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Abstract - In the development of exoskeletons, balance control during walking is an important factor.

Humans solve disbalance due to external perturbations during walking using the hip, ankle and/or

stepping strategy. Although, no studies have been performed analyzing the used balance strategies after

perturbing solely the angular momentum. This study performed experiments with 10 subjects. Each

subject walked on a treadmill (with normal and slow (typical exoskeleton) walking speed) and received

perturbations in the anterior and posterior (AP) direction on the upper body and simultaneously in

opposite direction on the pelvis at toe-off right (TOR). Motion and force plate data were obtained to

investigate the balance recovery strategy. The combination of the two perturbations resulted in a minimal

change in the linear momentum and an affected angular momentum. We analysed the balance strategy

in the first half gait cycle after perturbation. We looked into the moment arm which is calculated using

the GRF and CoP-CoM distance. We found that the moment arm did not absolute linearly increase

after increasing forward or backward perturbations. However, the GRF in AP direction did show at the

end of the perturbation a significant effect after increasing forward (p<0.001) and backward (p=0.002)

perturbation magnitudes, during both walking speeds. This resulted in a response to the affected angular

momentum during the perturbation, by creating an angular momentum in opposite direction. Finally,

CoP-CoM distance in AP direction was minimally affected due to the minimal affected linear momentum.

The analysed balance strategies may contribute to a better human-like controller for the exoskeleton.

1 Introduction

The human body has a constant focus on main-
taining balance. A walking movement results in
a constant falling motion, and recovery there-
from. Besides walking, the human also needs to
respond to external perturbations in order to re-
main in balance. This response is very complex
and involves for example muscles and joints. In
the past years, multiple studies have investi-
gated the balance recovery of humans with or
without perturbations in mediolateral and an-
teroposterior directions both during gait and
standing [1], [2], [3]. These studies gave more
insight into human balance strategies, which is
useful for the development of the balance con-
trol of an exoskeleton which helps humans who
have difficulty with walking.

It is important to maintain balance during walk-
ing and other activities involving movement.
While standing still, the goal is to keep the

Center of Mass (CoM) in the base of support
(BoS)[1]. However, the CoM velocity also plays
an important role in maintaining balance during
walking. Hof et al. introduced the extrapolated
center of mass (XCoM) concept [4]. The XCoM
is a combination of the CoM position (projected
on the ground) and the CoM velocity and shows
a model to achieve stable walking. Stable walk-
ing means no falling, no increasing of fluctuat-
ing walking speed, no change in step length and
the walker follows a well-defined course. It has
been shown that when someone places his foot
at the position of the XCoM, they come to a
halt. However, when the foot is placed behind
and outward of the position of the XCoM, sta-
ble walking is observed. Although, disturbances
may affect the CoM velocity. This can be solved
by changing the foot to the direction of the dis-
turbances. [4] [5]

Balance during walking or while standing is
maintained using balance recovery strategies.
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They can be distinguished in the ankle, hip and
stepping strategy (Figure 1). The Center of
Pressure (CoP) is a representation of the point
of application of the Ground Reaction Force
(GRF). The GRF is the external force exerted
by the ground on the human body. In the an-
kle strategy, an ankle torque is generated which
results in a change of the GRF and its location
(CoP), this regulates the CoM motion. When
the perturbation is larger, the hip strategy is
necessary to maintain balance. A hip torque is
generated which creates a moment around the
CoM causing adaptation in the GRF. When the
hip and ankle strategy are insufficient to recover
from disbalance, the stepping strategy enlarges
the Base of Support (BoS) by taking a step. [6],
[7]

Figure 1: Balance strategies. A) Ankle strategy B)
Hip strategy C) Stepping strategy [6]

Multiple studies focused on the balance recovery
of humans. Rietdyk et al. studied the balance
recovery after mediolateral (ML) perturbations
on the upper body during standing, and found
that the hip and spinal moment are the most
involved in moving the CoP during the recov-
ery (85 %) whereas the ankles are less involved
(15 %). [1]. M. van den Bogaart et al. ap-
plied anteroposterior (AP) perturbations during
treadmill walking by accelerating the treadmill
speed to provide a slip effect and focused on the
behaviour of the CoM. They found that the step-
ping and ankle strategy contributed to a change
in the CoM acceleration after perturbation. The
counter-rotation mechanism (changing the an-
gular momentum with GRF) did counteract
the caused CoM acceleration after perturbation,
which prevented interference of the gait pattern.
[2]. Madehkhaksar et al. found that the par-
ticipants walked with a shorter stride length,
a wider step width and a higher cadence after
anteroposterior and mediolateral perturbations,

which all increased the Margin of Stability (the
distance from the leading toe to the XCoM).
These findings (wider step, shorter stride length
and higher cadence) help to restore the balance
during walking. However, the effects of the ML
perturbations were much greater compared to
the AP perturbations, which indicates a greater
instability in the ML direction. [8] Sheehan Et
al. perturbed patients with a leg amputation
and focused on the angular momentum. They
observed that angular momentum ranges were
smaller for patients with a prosthetic leg com-
pared to patients with a intact leg. However,
the patients with amputation were more desta-
bilized by perturbations during walking than
healthy patients which they solved by altering
motion of the intact limbs. [9]

Figure 2: The impact of the GRF on the CoM
(gray circle). a) The GRF (solid arrow) goes through
the CoM, what results in no angular momentum. b) The
GRF is directed backward from CoM, which causes an
increase of the angular momentum in forward direction.
GRF is split into a horizontal and a vertical component
(dotted arrow). [10]

Looking at the balance reaction of the human
body, we observe that the GRF is an important
factor. During a perturbation, the linear and
angular momentum are affected due to chang-
ing GRF magnitude and direction. In order to
resolve these changed momenta, an AP directed
GRF in opposite direction than during the per-
turbation is created. This method is called
the counter-rotation mechanism and prevents
mainly the interference with the gait pattern.
An adapted AP GRF directed backwards of the
CoM creates a forward angular impulse, which
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changes the angular momentum about the CoM,
as shown in Figure 2. [11] Besides the horizontal
GRF, the vertical and ML GRF also influence
the magnitude and direction of the created an-
gular momentum. [2]

Humans degrade their walking speed to improve
their stability.[12] Wu et al. investigated the gait
mechanics during slow walking. First, they ob-
served that GRFs in AP, ML and vertical direc-
tion decrease over the gait cycle during slower
walking speed. Secondly, the total joint power
also decreases over the gait cycle. Lastly, they
found that the angle, moment and power of the
ankle, knee and hip joints diminish in slower
walking speeds. [13]

Figure 3: Moment arm of the GRF with respect
to the CoM. The yellow and orange dotted line repre-
sents the moment arm. The negative moment arm (yel-
low dotted) result in a forward angular momentum and
the positive moment arm (orange dotted line) result in
backward angular impulse.

