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ARTICLE INFO ABSTRACT

Keywords: Healthy individuals highly regulate their whole body angular momentum (WBAM) during walking. Since
Human balance WBAM regulation is essential in maintaining balance, a better understanding is required on how healthy
Gait

individuals recover from WBAM perturbations. We therefore studied how healthy individuals recover WBAM
in the sagittal plane. WBAM can be regulated by adjusting the moment arm of the ground reaction force
(GRF) vector with respect to the whole-body centre of mass (CoM). In principle this can be done by centre of
pressure (CoP) modulation and/or adjustments of the GRF direction. Two simultaneous perturbations of the
same magnitude were applied in opposite direction to the pelvis and upper body (0.34m apart) to perturb
WBAM but not the whole body linear momentum (WBLM), while participants walked on a treadmill. The
perturbations were given at toe off right, had a magnitude of 4, 8, 12 and 16% of the participant’s body
weight, and lasted for 150 ms. A recovery of the WBAM was seen directly after the perturbations, induced
by adapting the moment arm of the GRF with respect to the CoM. The hip joint of the stance leg played
an important role in achieving the WBAM recovery. A change in the direction of the GRF vector and not a
contributing CoP modulation, caused the change in moment arm. However, the change in GRF direction came
from a change in the horizontal GRF, which also affects the WBLM. This suggest that regulating WBAM may
take precedence over the WBLM in early recovery.

Whole body angular momentum
Centre of pressure modulation
Ground reaction force vector

1. Introduction Previously, several experiments were performed with WBAM per-
turbations in standing and walking (van den Bogaart et al., 2020;
Martelli et al., 2017; Pijnappels et al., 2004; Rietdyk et al., 1999;
Schumacher et al., 2019). Often used perturbation methods are slipping
or tripping by presenting obstacles, accelerating and decelerating the
treadmill, or applying push or pull perturbations to the upper body
(Martelli et al., 2017; Pijnappels et al., 2004; Rietdyk et al., 1999;
Sessoms et al., 2014). However, these perturbation methods do not only
influence the WBAM. Also the whole body linear momentum (WBLM)
will be affected, which is proportional to the CoM velocity. This makes

Healthy individuals highly regulate their whole body angular mo-
mentum (WBAM) during walking. This is achieved by segmental an-
gular momentum cancellation and control of the ankle, knee and hip
moments (Gruben and Boehm, 2014; Herr and Popovic, 2008; Neptune
and McGowan, 2011; Pijnappels et al., 2004; Popovic et al., 2004;
van Dieén et al., 2005). Tripping, slipping, or pushes applied above
or below the body’s centre of mass (CoM) can cause changes of the
WBAM. An active response is required to prevent falling (Pijnappels
et al.,, 2004, 2005). However, controlling joint moments to regulate

the WBAM in case of a disturbance can be difficult for elderly or
neuromuscular impaired people, for example due to a hemiparesis or
spinal cord injury. A reduced ability for WBAM regulation increases
the risk for falling in this group (Honda et al., 2019; Nott et al., 2014;
Pijnappels et al., 2004, 2005; Simoneau and Krebs, 2000; van Dieén
et al., 2005). Therefore, regulation of the WBAM is considered to be a
crucial factor in balance recovery. A better understanding of human
WBAM regulation is required for the use of WBAM regulation in a
rehabilitation setting or in the development for controllers of assistive
devices.
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it more difficult to isolate strategies used in the regulation of the
WBAM specifically. A study (by Schumacher et al. (2019)) managed
to perturb the WBAM with minimal effect on the WBLM. They used
an angular momentum perturbator (Lemus et al., 2017) worn as a
backpack, containing a flywheel generating gyroscopic torques while
participants were standing. Results from the above mentioned studies
suggest a dominant role of regulating the hip joint moments in balance
recovery from WBAM perturbations (Rietdyk et al., 1999; Schumacher
et al., 2019). However, it is still unclear how recovery strategies are

0021-9290/© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

BPP Backward pitch perturbation
CoM Centre of mass

CoP Centre of pressure

EndP End perturbation

FPP Forward pitch perturbation
GRF Ground reaction force

HSL Heel strike left

HSR Heel strike right

QTM Qualisys track manager

TOL Toe off left

TOR Toe off right

WBAM Whole body angular momentum
WBLM Whole body linear momentum

used during walking when mainly the WBAM in the sagittal plane is
perturbed.

