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ARTICLE INFO ABSTRACT

Dataset link: http://dx.doi.org/10.4121/21370 Spatiotemporal gait characteristics change during very slow walking, a relevant speed considering individuals
095 with movement disorders or using assistive devices. However, we lack insights in how very slow walking
Keywords: affects human balance control. Therefore, we aimed to identify how healthy individuals use balance strategies
Human balance while walking very slow. Ten healthy participants walked on a treadmill at an average speed of 0.43ms™!,
Gait while being perturbed at toe off right by either perturbations of the whole-body linear momentum (WBLM) or
Very slow walking angular momentum (WBAM). WBLM perturbations were given by a perturbation on the pelvis in forward or
Whole-body angular momentum backward direction. The WBAM was perturbed by two simultaneous perturbations in opposite directions on the
Centre of pressure modulation pelvis and upper body. The given perturbations had magnitudes of 4, 8, 12 and 16 % of the participant’s body
Ground reaction force vector weight, and lasted for 150 ms. After perturbations of the WBLM the centre of pressure placement was modulated
using the ankle joint, while keeping the moment arm of the ground reaction force (GRF) with respect to the
centre of mass (CoM) small. After the perturbations of the WBAM a quick recovery was initiated, using the
hip joint and adjusting the horizontal GRF to create a moment arm with respect to the CoM. These findings
suggest no fundamental differences in the use of balance strategies at very slow walking compared to normal
speeds. Still as the gait phases last longer, this time was exploited to counteract perturbations in the ongoing
gait phase.

1. Introduction

Healthy individuals have an excellent ability to maintain balance.
Many researchers explored human balance strategies to handle external
perturbations during standing and walking (Madehkhaksar et al., 2018;
Martelli et al., 2016; van Mierlo et al., 2022; Rietdyk et al., 1999;
Vlutters et al., 2016; Young et al., 2012). However, little is known about
the use of these strategies during very slow walking (< 0.63ms~!), this
is a relevant speed considering individuals with movement disorders
or using assistive devices (Nymark et al., 2005). Nowadays, individuals
with a spinal cord injury using a powered lower limb exoskeleton have
an average walking speed of about 0.26 ms~! (Louie et al., 2015; Miller
et al., 2016). At this low speed, various gait characteristics have shown
changes, compared to normal walking (Smith and Lemaire, 2018; Otter
et al., 2004). The use of balance recovery strategies might therefore
change as well. To assist balance during very slow walking, a better
understanding is needed of human balance strategies while walking at
this low speed.

Spatiotemporal gait characteristics change when walking very
slow (Lu et al.,, 2017; Smith and Lemaire, 2018; Wu et al., 2019).
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Step time, stride time and the time spent in double support (DS)
increase (Wu et al.,, 2019). For example, when slowing down from
1.25ms™! to 0.63ms~! the time spent in DS doubles (Vlutters et al.,
2016). Step lengths become shorter and the mediolateral (ML) centre
of mass (CoM) excursion increases (Lu et al., 2017; Wu et al., 2019).
Some of these characteristics are linear related to walking speed, also
at very low speeds. However, an inflection point was found around
0.5ms! for stride-, step-, stance- and DS time, presenting a stronger
negative slope for the very low speeds (Smith and Lemaire, 2018). For
walking speeds below 0.28 ms~!' the muscle activity of the peroneus
longus and rectus femoris muscles increases again Otter et al. (2004)
and also frontal plane ankle and hip joint moments increased again
during very slow walking (Best and Wu, 2020). A possible explanation
is that there is a higher demand on our muscles in order to maintain
postural stability, to counteract gravity during the elongated swing
phases and to compensate for a decreased ML margin of stability at this
low walking speed (Otter et al., 2004; Best and Wu, 2020). It remains
unclear whether our balance responses also change when walking very
slowly.

0021-9290/© 2023 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/).


https://www.elsevier.com/locate/jbiomech
http://www.elsevier.com/locate/jbiomech
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
http://dx.doi.org/10.4121/21370095
mailto:m.vanmierlo@utwente.nl
https://doi.org/10.1016/j.jbiomech.2023.111580
https://doi.org/10.1016/j.jbiomech.2023.111580
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jbiomech.2023.111580&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. van Mierlo et al.

Nomenclature

AP Anteroposterior

BLP Backward linear perturbation
BPP Backward pitch perturbation
CoM Centre of mass

CoP Centre of pressure

DS Double support

EndP End perturbation

FLP Forward linear perturbation
FPP Forward pitch perturbation
GRF Ground reaction force

HSL Heel strike left

HSR Heel strike right

ML Mediolateral

QTM Qualisys track manager
TGRF—CoM Moment arm of the GRF with respect to the CoM
SS Single support