The above-mentioned studies performed exper-
iments perturbing the angular and linear mo-
mentum or only linear momentum. However,
the effect of perturbing the angular momen-
tum on the balance recovery is still unknown.
This study investigated the balance strategy af-
ter perturbing the angular momentum whilst
minimizing the effects on the linear momentum
during walking. To focus on the angular mo-

mentum, it is necessary to minimize the linear
momentum. Our results present the balance
recovery after perturbing the angular momen-
tum during slow (corresponding to the walking
speed using an exoskeleton) and normal walk-
ing speeds. Both speeds have been investigated
since it has been shown that the normal walk-
ing speed is more stable compared to the slow
walking speed [14] which are caused by changing
gait mechanics [13]. We focused on the balance
strategy in the first gait cycle after perturba-
tion. Within the balance strategy, we started
with quantifying the moment arm (relative to
CoM). This moment arm quantifies the magni-
tude and direction of the GRF. Since the di-
rection and magnitude of the GRF and of the
CoP-CoM distance (in AP direction) influence
the moment arm, they will be analysed after-
wards (see Figure 3). The CoP-CoM distance in
AP direction is in linear relation with the hori-
zontal CoM velocity. [3] According to this rela-
tion, we expect that the CoP-CoM distance will
be minimally affected by the perturbation, since
minimal affected linear momentum implies min-
imal affected horizontal CoMv. If the angular
momentum is affected due to perturbation, the
GRF in AP direction adapt during and also af-
ter perturbation to maintain balance. This AP
GRF is in opposite direction compared to the
GRF during the perturbation, to solve the dis-
balance. Due to the affected AP GRF, we finally
expect a change in the moment arm.

2 Materials & Method

2.1 Participants

Ten healthy participants with no known history
of neurological muscular or orthopaedic prob-
lems participated in this study (6 women, 4 men,
age 24.4 ± 3.5 year, weight 66.3 ± 6.9 kg, height
1.75 ± 0.06 meter, means ± s.d.). The experi-
ment protocol was approved by the local ethics
committee of the University of Twente. All sub-
jects gave prior informed consent.

2.2 Materials

Subjects walked on a dual-belt treadmill (cus-
tom Y- Mill, Motekforce Link, Culemborg, The
Netherlands) during the experiment. Under
each belt, a force plate was placed to measure 3
degrees-of-freedom GRFs and moments. Pertur-
bations were applied with two motors (SMH60,
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Moog, Nieuw-Vennep, The Netherlands) located
at the rear side of the treadmill, one to apply
perturbations on the pelvis and one on the upper
body level (at the top of the thoracic vertebrae),
see Figure 4. The two motors (with a maximum
deflection of 1.1 in anterior and posterior direc-
tion) were mounted onto separated steel support
structures next to the treadmill to ensure it did
not influence the force plates. Each motor had
a carbon lever arm (0.3 m) attached to a ro-
tational axis, consisting of a load cell (model
QLA131, FUTEK, Los Angeles, CA, USA) to
measure the force. A carbon rod was attached
at the end of each lever arm with a ball joint.
The upper rod (0.9 m in length) was fixed to
the rear side of the upper body brace, which is
an adapted commercially available body protec-
tor (Bodyprotector USG Flexi). The pelvis rod
(1.1 m in length) was fixed to the rear side of
the modified universal pelvis abduction brace
(Distrac Wellcare, Hoegaarden, Belgium). Both
rods were horizontal when the pelvis and up-
per body brace were worn by the subject. See
Figure 4 for the schematic overview of the setup.

Motor control signals were generated at 1000
Hz using xPC-target (MathWorks, Natick, MA,
USA) and sent to the motor drivers over eth-
ernet (User Datagram Protocol), with a dedi-
cated ethernet card (82558 ethernet card, Intel,
Santa Clara, CA, USA). The same xPC-target
was used to collect 3 degrees-of-freedom ground
reaction forces and moments of each of the two
force plates in the treadmill, using a PCI-6229
AD card (National Instruments, Austin, TX,
USA). The perturbations are controlled by the
Testmanager (Ingenieurgemeinschaft IgH, 2000-
today) in real time. In this controller, the
perturbation magnitudes were adapted to the
weight of the subjects (see Table 1) and a cal-
culation for giving the perturbation at the right
time within the gait phase has been performed.

2.3 Data collection

Kinematic data were collected using an infrared
camera motion capture system (Qualisys Mo-
tion Capture system series 6+) and recorded by
Qualisys track manager (QTM) at a frequency
of 128 Hz. Reflective markers were used to mea-
sure the motion with the cameras. The load
cell force-, perturbation-, motor torque- and en-
code angle -data were acquired at 1000 Hz using
ethernet cables. Analog data measured by the

force plates in the treadmill was recorded with a
Qualysis analog interface at 2048 Hz. The xPC
target software is used to generate an analog sig-
nal for synchronization with the motion capture
system.

Figure 4: Schematic overview of the experiment
setup. A: Top view. B: Side view. The motors are
placed to the rear side of the treadmill. P: pelvis pertur-
bation location. U: upper body perturbation location.
M: Motor 1 (pelvis) and motor 2 (upper body). Red
arrow relates to the positive perturbations and the blue
arrow the negative perturbations. T: Treadmill.