Changes in WBAM can be realized by creating joint moments to
modulate the net moment of the ground reaction force (GRF) with re-
spect to the CoM (Gruben and Boehm, 2014; Mathiyakom and McNitt-
Gray, 2008). Modulation of this net moment is the result of a change in
the moment arm of the GRF with respect to the CoM. The two options to
influence this moment arm are discussed in the following paragraphs.

The first option to influence the moment arm is by changing the
point of application of the GRF, visualized as centre of pressure (CoP)
modulation in Fig. 1a. For example positioning the recovery limb more
forward results in a forward shift of the CoP. This assists in recovery
from a disturbance resulting in a forward rotation of the upper body
(Mathiyakom and McNitt-Gray, 2008; Pijnappels et al., 2004). Another
possibility to modulate the CoP position is by changing the ankle torque
(Gruben and Boehm, 2014). A CoP modulation on its own could be used
to create a moment arm affecting the WBAM without influencing the
WBLM, since there is no change in horizontal GRF.

The second option to influence the moment arm about the CoM is
by changing the direction of the GRF (Mathiyakom and McNitt-Gray,
2008). Directing the GRF anterior of the CoM results in a change of the
WBAM rotating the upper body backward, visualized in Fig. 1b, and
forward when the GRF passes posterior of the CoM. Pijnappels et al.
(2005) showed that healthy individuals quickly recovered WBAM after
tripping perturbations by generating joint moments in the supporting
limb to redirect the GRF (Pijnappels et al., 2005). Especially the joint
moments of the hip can play an important role in regulating the angular
accelerations of the upper body (Klemetti et al.,, 2014). Changing
the GRF direction can mainly be achieved by altering the horizontal
component of the GRF. Although effective for restoring the WBAM,
changing the horizontal GRF also affects WBLM. It is an open question
whether this approach is also used after external perturbations that
mainly perturb WBAM.

Being unable to regulate WBAM will increase the risk for falling,
especially in case of a perturbation. Therefore, this study aims to
increase understanding of how healthy individuals recover from WBAM
perturbations in the sagittal plane, increasing insights into the fun-
damental human balance recovery strategies of the WBAM. This is
done by applying two simultaneous perturbations in opposite directions
to the pelvis and upper body. Since these perturbations theoretically
do not affect the WBLM, we expect participants to use a recovery
strategy that does not compromise the WBLM. Such a strategy would
involve CoP modulation without change of the GRF direction, creating
a moment arm about the CoM to recover WBAM. This could be achieved
by modulating the ankle moment.
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Fig. 1. Two methods of influencing the WBAM by changing the moment arm of the
GRF with respect to the CoM. The green arrows show an example of how the moment
arm can be increased with respect to the yellow case by (a) changing the position
of the CoP and/or (b) adjusting the direction of the GRF. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

2. Methods
2.1. Participants

Ten healthy volunteers (four men, age 24 + 3 year, weight 66 + 7 kg,
height 1.75 4+ 0.06 m, means + SD) participated in the study. The local
ethics committee approved the experimental setup and protocol. All
participants gave written informed consent prior to the experiment in
accordance with the Declaration of Helsinki.

2.2. Setup

Fig. 2 illustrates the setup. Participants walked on a split-belt in-
strumented treadmill (custom Y-Mill, Motek medical, Culemborg, The
Netherlands). The 3D GRFs and moments were recorded with the force
plates beneath each belt. Two motors (SMH60, Moog, Nieuw-Vennep,
The Netherlands) were placed on the rear of the treadmill. Carbon
lever arms with a length of 0.3m were connected to the rotational
axis of the motors. These lever arms were connected to horizontal
carbon rods via ball joints. To control and measure the interaction
forces with the participant, load cells (Model LRF350, FUTEK, Los
Angeles, CA, USA) were integrated in the horizontal rods near the joints
with the lever arms. On the other end, the rods were attached to the
pelvis and upper body brace via ball joints. As pelvis brace a universal
hip abduction brace (Distrac Wellcare, Hoegaarden, Belgium) and as
upper body brace a body protector (USG Flexi body protector, Birstein,
Germany) were used, to which connection joints for the rods were
attached. The participants also wore a safety harness to prevent injury
in case of a fall. The motors were placed on different heights such that
the horizontal rod attached to the pelvis brace was at a height of 1.0m
from the treadmill surface and the one for the upper body at 1.4 m. The
motors were controlled via the main computer (Linux, Ubuntu 16.04
LTS) and seven secundary devices: four Beckhoff modules (three analog
input and one analog output, Beckhoff Automation GmbH, Germany),
Haptic control unit (Moog PC CB79047-401_HCU, Nieuw-Vennep, The
Netherlands) and two motor drives (Moog MSD 3200 Servo Drive,
Nieuw-Vennep, The Netherlands). An admittance controller (described
in van der Kooij et al. (2022)) was used to minimize the interaction
forces during walking and to track the desired forces at the instant a
perturbation was given.
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Fig. 2. Lab setup. A participant walking on the dual-belt treadmill with built-in force
plates. Two motors are connected to the body via the lever arms, rods, and upper
body brace and pelvis braces. This makes it possible to apply two simultaneous forces
in opposite direction, resulting in moment around the CoM, but with a zero net force.
The participant is connected to the ceiling via a safety system. Motion capture data is
recorded with the Qualisys Oqus cameras.

