the CoP positions were lower or in the same order
of magnitude as those from [2, 10]. The RMSE CoP were
approximately twice higher than those from [2]. This obser-
vation may come from the moving frame consideration, the
computation of the predicted moments far from the contact
point in our study, the used threshold of 10 % of BW in our
study, and the CoP positions which were approximated to the
moment divided by the vertical force in [2].

The observation of an offset between the predicted and
measured GRF&Ms was also made in the study presenting
the original method [13]. It is probably due to efforts gen-
erated by the subject to improve his stability but without
influence on the subject’s motion. For example, a similar
offset was visible for the medio-lateral forces of the right



Table 3. Mean RMSE, RMSE/mass, rRMSE, and ρ and associated standard deviation in parentheses for each type of trials

Left foot Right foot

GRF&M components RMSE/mass rRMSE RMSE/mass rRMSE

Type of trials N/kg or Nm/kg N/kg or Nm/kg

Translation Squat 0.19 (0.09) 0.21 (0.05) 0.18 (0.07) 0.23 (0.06)

Antero-posterior forces Translation Step 0.11 (0.03) 0.22 (0.06) 0.10 (0.03) 0.24 (0.08)

Orientation Squat 0.16 (0.05) 0.16 (0.03) 0.14 (0.05) 0.17 (0.04)

Orientation Step 0.10 (0.06) 0.15 (0.05) 0.10 (0.06) 0.15 (0.05)

Translation Squat 0.30 (0.08) 0.34 (0.10) 0.33 (0.09) 0.42 (0.17)

Medio-lateral forces Translation Step 0.22 (0.04) 0.18 (0.03) 0.24 (0.05) 0.24 (0.07)

Orientation Squat 0.31 (0.07) 0.23 (0.05) 0.35 (0.09) 0.27 (0.08)

Orientation Step 0.24 (0.09) 0.15 (0.03) 0.27 (0.10) 0.18 (0.04)

Translation Squat 0.60 (0.30) 0.11 (0.07) 0.69 (0.28) 0.13 (0.06)

Longitudinal forces Translation Step 0.62 (0.24) 0.06 (0.02) 0.65 (0.18) 0.06 (0.02)

Orientation Squat 0.57 (0.24) 0.10 (0.05) 0.69 (0.25) 0.12 (0.06)

Orientation Step 0.50 (0.25) 0.05 (0.02) 0.57 (0.24) 0.05 (0.02)

Translation Squat 0.06 (0.02) 0.27 (0.10) 0.06 (0.03) 0.26 (0.10)

Frontal moments Translation Step 0.07 (0.02) 0.23 (0.07) 0.06 (0.02) 0.19 (0.07)

Orientation Squat 0.05 (0.01) 0.23 (0.07) 0.05 (0.02) 0.20 (0.07)

Orientation Step 0.06 (0.02) 0.20 (0.07) 0.05 (0.01) 0.17 (0.06)

Translation Squat 0.15 (0.03) 0.23 (0.07) 0.14 (0.04) 0.23 (0.07)

Sagittal moments Translation Step 0.11 (0.02) 0.22 (0.06) 0.11 (0.02) 0.21 (0.06)

Orientation Squat 0.13 (0.03) 0.18 (0.06) 0.13 (0.03) 0.18 (0.06)

Orientation Step 0.11 (0.03) 0.19 (0.06) 0.10 (0.03) 0.17 (0.05)

Translation Squat 0.05 (0.02) 0.39 (0.15) 0.05 (0.02) 0.45 (0.18)

Transverse moments Translation Step 0.02 (0.00) 0.27 (0.07) 0.02 (0.01) 0.34 (0.09)

Orientation Squat 0.04 (0.01) 0.28 (0.11) 0.04 (0.01) 0.33 (0.13)

Orientation Step 0.02 (0.02) 0.24 (0.07) 0.02 (0.02) 0.26 (0.08)

foot but with an opposite value. So, both feet were pushing
side-wards during standing, which was canceled out when
summing the contributions from both feet. The optimization
method would predict zero medio-lateral force, in this case,
on both feet. Moreover, during the static phase of the trials
involving steps, the subjects were standing on their two feet,
which leads to an underdetermined problem. During the be-
ginning and the end of the trials, the subjects were waiting
for investigator’s instructions while staying static. So these
parts of the trials were removed to reduce the impact of this
phenomenon on the results.

Comparing the RMSE/m and the rRMSE for each type
of trial, it was found that the results were unrelated to the

mobile structure motion. A study with more challenging
structure motions could be interesting to confirm this obser-
vation. It was also found that the trials involving squats led to
higher errors than those involving steps. The distribution of
the GRF&M on the two feet during the complete movement
could be a source of errors. These considerations should be
taken into account for other tasks involving GRF&M with
double-contact phases.

In conclusion, the contact detection process for MNHS
seemed to maintain the accuracy of the overall GRF&Ms
prediction method.



4.2 Limits and Perspectives
The method presented in this study is based on several

parameters such as the number of contact points, the posi-
tion and velocity thresholds, the maximum force available
at each point, the friction coefficient between the feet and
the ground. These parameters were set using previous stud-
ies from the literature or empirical approaches [10,11,13]. It
may be interesting to study the impact of these parameters on
the method and to find the optimal setting that may depend
on the subject and the task to be studied.

The proposed method is based on the minimization of
external forces. The minima found with this method may
generate very high internal forces. It could be interesting to
use an objective function taking into account internal forces,
or joint reaction forces or muscle forces to avoid unrealistic
solutions. This could also compensate for the offset observed
during static phases [11, 25].