2.4 Experimental protocol

Prior to starting the experiment, reflective
markers (single and clusters) were attached to
the subject. Single markers were attached to the
following anatomical positions repeated for left
and right body side: first and fifth metatarsus,
calcaneus, medial and lateral malleoli, medial
and lateral femur epicondyle, anterior and pos-
terior iliac spine, medial and lateral humeral
epicondyle, ulnar and radial styloid, second and
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fifth knuckle and acromion. Single markers are
also placed on the cervical vertebra (C7) and on
the posterior locations of the pelvis and upper
body perturbations. Cluster markers (consist-
ing of four single markers) are attached on the
shank, thigh, upper arm and forearm for both
left and right body sides. The last two cluster
markers are placed on the anterior side of the
sternum and pelvis. After the markers were
applied, the subject was strapped into a safety
harness (Honor, FBH-10) and the pelvis and
upper body braces.

At the beginning of the experiment, static trials
(standing still) were performed with and with-
out the braces. The walking trials were per-
formed at two different walking speeds: normal
and slow (corresponding to exoskeleton) walking
speed. The right walking speed for each sub-
ject was measured with the following formulae:
0.63
√
l m/s (slow speed) and 1.25

√
l m/s (nor-

mal speed) [15], where l is the leg length of the
subject. The subjects were able to move their
arms freely, as usually observed during walking.
The measured trials and corresponding pertur-
bation magnitudes are shown in table 1. Each
trial consisted of 8 different perturbation mag-
nitudes. Each perturbation magnitude was re-
peated 6 times, therefore resulting in a total
number of 48 perturbations per trial. The per-
turbations were applied at toe-off right (TOR,
see Figure 6) randomly between the 6-12 s dur-
ing gait. The order of the trials differed between
the subjects to avoid the contribution of fatigue
in any of the trials. The coordinate system used
during the experiments and the gait phases is
shown in Figure 6.

2.5 Data processing

Marker data was measured with the Qualysis
Track Manager (Version 2020.2). Afterwards,
this data was imported in MATLAB (R2020a,
MathWorks). The marker and force data were

filtered with a 20 Hz low pass Butterworth fil-
ter. The motor and Qualysis data were synchro-
nized using an analog synchronisation signal.
The Qualysis motion data was added in Open-
Sim (4.1, Simbios) for scaling a generic muscu-
loskeletal model to the subjects. After scaling,
the inverse kinematic tool from OpenSim was
used to calculate joint angles and the CoM po-
sition. In addition, the analyze tool in Open-
Sim was used to calculate CoM velocity, CoM
acceleration, angular orientation, angular veloc-
ity and acceleration of the body segments. The
Whole Body Angular Momentum (WBAM) is
obtained with the formula given by Herr et al.:

−−−−−→
WBAM =

22∑
i=1

[−→r i
CoM −−→r CoM×

mi(
−→v i −−→v CoM ) +

↔
I
i−→ω i][16] (1)

The WBAM is calculated, by equation 1, as the
sum of the angular momentum around the CoM
of each body segment (using 22 segments). The
−→r CoM is the position of the CoM and −→v CoM

is the CoM velocity of the total body. −→r i
CoM

and −→v i represent the CoM position and CoM
velocity, respectively, for each segment. mi is
the mass of the corresponding segment and the
↔
I
i

and −→ω i are the inertia tensor and angular
velocity about the segments CoM, respectively.
[16]

Figure 6: The used coordinate system and abbreviation
for moments within one gait cycle. TOR = Toe of right,
HSR = Heel strike right, TOL = Toe of left, HSL, Heel
strike left

Table 1: Experiment trials. Negative magnitudes corresponds to backward perturbations and positive magnitudes
to forward perturbations. The magnitude of the perturbation is a percentage of the body weight. Trials 101-102 are

performed with normal walking speed and trials 103-104 with slow walking speed.

Trial Pelvis magnitude (%) Upper body magnitude (%)

101 0 0

102 [ -4, -8, -12, -16, 4, 8, 12, 16] = -pelvis

103 0 0

104 [ -4, -8, -12, -16, 4, 8, 12, 16] = -pelvis
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2.6 Data analysis

The collected data were analysed in two steps.
First, we looked at the effect of the perturba-
tions on the linear and angular momentum, us-
ing the variables CoMv and WBAM over the
entire gait cycle. In the second step, the bal-
ance strategy was investigated with an analysis
of the moment arm, GRF and CoP-CoM dis-
tance. The moment arm with respect to the
CoM illustrates the generated moment by the
GRF (in sagittal plane). The moment arm is
obtained by taking a line through the CoM and
perpendicular to the GRF vector (as seen in Fig-
ure 3). For this calculation, we used the GRF in
AP and vertical direction and the distance from
CoP to CoM in AP direction. See Figure 3 for
clarity over the calculated moment arm. After
analysing the moment arm, we looked into the
GRF and CoP-CoM distance, both in AP direc-
tion. All three variables were analysed at three
moments within the first half gait cycle: EndP
(end of the perturbation), Mid (between EndP
and HSR) and HSR. The following abbreviations
are used in the analysis: MA-EndP, MA-Mid,
MA-HSR, CC-EndP, CC-Mid, CC-HSR, GRF-
EndP, GRF-Mid, GRF-HSR. Boxplots are gen-
erated for the moment arm and GRF at each
moment to show the measured distribution. The
CoP-CoM distance is graphed in the transverse
plane, using the distances in AP and ML direc-
tion.

2.7 Statistical analysis

The statistical analysis was performed with the
use of a linear mixed model. To test the effect
of the perturbation, we investigated if there is

a linear relationship between the variables and
the perturbation magnitude. To test linearity,
the perturbation magnitudes are selected as co-
variate. Before adding the perturbation mag-
nitudes as covariate, we separated the pertur-
bations in four negative and four positive per-
turbations. The following variables were tested
one by one in the linear mixed model: the mo-
ment arm, the GRF in AP direction and the
CoP-CoM distance in AP direction. We took
the mean of all measurements from each vari-
able at three moments: EndP, Mid and HSR.
First, the fixed effect model was built using the
perturbation magnitude. Second, the random
effect with including intercept was added for the
previous mentioned fixed effect (perturbation
magnitude), to allow variation between subjects.
The statistical effect is calculated, separately,
for normal and slow walking speed. We speak
of statistical significance at the value p < 0.05.
SPSS statistics 27 (IBM Corporation, Armonk,
NY, USA) was used for the statistical analysis.