2.3. Data collection

Kinematic data were recorded with an 8-camera passive Qualisys
motion capture system (Oqus 600+, Qualisys, Goteborg, Sweden). Ten
rigid bodies containing four reflective markers each were placed on the
sternum, pelvis, upper and lower legs, upper arms, and forearms. Single
markers were placed on the 7th cervical vertebra, and the left and right
calcaneus, 1st and 5th metatarsal heads, medial and lateral malleoli,
medial and lateral epicondyles of the femur, anterior and posterior
superior iliac spines, acromia, medial and lateral humeral epicondyles,
ulnar and radial styloids, and the 2nd and 5th metacarpal heads.
The motion capture data was recorded at 128 Hz with the Qualisys
Track Manager (QTM, Qualisys, Goteborg, Sweden). Via an analog
interface (Kistler 5695A DAQ) data from the force plates was received
at 2048 Hz in sync with the motion capture data. Data from the load
cells integrated in the rods were recorded at 1000Hz via the main
computer controlling the motor, and synchronized with the other data
via a synchronization signal.

2.4. Experimental protocol

The participants walked on the treadmill with a normal walking
speed scaled to their leg length (\/i - 1.25ms™!). The experiment was
divided into two blocks. The first block consisted of 3 min unperturbed
walking to set a baseline. During the second block the participants
received two simultaneous perturbations of the same magnitude in op-
posite direction on the pelvis and upper body. Backward perturbations
on the pelvis and forward perturbations on the upper body will be
called forward pitch perturbation (FPP), visualized in Fig. 3d. Forward
perturbations on the pelvis and backward perturbations on the upper
body are called backward pitch perturbation (BPP). All perturbations
were given at the moment of toe off right (TOR), which was the instant
the vertical GRF came below 5% of the participant’s body weight. The
individual perturbations lasted for 150ms and had a magnitude of 4,
8, 12, and 16% of body weight. Each magnitude and direction was
repeated 6times, resulting in 48 perturbations, which were given in
a randomized order. Between each perturbation there was a random
interval ranging from 3 to 6strides.
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2.5. Data processing

QTM software was used to label the markers and interpolate the
missing samples of the marker data with the polynomial gap filling
tool. Processing of the data was done with Matlab (R2019b, Math-
Works). The marker and force data were filtered with a 6th order
zero phase low pass Butterworth filter with a cut off frequency based
on the participant’s cadence (cadence - 6.25Hz) (Racz and Kiss, 2021).
OpenSim 4.2 (Delp et al., 2007) was used to scale a full body model
(Rajagopal et al., 2016), consisting of 22 segments, for each participant.
The OpenSim inverse kinematics, inverse dynamics, and analyse tool
were used to derive the joint moments and CoM positions, velocities
and orientations of the total body and individual segments. The GRF
and moment measurements were used to acquire the horizontal GRF
component and to calculate the CoP position, which was expressed
relative to the whole body CoM position. The moment arm of the GRF
was calculated with respect to the CoM position obtained via OpenSim.
The WBAM was calculated with Eq. (1), where i presents each body
segment of the OpenSim model, x/. , and x,, the position of each ith
segment and the whole body CoM respectively, m; each ith segment’s
mass, X, . and %c,y the velocity of each ith segment and the whole
body CoM respectively, I each ith segment’s inertia tensor (obtained
from the OpenSim model), and o' the angular velocity about the ith
segment’s CoM (Herr and Popovic, 2008). All measures are given in the
global frame and in anteroposterior direction or about the mediolateral
axis.