[2, 10, 13] and the presented methods all use the same
concept of inverse dynamics-based optimization. [10] uses
also a force shaping method to avoid discontinuities between
single stance and double stance periods. This force shap-
ing method may improve the presented method accuracy. A
maximal force available at each contact point depending on
their displacements and velocities [2] may also improve the
presented method accuracy.

In this study, the foot was modelled as a single rigid
body. The contact detection step was based on the foot model
and not on the experimental markers. The reconstructed ori-
entation of the foot model may be different from that of the
real foot, especially due to the joint between the toes and the
rest of the foot. So, some PP may have been considered in-
active in the model but corresponded to a point which was
in contact with the ground in reality. A more realistic foot
model with 2 articulated segments (the toes and the rest of
the foot) [9] could improve the contact detection step and
avoid missing some active PP.

The method presented in this article aims at extending
GRF&Ms prediction methods application scope to studies
involving an interaction between the subject and a MNHS.
The accelerations experienced by the mobile structure and
the subjects during this experiment were lower than those in-
volved in the targeted applications. This choice was made to
ensure the safety of the subjects. So a new experimental set-
up should be used to validate the accuracy of the presented
method during tasks involving similar accelerations to those
as in the targeted applications. Moreover, the higher acceler-
ations of the moving structure will require the computation
or compensation of inertial components of the mobile struc-
ture to get force platform data for validation of the methods
for the targeted applications [15, 16, 26].

The application scope of this method could be extended
to interaction with deformable structures such as spring-
boards, uneven floors and ramps such as those used for slid-
ing sports, and stairs. These floors and structures can be
considered as a succession of rigid surfaces with different
orientations. The method proposed in this study could be
improved with a location of the contact surface among the
whole floor or structure. The GRF&Ms prediction method

presented in this article could then be applied to studies in-
volving interaction with the above mentioned structures. The
high accelerations of a springboard will also require consid-
eration of its inertial components for validation of the meth-
ods for this application.

The technology used to collect motion capture data is a
limiting factor for the application scope. The capture vol-
ume is limited and constrains the area where the motion is
tracked. It may be restricting for large displacement mo-
tions, which is the case for the study of skiing for example.
Moreover, some of the targeted applications are performed
outdoors. This is another difficulty for motion capture tech-
nology which is sensitive to light reflections. Some of the tar-
geted applications involve small motions with high acceler-
ation (skateboarding for example). For these tasks, the sam-
pling frequency of the optoelectronic system used to collect
motion capture data may be limiting (maximum 300 Hz with
12 Mpixels resolution and 1100 Hz with 3 Mpixels resolu-
tion for Qualisys) as well as its tracking accuracy (about 1
mm). It could be interesting to modify the method to adapt it
to other types of input data (markerless technology, ...), keep-
ing in mind that the motion of the MNHS interacting with the
subject must be known.

5 Conclusions
This study showed that the accuracy of the GFR&M pre-

diction method improved with a contact detection process
adapted to MNHS was similar to that of the original method.
This new method is based on motion capture data and only
requires the use of additional markers to track motion of the
MNHS.

It opens the application scope of biomechanical analysis
based on inverse dynamics methods to sport activities such
as skateboarding and working activities such as those per-
formed on an elevating platform. A few improvements of the
presented method could even extend the application scope to
activities of daily living such as stair climbing or other sport
activities such as sports involving a springboard (diving, ath-
letics, gymnastics). A study on the inertial components of
the mobile structure should be carried out to evaluate the ac-
curacy of the presented method for the targeted applications.

6 Acknowledgements
The authors would like to thank Antoine Muller for his

help in analysing the results and comparing them with the
literature, and Claire Livet for her help for computing the
different results.

References
[1] Erdemir, A., McLean, S., Herzog, W., and van den

Bogert, A. J., 2007. “Model-based estimation of mus-
cle forces exerted during movements”. Clinical Biome-
chanics, 22(2), feb, pp. 131–154.

[2] Jung, Y., Jung, M., Ryu, J., Yoon, S., Park, S.-K., and
Koo, S., 2016. “Dynamically adjustable foot-ground



contact model to estimate ground reaction force during
walking and running”. Gait and Posture, 45, pp. 62–68.

[3] Koopman, B., Grootenboer, H. J., and de Jongh, H. J.,
1995. “An inverse dynamics model for the analysis, re-
construction and prediction of bipedal walking”. Jour-
nal of Biomechanics, 28(11), nov, pp. 1369–1376.

[4] Karatsidis, A., Bellusci, G., Schepers, H. M., de Zee,
M., Andersen, M. S., and Veltink, P. H., 2017. “Estima-
tion of ground reaction forces and moments during gait
using only inertial motion capture”. Sensors (Switzer-
land), 17(1), jan, p. 75.

[5] Dijkstra, E. J., and Gutierrez-Farewik, E. M., 2015.
“Computation of ground reaction force using Zero
Moment Point”. Journal of Biomechanics, 48(14),
pp. 3776–3781.

[6] Oh, S. E., Choi, A., and Hwan Mun, J., 2013. “Pre-
diction of ground reaction forces during gait based on
kinematics and a neural network model”. Journal of
Biomechanics, 46, pp. 2372–2380.

[7] Johnson, W. R., Alderson, J., Lloyd, D., and Mian, A.,
2019. “Predicting athlete ground reaction forces and
moments from spatio-temporal driven CNN models”.
IEEE Transactions on Biomedical Engineering, 66(3),
pp. 689–694.

[8] Lim, H., Kim, B., and Park, S., 2020. “Prediction of
lower limb kinetics and kinematics during walking by a
single IMU on the lower back using machine learning”.
Sensors (Switzerland), 20(1), jan, p. 130.

[9] Van Hulle, R., Schwartz, C., Denoël, V., Croisier,
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