3 Results

The results are separated into two sections: the
validation of the experiment and the balance re-
covery strategy. In the first section, the effect
of applying upper body and opposite pelvis per-
turbations on the angular and linear momentum
are observed. Thereafter, we focus on the bal-
ance recovery strategy after the applied pertur-
bations.

Figure 5: Center of Mass velocity in x direction at two different walking speeds. Data is plotted for the first
gait cycle after perturbation. EndP represents the end of the perturbation. The perturbations magnitudes are shown
in the legend as percentage of body mass. Positive (forward) perturbations corresponds to positive upper body and
negative pelvis perturbations, vice versa for negative (backward) perturbations.
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Figure 7: Whole Body Angular Momentum around z-axis at two different walking speeds. Plotted data of
the first gait cycle after perturbation. EndP represents the end of the perturbation. The perturbations magnitudes are
shown in the legend as percentage of body mass. The perturbations magnitudes are shown in the legend as percentage
of body mass. Positive (forward) perturbations corresponds to positive upper body and negative pelvis perturbations,
vice versa for negative (backward) perturbations.

3.1 Validation of the experiment

In the experiment, we applied the two opposite
perturbations during walking to achieve a mini-
mal linear momentum change. To validate this,
the center of mass velocity (CoMv) is observed.
Thereafter, the whole-body angular momentum
is analysed to verify the effect of the perturba-
tions.

3.1.1 Linear momentum

The perturbations minimally affect the CoMv.
The amount of change in the CoMv depends
on the perturbation magnitude, which can be
observed in Figure 5. The CoMv is affected
mostly during the perturbation (from TOR to
EndP). In this phase, we see an increase in
CoMv during forward perturbations and a de-
crease in CoMv during backward perturbations.
For both perturbation directions applies: the
greater the magnitude of the perturbation, the
greater the CoMv change. In the normal walk-
ing speed graph, we see during backward per-
turbations a strong descent to a smaller CoMv.
At the same moment, the CoMv of the for-
ward perturbations increases but to a lesser ex-
tent compared to the backward perturbations.
While, the CoMv change after forward and
backward perturbations during slow walking are
more equal. Both walking speeds resolve the
change of CoMv within the gait cycle (the base-
line CoMv is reached) but the reaction of the
perturbation from TOR to HSR differs. In ad-
dition, the normal walking speed fluctuates, in
general, more over the total gait cycle compared
to the slow walking speed.

3.1.2 Angular momentum

The perturbations cause a change in WBAM
directed backwards or forward, depending on
perturbation direction. It is visible that the
WBAM is mainly affected by the perturbation
from TOR (start of perturbation) to TOL, as
shown in FIgure 7. Backward perturbations re-
sult in backward angular momentum and for-
ward perturbations result in forward angular
momentum during the perturbation. However,
this reverses short after the perturbations. The
backward perturbations cause a forward angu-
lar momentum while the forward perturbations
cause a backward angular momentum. Just
like what happened at the CoMv: the greater
the perturbation magnitude, the greater the
change in WBAM. In general, the slow walking
speed graph shows a marked greater change in
the WBAM concerning the perturbation mag-
nitudes when compared to that of the normal
walking speed. Also, the flow of the WBAM
baseline data during slow walking speed fluctu-
ates more compared to normal walking speed
baseline data. For both speeds, we observe that
the change in WBAM is mostly solved at TOL.

3.2 Balance recovery strategy

In this, second, section we analyse the balance
recovery strategy after perturbing the angular
momentum at the two walking speeds. We saw
in the previous section (Validation of the exper-
iment) that the perturbation affects the balance
mainly in the first half of the gait cycle (from
TOR to TOL). After observing this, we will fo-
cus on the balance strategy only on this part of
the gait cycle. Therefore, the results are pre-
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Figure 8: Change in moment arm at EndP, between EndP and HSR (called ’Mid’) and HSR. The horizon-
tal line in the boxplot represents the median, the top edge of the box represents the 75th percentile and the bottom of
the box the 25th percentile. The vertical lines give an indication of the maximum and minimum value and the dots below
and under the boxplots represent outliers. The baseline value at the specific moment within the gait cycle is subtracted
from the perturbation data. The y-axis is normalized (using

√
leg length) and the x-axis represents the perturbation

magnitude. The p-value is shown for moment arms which are significant affected by perturbation magnitude. A double
asterisk (**) represent the statistics for slow walking speed. Baseline moment arm lengths: EndP 0.11 (normal) and 0.13
(slow), Mid 0.17 (normal) and 0.15 (slow) and HSR 0.28 (normal) and 0.19 (slow).

sented at the following three moments: EndP,
Mid (between EndP and HSR) and HSR. First,
we will look at the moment arm. Thereafter, the
GRF and CoP-CoM distance, both in AP direc-
tion, are visualised to give more insight into the
balance strategy.

3.2.1 Moment arm

No statistically significant linear relationship
(p<0.05) between moment arm and perturba-
tion magnitude is found for both perturbation
directions in the three moments. One exception
occurs at MA-EndP (p=0.003) for slow walk-
ing (statistical analysis results can be found
in Appendix 5.2). However, the moment arm
changes due to perturbations in the three mo-
ments, observe Figure 8. A increase or decrease
is visible in the MA-EndP in both perturbation
directions and for both speeds. Still, due to
overlapping values, no significance is found. At
MA-Mid, we observe that the moment arm af-
ter backward perturbations are almost equal to
the baseline moment arm. On the other hand,
the forward perturbations still affect MA-Mid
at this moment for normal walking speed, but
this is again not significant due to great variabil-
ity. MA-Mid after forward perturbations during
slow walking speed seems not affected, but the
variability is high. The MA-Mid and MA-HSR
both show no observable change after backward
perturbations. MA-HSR is increased more when

compared to MA-Mid after positive perturba-
tions during slow walking, which is odd. The
forward perturbations during normal walking
speed have a lasting effect on the moment arm
compared to backward perturbations. Observe
in Appendix Section 5.1 Figure 12 the moment
arm over the entire gait cycle.