2
H = Y [y = Xcon) X MGy, = Xcop) + '] )
i=1

All measures were scaled for the individual participants by dividing
through a scaling factor based on the participant’s leg length (1),
mass (m), height (h), and/or walking speed (ws) making the values
dimensionless: WBAM — m- h-ws; velocity — +/g-1l; position —
I. To bring the values back to the original order of magnitude, the
scaled measures were multiplied with the measure-specific scaling
factor calculated from the averages across all participants. All measures
were also normalized over time by resampling each (gait) phase to 50
samples, synchronizing the instants of toe off, heel strike and the end
of the perturbation (EndP). This allowed for averaging the data over all
repetitions within each participant and across all participants.

2.6. Outcome measures

The outcome measures were defined as the maximal deviation of a
measure due the perturbation with respect to the baseline value, which
was recorded during unperturbed walking. This maximal deviation was
taken at an instant during the left single support, between EndP and
the instant the measure crossed the baseline value. It should be noted
that these could have been taken at different instants of time for the
different measures.

2.7. Statistics

Linear mixed models were used to evaluate the dependence of the
outcome measures on the perturbations. The statistical analysis was
performed in R4.1.2 (R Core Team, 2021, Vienna, Austria). Linear
mixed models were fitted for each of the following outcome measures:
WBAM, CoM velocity, moment arm of the GRF with respect to the CoM,
CoP position with respect to the CoM, horizontal GRF and the joint
moments of the hip, knee and ankle. Separate models were made for the
FPP and BPP. The perturbation magnitude was added as a fixed effect.
A shift of —4 or +4 was applied to the perturbation magnitude such
that the intercept coincided with the smallest perturbation magnitude.
Random effects for the intercept and slope were included to take into
account the participant effects. The main effects were tested with a sig-
nificance level of o = 0.05 using the Wald t-test with a Kenward-Roger
correction for the degrees of freedom.
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Fig. 3. The left column presents time series of one normalized gait cycle ranging from TOR to TOR. The perturbation starts at the first TOR and ends at EndP. Other marked
events are heel strike right and left (HSR, HSL) and toe of left (TOL). Shaded areas indicate the double support phases. FPP are presented in blue and BPP in red. Unperturbed
walking is presented in grey with an area covering the standard deviation. (a) shows the sum of the interaction forces measured in both rods. (b) Force pelvis and (c) Force upper
body are the interaction forces of the motor connected to the pelvis and upper body brace respectively. The right column presents barplots of the outcome measures, maximum
difference with respect to baseline between EndP and the instant the measure crossed the baseline value, for the different perturbation magnitudes. The dots present the averages
per participant. Fitted models are included with a line if these were statistically significant (p < 0.05). The moment arm of the GRF is measured with respect to the CoM and the
CoP position is presented with respect to the CoM. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Estimated model parameters and model fits of the linear mixed models for the different
outcome variables and perturbation directions (forward pitch and backward pitch). The
intercept coincides with the smallest perturbation magnitude. All models had an N-value
of 40 (4 magnitudes and 10 participants).

Angular momentum (N ms) CoM velocity (ms™')

Fixed effect =~ Forward pitch Backward pitch Forward pitch Backward pitch

Intercept —2.033 2.503 0.033 —-0.028 *
Magnitude 0.507 0.527  *** -0.010 g —0.007 ***
Model fit

R?-marginal  0.91 0.79 0.82 0.39
R?-conditional 0.99 0.98 0.92 0.86

Moment arm (m) CoP position (m)

Fixed effect  Forward pitch Backward pitch Forward pitch Backward pitch

Intercept 0.026 0.007 0.012 0.005
Magnitude —0.004 *** —0.006 *** 0.001 0.003
Model fit

R%-marginal ~ 0.62 0.63 0.06 0.44
R?-conditional 0.96 0.91 0.60 0.62

Horizontal GRF (N) Joint moment hip (Nm)

Fixed effect = Forward pitch Backward pitch Forward pitch Backward pitch

Intercept 9.651 2.850 —23.909 20.913
Magnitude —2.583 —3.082 *** 3.354 3.045
Model fit

R%-marginal  0.53 0.63 0.86 0.83
R?-conditional 0.93 0.92 0.94 0.97

Joint moment knee (N m) Joint moment ankle (N m)

Fixed effect  Forward pitch Backward pitch Forward pitch Backward pitch

Intercept 3.424 -8.800 * 2.655 10.854 *
Magnitude —-1.864 *** —2.327 0.555 0.450
Model fit

R?-marginal  0.48 0.31 0.03 0.03
R?-conditional 0.87 0.83 0.73 0.85

The statistical significance of the parameters are indicated with the stars.
*p < 0.05.