TOL Toe off left

TOR Toe off right

WBAM Whole-body angular momentum
WBLM Whole-body linear momentum

Whether slow walking increases or decreases stability compared
to normal speeds is an open discussion (Bruijn et al., 2009; Dingwell
and Marin, 2006; Reimann et al., 2018; Best and Wu, 2020; Hak
et al., 2012). Reimann et al. (2018) suggest that increasing the cadence
increases safety, because it shortens the falling phase between steps.
This suggests that walking with a low cadence, which is usually the
case for very slow walking, might decrease safety. The strategy of
increasing cadence was shown by Hak et al. (2012) by applying ML
treadmill perturbations. When balance was challenged, the participants
continued walking with a higher step frequency, while walking speed
did not increase since step length decreased (Hak et al., 2012). After
ML pelvis perturbations individuals relied more on a hip strategy
when walking very slow (0.4ms~!), compared to walking at 0.8 ms~".
Also, the use of a stepping strategy did not seem to be involved as
much as during the faster walking speed (Matjacic et al., 2019). After
AP pelvis perturbations healthy individuals have shown to follow the
constant offset control of a simple linear inverted pendulum model
during walking at 1.25ms™! and even better at 0.63ms~! (Hof, 2008;
Vlutters et al., 2016). All these findings show that there is not one clear
conclusion whether the ability of maintaining balance is decreased or
increased by adjusting walking speed.

The above described pelvis perturbations result in a change of
the whole-body linear momentum (WBLM). However, these are not
the only type of perturbations we can encounter, other perturbations
could also result in a change of the whole-body angular momentum
(WBAM). The theoretical options to recover the WBLM and/or WBAM
by modulations of the ground reaction force (GRF) direction and/or
centre of pressure (CoP) are presented in Fig. 1. Previous research
already showed some fundamental differences and priorities in balance
recovery from perturbations of the WBLM and WBAM during walking
at low and/or normal speeds (Vlutters et al., 2016; van Mierlo et al.,
2022). Recovery of the WBAM is prioritized over WBLM regulation and
achieved by modulations of the GRF direction directly after perturba-
tions of the WBAM given at toe off right (TOR) (van Mierlo et al.,
2022). Recovery from perturbations of the WBLM given at TOR was
achieved through modulations of the CoP. These were achieved via
ankle joint modulations since foot placement was not adjusted (Vlutters
et al., 2016, 2018).
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Fig. 1. Options for recovery of the WBLM and/or WBAM. A default configuration is
presented in yellow, and the effects of GRF direction and/or CoP modulations are
presented in green. a) CoP modulation: the more forward CoP results in an increase of
the rgrp_cop- This results in an increase of the WBAM. b) GRF direction modulation:
another method increasing the rgpp_c,), resulting in an increase of the WBAM. This
GRF direction modulation also changes the horizontal GRF, and thereby the WBLM
as well. ¢) Combining the GRF direction and CoP modulation: this can result in the
condition where the rgpp_c,y, remains similar and only the horizontal GRF changes,
and thereby the WBLM, but not the WBAM.

We aimed to identify how healthy individuals use balance strategies
after perturbations of the WBLM and WBAM during very slow walk-
ing at 0.44ms~!. This speed was selected because (van Hedel, 2009)
showed this to be a threshold for independent community ambulation
using an aid, such as a lower limb exoskeleton. For speeds below this
threshold, the aiding solution might not be preferred over a wheelchair.
With respect to normal walking, this very low walking speed increases
the time spent in DS and single support (SS). Therefore, we hypoth-
esized that a larger part of the recovery will already be done in the
phase directly after the perturbations given at TOR, which was SS in
our study. This results in the use of balance strategies that can be
specifically used during this phase, like the ankle and hip strategy.
We also hypothesized that minimal foot placement adjustments were
used at the following heel contact, since this was also not reported
for WBLM and WBAM perturbations during slow and normal walking.
Modulations of the CoP and GRF direction below the stance foot were
hypothesized to be similar to those reported during walking at low or
normal speeds.

2. Methods

Data was used from the same set of experiments performed for van
Mierlo et al. (2022), more details can be found in this paper.

2.1. Participants

Ten healthy volunteers (age 24 + 3 year) participated in the
study (van Mierlo et al., 2022). The EWI/ET ethics committee of the
University of Twente approved the experimental setup and protocol
with reference number RP 2019-88. All participants gave written
informed consent prior to the experiment in accordance with the
Declaration of Helsinki.
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2.2. Setup

The experiments were performed on a dual-belt instrumented tread-
mill (custom Y-Mill, Motekforce Link, The Netherlands). Two motors
(SMH60, Moog, The Netherlands) on the rear were used to apply
perturbations to the upper body and/or pelvis via horizontal rods
attached to braces worn by the participants. A safety harness was worn
to secure the participant in case of a fall. An admittance controller
(described in van der Kooij et al., 2021) was used to minimize the
interaction forces during walking and to track the desired forces at the
instant a perturbation was given.