Finally, it is important to compare the moment
arm changes in Figure 8 with the baseline mo-
ment arm lengths (see description in Figure 8).
MA-EndP lengths do increase for normal walk-
ing speed in greater quantities compared to MA-
EndP for slow walking speed. However, the
changes in MA-EndP length in both speeds do
not cause a change in moment arm direction.
Also at Mid And HSR, the changes in moment
arm do not provide for a shift in moment direc-
tion. The baseline MA-EndP, MA-Mid and MA-
HSR values are positive which means a back-
ward angular momentum is created.

3.2.2 CoP-CoM distance

To gain better insight into the moment arm, we
analyse the horizontal CoP-CoM distance in AP
direction for normal and slow walking speed.
The effect on the distance after forward and
backward perturbation is observable, see Figure
9 and 10. During normal walking, the pertur-
bation magnitudes in forward and backward di-
rection linearly absolute increase CC-EndP (for-

8



Figure 9: AP distance between CoP and CoM at EndP, Mid and HSR for normal speed. The colors
of the dots correspond to the legend in Figure 5. The black dot in the middle represents the CoM. The x and y-axis
are normalized (using

√
leg length). The statistical significant results are shown in the figure. Red and blue represent

forward and backward perturbations, respectively.

Figure 10: AP distance between CoP and CoM at EndP, Mid and HSR for slow speed. The colors of
the dots correspond to the legend in Figure 5. The black dot in the middle represents the CoM. The x and y-axis
are normalized (using

√
leg length). The statistical significant results are shown in the figure. Red and blue represent

forward and backward perturbations, respectively.

ward perturbation: p<0.001, backward pertur-
bation:p<0.001), CC-Mid (p=0.001,p<0.001)
and CC-HSR (p=0.001,p<0.001). However,
we observe that CC-EndP shows a less visible
change in distance after increasing perturbation
magnitude compared to CC-Mid and CC-HSR.
However, we see in all three moments that the
backward perturbations keep the length close to
baseline length while forward perturbations de-
crease the length. Slow walking shows almost
the same results, see Appendix Section 5.1 Fig-
ure 13. Here, the perturbation magnitudes sig-
nificantly affect CC-Mid (p<0.001,p=0.002) and
CC-HSR (p=0.001,p<0.001) after forward and
backward perturbations. Although, CC-EndP
shows that increasing backward perturbations

did not affect the distance (p=1.000). While
the forward perturbations did linearly decrease
CC-EndP. The statistical test can be explored
in Table 4 in Appendix 5.3.

3.2.3 Ground reaction force

At last, we observe the GRF in AP direc-
tion.Appendix Section 5.1 Figure 14 shows
the GRF in AP direction over the gait cycle.
At EndP, an increase (forward perturbations)
and decrease (backward perturbations) of GRF
change can be seen. Statistical analysis shows
that the absolute change in GRF-EndP magni-
tude is increasing with increasing perturbation
magnitude for normal and slow walking and
in both directions (forward: p<0.001, back-
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Figure 11: GRF in AP direction at EndP, Mid and HSR Boxplots are shown for slow walking speed (orange) and
normal walking speed (blue). Negative values represent backward directed GRF and positive values represent forward
directed GRF. The baseline value at the specific moment within the gait cycle is subtracted from the perturbation data.
Baseline GRF in AP direction values: EndP -34.20 N (normal) and -21.32 N, Mid 0.69 N (normal) and -4.96 N (slow)
and HSR 92.79 N (normal) and 31.64 N (slow). A asterisk (*) represent the statistics for normal walking speed and a
double asterisk (**) represent the statistics for slow walking speed.

ward: p=0.002). Shortly after, it is visible that
backward perturbations do not affect GRF-Mid.
Meanwhile, forward perturbations do result in
a change in GRF-Mid magnitude (p<0.001) but
only normal walking speed. GRF-Mid during
slow walking speed is not affected by pertur-
bation magnitudes in forward direction but the
variability is high. The GRF-HSR shows no in-
crease after increasing perturbation magnitudes
in forward direction. This observation is in
line with the results of the statistical test. The
backward directed perturbation magnitudes had
a significant effect on the GRF-HSR for normal
walking speed and not for slow walking speed.

The baseline GRF magnitudes are shown in the
description of Figure 11. AP directed GRF-
EndP baseline value is directed backwards for
both walking speeds. The GRF-EndP magni-
tude at the 16% perturbation are for both speeds
almost equal to the baseline value, which re-
sults in a GRF magnitude almost equal to zero.
Due to negative perturbations, GRF-EndP re-
sults in higher backward directed magnitudes.
GRF-Mid magnitude is very small for both
speeds. However, only forward perturbations
during normal walking speed do affect the GRF-
Mid significant, the direction remains forward.
The GRF-HSR baseline magnitudes are greater
compared to GRF-Mid and directed backward
in both walking speeds. Minimal changes due
to the perturbations cause no GRF-HSR direc-
tion shift.

4 Discussion

Ten experiments were conducted with healthy
subjects walking on a treadmill receiving up-
per body and opposite pelvis perturbations.
The experiments were performed at two walk-
ing speeds: normal (4.4 km/h) and slow speed
(1.6 km/h, a typical exoskeleton walking speed).
The opposite perturbations resulted in clear
changes in CoMv but minimally affected the
CoMv. In this study, we focused on the used
balance strategy to find balance after the per-
turbation. We found that there was no signif-
icant linear relation between increasing pertur-
bation magnitude and change in moment arm
for both perturbation directions and both walk-
ing speeds. Statistics showed that increased
perturbation magnitudes did affect the CoP-
CoM distance in AP direction at the moments
EndP, Mid and HSR for both speeds and both
perturbation directions. Furthermore, the GRF
in AP direction changed significantly due to per-
turbation magnitude at EndP for both walking
speeds.