3. Results

3.1. Perturbation effect

With a distance of 0.34 = 0.03 m between the application points on
the pelvis and upper body and a CoM position 0.01 £ 0.03 m above the
pelvis point of application, the strongest perturbations (16%) resulted
in a moment around the CoM of 352Nm on average. As intended,
these perturbations induced a large, statistically significant (Table 1),
change of the WBAM of about 2N ms per perturbation level (Fig. 3e—
f), with a positive change indicating a backward rotation of the upper
body and vice versa. Beside the disturbance of the WBAM, unexpectedly
the perturbations also affected the WBLM (Fig. 3g-h). A small CoM
velocity change of <0.04ms™! per perturbation level was induced by
the WBAM perturbations at EndP (Table 1). Assuming horizontal rods,
simultaneous pelvis and upper body perturbations in opposite direction
cause a cancellation of both motor forces. This resulted in a sum of the
applied forces close to zero (Fig. 3a—c). An extended table containing
all statistical test results can be found in the supplementary material.
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3.2. Recovery of whole body angular momentum

After perturbations of the WBAM the moment arm of the GRF with
respect to the CoM was adjusted (Fig. 3i—j). Directly after the FPP,
an increase of the positive moment was observed. This implied that
the GRF was passing more in front of the CoM, which contributed to
counteracting the forward pitch due to the perturbation. This moment
arm change was the result of a change in the horizontal GRF, which
directed the GRF vector more forward. The horizontal GRF increased
significantly with the increasing perturbation magnitude (Fig. 3m-n,
Table 1). Meanwhile, no modulations were made to the CoP position
with respect to the CoM (Fig. 3k-i).

The strong BPP (8, 12 and 16%) resulted in a GRF passing behind
the CoM, helping recovery of the disturbed WBAM. Again, the change
in horizontal GRF contributed to the creation of this moment arm, by
directing the GRF backwards. On the other hand, the more forward
positioned CoP due to the perturbation opposes the creation of this
moment arm (Fig. 31). However, this effect was not strong enough to
overrule the change of the moment arm due to the horizontal GRF
component.

3.3. Joint moment contributions

After perturbations of the WBAM, the hip of the stance leg generated
a moment assisting in recovery of the WBAM (Fig. 30-p). For the FPP
this involved an extension moment and for the BPP a flexion moment.
The knee contributed with an opposite response, applying a flexion
moment after the FPP and an extension moment after the BPP (Fig. 3q—
r). No modulations of the ankle moment were seen after perturbations
of the WBAM (Fig. 3s-t).

4. Discussion

The goal of this study was to understand how healthy individu-
als recover balance when the WBAM is perturbed. By applying two
simultaneous perturbations in opposite directions to the pelvis and
upper body we were able to perturb the WBAM while keeping the
effect on the WBLM limited. This allowed us to study the balance
recovery when mainly the WBAM was perturbed. Contrary to what
we hypothesized, the participants did not use a CoP modulation, but
changed the direction of the GRF in order to recover the WBAM. Since
this affects the horizontal GRF, which also affects the CoM velocity, we
hypothesized the opposite. Possibly a trade off has been made in which
the WBAM is prioritized over the WBLM. This notion is supported by
earlier research showing that the CoM velocity increased due to the
forward directed GRF used in the recovery of a trip rotating the upper
body forward (Mathiyakom and McNitt-Gray, 2008).

Notable after the perturbations is the quick recovery response,
especially compared to perturbations of the WBLM only (Vlutters et al.,
2018a). Directly after EndP and before HSR the WBAM disturbance
already reached a point of return, after which the WBAM gradually
returned towards the baseline value over the following double and
single support phases. For WBLM perturbations this point of return
occurred later (Vlutters et al., 2018a). Since the WBAM perturbations
mainly take place around the CoM, the hip strategy comprises a large
part of the recovery. This strategy has to handle a moment of inertia
with respect to the CoM. After the perturbations of the WBLM, an
ankle strategy is used, involving a moment of inertia with respect to
the ankle. The quicker response after WBAM perturbations compared
to WBLM perturbations, might have been facilitated by the fact that
the whole body moment of inertia with respect to the ankle is larger
compared the whole body moment of inertia with respect to the CoM.
Besides, according to Horak et al. (1997) humans create a “plan for
action,” weighting different control objectives based on desired targets.
The head and trunk orientation are possibly highly-valued control
objectives during normal walking (Horak et al., 1997). Also, it is
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known that the human central nervous system highly regulates the
WBAM, keeping deviations as small as possible (Herr and Popovic,
2008; Popovic et al., 2004). These findings and theories support the
our observations of a quick recovery after perturbations of the WBAM.

Our results agree with previous findings of the importance of the
hip strategy and a minor role of the ankle strategy in regulation
of the WBAM (Best et al., 2019; Rietdyk et al.,, 1999; Schumacher
et al.,, 2019). In contrast to perturbations of the WBLM only (Vlutters
et al., 2018b), we did not see any involvement of the ankle joint after
WBAM perturbations. This supports our findings that there was also
no assisting CoP modulation, since changing the ankle moment would
have influenced the CoP position (Gruben and Boehm, 2014). What
we did see were strong hip flexion and extension moments that were
generated such that these helped in bringing the upper body back to
its initial orientation. These were accompanied by extension or flexion
moments of the knee joint respectively. Simultaneous hip flexion and
knee extension or hip extension and knee flexion suggests involve-
ment of bi-articular muscles, the rectus femoris and biceps femoris
respectively. This agrees with the results of Schumacher et al. (2019),
who reported strong involvements of the biarticular thigh muscles in
counteracting upper-body pitch perturbations during standing. Overall
our results confirm the important role of the hip in recovering from
WBAM perturbations.

Changing the moment arm of the GRF with respect to the CoM to
recover from the perturbations, was done by altering the GRF direction,
without contributing CoP modulation. Even though theoretically a CoP
modulation would be effective in counteracting WBAM perturbations,
previous studies also did not see modulations of the mediolateral
CoP position through modulations of the foot placement and/or ankle
moment after upper body perturbations in the frontal plane during
standing (Rietdyk et al., 1999) and walking (Best et al.,, 2019). In
contrast, after perturbations of only the WBLM during walking, various
studies did report modulations of the CoP, foot placement, and/or
horizontal GRF in the frontal and sagittal plane after perturbations of
only the WBLM during walking (Bruijn and Dieén, 2018; Hof et al.,
2010; Vlutters et al., 2016; Wang and Srinivasan, 2014; Zadravec et al.,
2017).

A limitation of our study is the use of an OpenSim model without
a neck joint. Since a marker configuration without head markers was
used, an over-estimation of the head excursion may occur in the
OpenSim model, as it is rigidly linked to the upper body. This possibly
caused the more extreme values of the WBAM, and also the unexpected
change of the CoM velocity during the WBAM perturbation, while the
net horizontal force did not change during that phase. This makes it
likely that the reported CoM velocity deviations during the perturbation
can be considered as an artifact. For future studies perturbing the upper
body it is recommended to use a model including the neck joint and to
apply more markers on the torso and head to gain a better measurement
of the upper body motion.

The ability of estimating how to continue walking without falling
can be valuable for the development of balance controllers for assistive
devices like lower limb exoskeletons. However, only using the CoM
velocity for this estimation might not be sufficient in case of a per-
turbation above or below the CoM resulting in changes of the WBAM.
After these perturbations other recovery strategies are required that
take into account the WBAM, for example by using a momentum-based
control algorithm (Bayon et al., 2020). Besides that, we should also
keep in mind that humans prioritize in the recovery strategies (Horak
et al., 1997). It seems that recovering the WBAM has priority, which
is even done at the expenses of the CoM velocity regulation. To extend
these results it would also be interesting to study responses to WBAM
perturbations in the frontal plane or during different conditions like
walking speed.

To conclude, healthy individuals quickly recover from WBAM per-
turbations given at toe off by using the hip of the stance leg to create
a GRF passing in front of- or behind the CoM, resulting in a change of
the WBAM. This is done without CoP modulations contributing to the
WBAM recovery. This WBAM recovery strategy might affect the WBLM,
suggesting that recovering the WBAM was prioritized over the WBLM.
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