4.1 Validation of the experiment

In both speeds, the CoMv is minimal affected
by perturbations from from TOR to EndP. The
duration of one gait cycle during the slow speed
is longer while the human reaction time of the
remains the same (417 ms [17]). In addition,
the duration of the perturbation remains the
same what ensures that the subjects has more
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time from EndP to HSR. This phase is valuable
to recover from the perturbation. The over-
all smaller magnitudes and fluctuations in the
CoMv plot at slow speed were likely the result
of the lower speed and longer gait cycle duration.

The applied pelvis perturbation is located closer
to the CoM compared to the upper body per-
turbation. Upper body perturbations cause an
angular displacement in the legs and trunk, and
pelvis perturbations only in the legs. [1] How-
ever, we applied upper body and pelvis per-
turbations but in opposite the direction. The
generated angular displacement in legs are in
opposite direction. At the same moment, the
trunk makes an angular displacement due to
only upper body perturbations. The WBAM for
slow speed increased more compared to normal
walking speed. Bennett et al. found that the
walking speed and the WBAM are negatively
correlated, which explains the greater impact of
the perturbations on slow walking speed [18]. In
addition, the stiffness of the joints and muscles
increase at higher walking speeds which ulti-
mately affect the WBAM results [19]. A higher
joint stiffness minimizes the joint movement [20]
and, because the WBAM represents the rota-
tional momentum of all segments, this affects
the total WBAM [21].

Focusing on both WBAM and CoMv, we first
saw that the forward perturbations give a higher
CoMv and an increasing WBAM in forward di-
rection during the perturbation. Secondly, the
backward perturbations result in a lower CoMv
and backward angular momentum during the
perturbation. After the perturbation, the ef-
fect of the perturbation direction changes the
WBAM in opposite direction than during the
perturbation. This shift in WBAM is caused by
the balance strategy.

4.2 Balance recovery strategy

A moment arm means that an angular momen-
tum is created. The baseline MA-EndP for
both walking speeds is positive which equals a
backward angular momentum. After the per-
turbations in forward direction, the MA-EndP
increases and also the magnitude of these back-
ward angular momentum, despite the great
variability. However, the backward perturba-
tions decrease the magnitude of angular mo-
menta. This causes, at a perturbation mag-

nitude of 0.16, an angular momentum almost
equal to zero for the normal walking speed. MA-
Mid is already less affected by perturbations, a
backward perturbation is generated due to the
positive baseline MA-Mid. Contrary, MA-Mid
shows that the backward angular momentum in-
creases for normal walking speed after forward
perturbations. Finally, the forward perturba-
tions affect again MA-HSR and therefore also
the angular momentum in both walking speeds.

The relation between the moment arm and
WBAM can be recognized, observing Figure
7. At EndP, the angular momentum increased
in backward or forward direction, dependent
on the perturbation direction. After EndP, the
body reacted to the perturbation. Here, a small
overcompensation in the WBAM occurred in
the opposite direction of the WBAM result dur-
ing the perturbation.

The backward angular momentum was usually
generated by a large net joint moment from
the hip extensor and a small net joint moment
from the knee extensor or flexor by activation of
the hamstrings and gluteus maximus [10]. For
forward angular momentum, a small net joint
moment from the hip extensor or flexor and a
large net force moment from the knee exten-
sor are generated by activation of the rectus
femoris, the hip flexor and the gluteus max-
imus [10]. We suggest that the activity of the
mentioned muscles for forward and backward
angular momentum are largely affected during
the perturbation. During walking, biarticular
muscles (hamstrings and rectus femoris) stabi-
lize the trunk [22] and are also heavily involved
in recovering balance after receiving perturba-
tions on the upper body during standing still.
[23] Furthermore, we already discussed that up-
per body perturbations cause a change in the
angular momentum around the hip and legs.
These findings combined suggest that the two
biarticular muscles are important in balance
recovery in this experiment. To gain a better
understanding of the effect of the perturbations
on muscle activity, studies with EMG measure-
ments need to be carried out. Such a new study
could potentially confirm the suggested obser-
vations in muscle activation during disbalance.
Additional, the exoskeleton needs to understand
the intention of the user and needs to provide
required assistance. The estimation of joint
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torques, using muscle activation from EMG,
can achieve this goal. Exoskeleton will then as-
sist the users, which enables to perform tasks
but also to decrease the muscle effort. [24]

Vlutters el al. [3] found that the CoP-CoM dis-
tance in AP direction is linearly related to the
horizontal CoMv at HSR and TOL after pertur-
bation. This relation was observed in the case of
applying AP pelvis perturbations at TOR. [3].
Although the goal of the present study, was to
reach minimal CoMv change, the perturbations
did still affect the CoMv a bit. In a response to
this (and taking into account the relation found
by Vlutters et al.), there is a significant relation
between the CoP-CoM distance in AP direction
and perturbation magnitudes at EndP, Mid and
HSR (Figure 9 and 10). In this study, we only fo-
cused on the CoP-CoM distance in AP direction
because it affects the moment arm. Although,
we observed that the CoP-CoM distance in ML
direction is also affected by the perturbations
(see Figures 9 and 10). However, no statisti-
cal test has been conducted for this variable to
test the linear relation with the perturbation
magnitudes. In further research, it would be in-
teresting to investigate the effect of perturbing
the angular momentum in AP direction on the
CoP-CoM distance in ML direction. This would
give information about the adjustment in the
steps during walking and therefor the possibly
occurring disbalance in ML direction.

In general unperturbed walking, the GRF varies
within the gait cycle [25]. The increasing back-
ward directed GRF-EndP in AP direction after
backward perturbations means that an angular
impulse is created in forward direction. This
results in an increasing angular momentum.
Forward perturbations caused a decreased the
backward GRF-EndP. This results in a decreas-
ing angular momentum in forward direction.
The backward perturbations provide a greater
forward angular momentum than forward per-
turbations. Observe these angular momentum
shift after EndP in Figure 7. These findings in-
dicate that the human reacts directly after the
perturbation by adapting the GRF. Changing
the angular momentum (by GRF) counteracts
the minimal affected CoMv, which brings the
perturbed CoMv near the baseline CoMv. Be-
sides, this also explains the change in angular
momentum since the GRF affects the angular

acceleration. The moment between EndP and
HSR points out that GRF after forward per-
turbations linearly increases with perturbation
magnitude during normal speed, causing a back-
ward angular momentum. At this moment, the
WBAM after the positive perturbations is, be-
cause of this change in GRF, closer to the base-
line WBAM. The angular momentum at HSR is
minimally affected by perturbation magnitude.
A small but significant trend is visible at the
backward perturbation for slow walking. This
indicates that the body is still recovering from
the disbalance.

Summarizing, we found that a perturbed an-
gular momentum affects the WBAM. During
the perturbation, the GRF AP direction is af-
fected causing an increase or decrease in angular
momentum. After the perturbation, the AP di-
rected GRF is in opposite direction than the
GRF during the perturbation which created an
angular momentum in opposite direction. This
results in an angular momentum closer to the
baseline, giving that the body recovers from the
disbalance.

The differences between the two walking speeds
in the three moments can, firstly, be related
to the reaction time [17]. The duration of the
gait cycle is larger in slow walking, which leads
to more time to think of how how to adapt to
the disbalance. This could be the cause of the
longer-lasting effect of the perturbation for nor-
mal walking speed in the moment arm and in the
GRF compared to slow walking speed (Figures 8
and 11). Secondly, the stiffness of joints depend
on the muscle activation, the joint angle and the
displacement amplitude of the joint [26]. During
normal walking speed, a higher GRF magnitude
can be observed (see baseline GRF magnitudes
in the description of Figure 11), induced by
larger muscle activation and therefore a greater
joint stiffness. However, we observe between the
two walking speeds no remarkable differences in
GRF change due to perturbations. Besides the
GRF, the WBAM also differs between the two
walking speeds. The higher absolute WBAM
and the smaller GRFs during slow walking com-
pared to normal walking speed, show that the
stiffness of joints are smaller in slow walking
speed. In the current study, we focused on the
balance strategy after perturbing the angular
momentum during two walking speeds. How-
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ever, the goal was not to statistically compare
the balance strategies between the two walk-
ing speeds. In further research, this statistical
analysis would provide more insight into the dif-
ferences in recovering from a perturbed angular
momentum between normal and slow walking
speed.

The backward and forward perturbation affect
the balance strategy in different way. Looking
back at the WBAM in Figure 7, the backward
perturbations affect the WBAM more from the
end of perturbation to HSR during both walking
speeds compared to forward perturbations. It is
known that after backward perturbations, the
risk of falling is higher than after forward per-
turbations. [10] Backward instability is partly
caused by the limited ability to adapt the CoP
in the posterior direction compared to the ante-
rior direction. [27] This results in favouring the
stepping strategy instead of the ankle and hip
strategy (which are less energy-consuming). [28]
This instability after backward perturbations is
reflected in the WBAM. Furthermore, the back-
ward and forward falling direction activate multi
joints in opposite directions. A forward move-
ment uses ankle plantar flexor, knee flexor and
hip extensor net joint moments to neutralize
the disbalance. The backward movements finds
balance using the ankle plantar flexor, knee ex-
tension and hip flexion net joint moments. [10]
The differences in hip and knee movement indi-
cate that the activation of muscles are different
for forward and backward falling. [10] Again,
these findings can be further elaborated with
EMG measurements. It is important that the
human-like controller of the exoskeleton must
adapts its assistance to perturbation direction.
[29]

Ultimately, the goal is to implement these bal-
ance strategies in the human-like controller of
the exoskeleton. The exoskeleton assists the pa-
tient as needed. This means that the exoskele-
ton has to detect in real time the moment of
balance loss. After this moment is detected, the
exoskeleton will assist the patient with tasks.
Estimation of CoM and angular momentum in
the control of the exoskeleton is important. [30]
This study investigates only the perturbed angu-
lar momentum. Studying the balance loss after
perturbing the angular momentum will help the
exoskeleton to provide appropriate assistance.

[29] Future studies, focused on the balance strat-
egy after perturbing the angular momentum,
could consider to evaluate EMG measurement
of the muscles which are involved in finding bal-
ance.

4.3 Limitations

The present study has several limitations. Dur-
ing the experiments, the subjects needed to be-
come accustomed to the treadmill and walking
speeds. At the beginning of the experiment, the
subjects seemed to walk with stiffer arms com-
pared to normal walking over ground and also
compared to the last trials of the experiment.
This may affect the motion of the body after per-
turbations, as stiffness affects joint movements.
[21]. This limitation also affects the measured
displacement of segments (CoM), rotations of
the body (WBAM) and ground reaction forces
(GRF). Allowing arm movements during the ex-
periments is related to the envisioned end goals,
as humans walking in exoskeletons could also
use arm movement. Therefore, knowledge of
the balance strategy of the human with arm
movement is relevant. During the experiments
of the current study, perturbations are given at
TOR, and the results above are only relevant for
perturbations at this specific moment. However,
we expect that applying the same perturbation
at TOL would result in equal balance strate-
gies under the assumption of a symmetric gait
pattern. Nowadays, perturbing the angular mo-
mentum is not investigated at other moments
within the gait cycle. Performing these pertur-
bation at different moments would lead to more
knowledge about the balance strategy.

4.4 Conclusion

Simultaneous perturbations on the upper body
and pelvis but in opposite direction caused an
affected WBAM and minimal change in CoMv.
We analysed the moment arm, the CoP-CoM
distance in AP direction and the GRF in AP
direction. The perturbations caused a greater
backward angular momentum during backward
perturbation and greater forward angular mo-
mentum during forward perturbations. Af-
ter the perturbation, the GRF (AP directed)
changes its direction in the opposite direction.
This new opposite created angular momentum
solves the disbalance in WBAM. In addition, the
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disbalance is mainly solve in the first half gait
cycle. Future studies are necessary to investi-
gate which muscles are involved in the balance
strategy. A better understanding of the balance
strategies may contribute to a better human-like
controller for the exoskeleton.
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Table 2: Glossary

Abbreviation Meaning

AP Anteroposterior

BoS
Base of Support: The area on the floor between and under the contact points of the
person with the ground

CC CoP-CoM distance
CoM Centre of Mass: the virtual mass point of a human
CoMv Centre of Mass velocity.
CoP Centre of Pressure: point of application of the GRF
EndP End of the perturbation
GRF External force exerted by the ground on the human body
MA Moment arm
Mid Moment in gait cycle between EndP and HSR
ML Mediolateral
XCoM Extrapolated centre of mass. Indicator for stable walking.
WBAM Whole Body Angular Momentum: the angular momentum around the CoM
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PhilippeSoù Eres. Estimating the Center of
Mass and the Angular Momentum Deriva-
tive for Legged Locomotion-A recursive
approach. IEEE Robotics and Automation
Letters, 2019(4):4155–4162.

17



5 Appendix

5.1 Moment arm, GRF and CoP-Com distance over the gait cycle

Explanation about the Figures 12, 14 and 13: Solely the left foot data is graphed because we analyse
only the first half gait cycle in this study. At HSR, the right foot is just on the ground what gives
inaccurate values. This makes the left foot more valuable to use for the analysis at HSR. In addition,
the two double support phases, HSR-TOL and HSL-TOR, represent only left foot values.

Figure 12: Moment arm over the gait cycle. Only the values of the left foot are used. See Appendix 5.1 for a
better explanation.
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Figure 13: CoP-CoM distance in AP direction over the gait cycle. Only the values of the left foot are used.
See Appendix 5.1 for a better explanation.

Figure 14: GRF in AP direction over the gait cycle. Only the values of the left foot are used. See Appendix 5.1
for a better explanation.
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5.2 Mixed linear model moment arm

Table 3: Mixed linear model statistical analysis of the moment arm. The moments EndP, Mid and HSR
during both walking speed are tested. The perturbation magnitudes are separated into two groups: the positive and
negative perturbations, as explained in the statistics section.

Estimate ± Std. Error t(df) p (Sig.)

EndP, normal

Negative -2.215 ± 1.779 -1.25(43) 0.220
Positive 1.770 ± 1.377 1.29(35) 0.207

EndP, slow

Negative 6.038 ± 1.879 3.21(35) 0.003
Positive -1.601 ± 1.286 -1.25(12.73) 0.236

Between EndP and HSR, normal

Negative 0.991 ± 2.060 0.48(10.97) 0.640
Positive -0.507 ± 1.954 -0.26(9.89) 0.801

Between EndP and HSR, slow

Negative -1.605 ± 1.864 -0.86(14.78) 0.403
Positive 2.108 ± 1.847 1.14(34.77) 0.262

HSR, normal

Negative 0.931 ± 1.401 0.67(8.56) 0.523
Positive -0.946 ± 1.764 -0.54(8.24) 0.606

HSR, slow

Negative -2.149 ± 1.229 -1.75(9.50) 0.112
Positive -0.179 ± 0.971 -0.19(9.26) 0.857

5.3 Mixed linear model CoP-CoM

Table 4: Mixed linear model statistical analysis of the CoP-CoM distance. The moments EndP, Mid and
HSR during both walking speed are tested. The perturbation magnitudes are separated into two groups: the positive
and negative perturbations, as explained in the statistics section.

Estimate ± Std. Error t(df) p (Sig.)

EndP, normal

AP direction: negative -0.349 ± 0.071 -4.89(33.41) <0.001
AP direction: positive 0.292 ± 0.077 3.82(41.00) <0.001

EndP, slow

AP direction: negative -0.421 ± 0.097 -4.34(0.00) 1.000
AP direction: positive 0.341 ± 0.083 4.12(33.05) <0.001

Mid, normal

AP direction: negative -0.337 ± 0.067 -5.01(33.50) <0.001
AP direction: positive 0.246 ± 0.065 3.80(33.45) 0.001

Mid, slow

AP direction: negative -0.336 ± 0.100 -3.35(35.00) 0.002
AP direction: positive -0.358 ± 0.084 -4.28(195249.69) <0.001

HSR, normal

AP direction: negative -0.275 ± 0.059 -4.68(33.35) <0.001
AP direction: positive 0.216 ± 0.058 3.73(33.37) 0.001

HSR, slow

AP direction: negative -0.362 ± 0.077 -4.70(33.48) <0.001
AP direction: positive 0.293 ± 0.077 3.80(33.18) 0.001
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5.4 Mixed linear model GRF

Table 5: Mixed linear model statistical analysis of the GRF in AP direction. The moments EndP, Mid and
HSR during both walking speed are tested. The perturbation magnitudes are separated into two groups: the positive
and negative perturbations, as explained in the statistics section.

Estimate ± Std. Error t(df) p (Sig.)

EndP, normal

AP direction: negative 126.796 ± 28.449 4.46(8.78) 0.002
AP direction: positive 156.45 ± 18.993 8.24(8.85) <0.001

EndP, slow

AP direction: negative 220.612 ± 49.65 4.44(8.11) 0.002
AP direction: positive 113.81 ± 19.68 5.78(8.89) <0.001

Between EndP and HSR, normal

AP direction: negative 19.981 ± 20.032 0.99(9.80) 0.343
AP direction: positive 152.503 ± 25.389 6.01(8.04) <0.001

Between EndP and HSR, slow

AP direction: negative -28.461 ± 22.189 -1.28(8.68) 0.233
AP direction: positive 11.480 ± 41.84 0.28(8.04) 0.789

HSR, normal

AP direction: negative 43.908 ± 17.874 2.46(8.77) 0.037
AP direction: positive -21.623 ± 12.990 -1.67(35.44) 0.105

HSR, slow

AP direction: negative -29.150 ± 14.235 -2.35(8.71) 0.072
AP direction: positive -17.482 ± 9.387 -1.86(7.93) 0.100
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