2.3. Data collection

Kinematic data were recorded with an 8-camera Qualisys motion
capture system (Oqus 600+, Qualisys, Goteborg, Sweden). Ten rigid
bodies containing four reflective markers each and 33 single markers
were placed on the body segments and bony landmarks respectively.
Motion capture data was recorded at 128 Hz with Qualisys Track Man-
ager (QTM, Qualisys, Goteborg, Sweden). Via an analog interface 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 horizontal rods
were recorded at 1000 Hz 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 at a very low speed scaled
to their leg length (\/7 - 0.44ms~!). The experiment was divided into
three blocks. The first block consisted of 3 minutes unperturbed walking
to set a baseline. During the second and third block the participants
received either: 1) perturbations of the WBLM, consisting of a pertur-
bation on the pelvis (backward linear perturbation (BLP) and forward
linear perturbation (FLP)); or 2) perturbations of the WBAM, consisting
of two simultaneous perturbations of the same magnitude in opposite
direction on the pelvis and upper body (forward pitch perturbation
(FPP) rotating the upper body forward and backward pitch perturbation
(BPP) rotating the upper body backward). The order of the second and
third block was randomized between the participants. All perturbations
were given at the moment of TOR and lasted for 150 ms. The individual
perturbations had a magnitude of 4, 8, 12, or 16 % of body weight. Each
combination of magnitude and direction was repeated 6 times, resulting
in 48 perturbations per perturbation type (linear or pitch), which were
given in a completely randomized order. Between each perturbation
there was a random interval ranging from 3to 6 strides.

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, MathWorks).
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) for each participant. The OpenSim inverse kinematics,
inverse dynamics, and analyze tool were used to derive the joint
moments and CoM positions, velocities and orientations of the total
body and individual segments. The GRFs and moments were used to
calculate the CoP positions and the horizontal component of the GRF.
The moment arm (rggpr_con) Of the GRF was calculated with respect to
the whole-body CoM position. The WBAM was calculated with Eq. (1),
where i presents each body segment of the OpenSim model, x!

CoM
and xc,), the position of each ith segment and the whole-body CoM
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respectively, m; each ith segment’s mass, xiCoM and xc,,, the velocity
of each ith segment and the whole-body CoM respectively, I' each
ith segment’s inertia tensor, 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 (AP) direction or about the ML
axis.
2
H = Y [y = Xcon) X MGy, = Xcop) + '] €h)
i=1

All measures were scaled for the individual participants using a
scaling factor based on the participant’s leg length, mass and/or height
(depending on the measure), making the values dimensionless (Hof,
1996). To bring the values back to the original order of magnitude,
the scaled measures were multiplied with a measure-specific scaling
factor calculated from the average leg length, mass and/or height over
all participants. All measures were 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 to 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 SS, between EndP
and the instant the measure crossed the baseline value (if this latter
occurred). The WBLM is the body’s mass times the velocity and since
the mass does not change we used the linear CoM velocity and the
indicator of WBLM. Another outcome measure was the relationship
between the CoM velocity at heel strike right (HSR) as an independent
variable and the distance between the CoP and CoM at toe off left
(TOL) as a dependent variable, since this relationship has shown good
predictive values before during higher walking speeds (Vlutters et al.,
2016). Linear least squares fits were made to examine this relationship.
To analyze whether the perturbations affected foot placement, the AP
distance was taken between the CoM and the lateral malleolus of the
right foot at HSR. The last outcome measures were the durations of
the first SS and DS after the perturbation. Averages were taken over all
repetitions and participants.

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 based on a maximum-likelihood estimation
for each of the following outcome measures: WBAM, CoM velocity,
rori—com and CoP position with respect to the CoM, horizontal GRF,
joint moments of the left hip and ankle, foot placement at HSR and
gait phase durations of the first SS and DS. Separate models were made
for linear and pitch perturbations. The AIC, BIC and likelihood-ratio
test were used to select the final model structure (Bates et al., 2015).
The final structure included perturbation magnitude (continuous vari-
able) and perturbation direction (categorical variable) as fixed effects
together with their interaction. Random effects for the intercept and
slope were added to take into account the participant effects. Baseline
measurements were included in the models for gait phase duration. The
residuals were checked for normality and heteroscedasticity. The main
effects were tested with a significance 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. 2. Averaged time series of one gait cycle from TOR to TOR. The perturbation starts at the first TOR and ends at EndP. The data of the different perturbation magnitudes is
aligned at the start of the marked events: heel strike right and left (HSR, HSL) and toe of left (TOL). Shaded areas indicate DS. In the left column the results are presented of the
linear perturbations, with the BLP in blue and FLP in red. The right column presents the pitch perturbations with the FPP presented in blue and BPP in red. Unperturbed walking
is presented in gray with an area covering the standard deviation. The rggr_c,), and the CoP position are both taken with respect to the CoM.

3. Results

3.1. Perturbation effect

The two different perturbation types (linear and pitch) and direc-
tions (forward and backward) affected the WBAM and WBLM differ-
ently. The linear perturbations significantly affected the CoM velocity
during SS directly after the perturbation (Figs. 2a & 3a), while the
WBAM was hardly affected by these perturbations (Figs. 2c¢ & 3b).
Details of all the statistical outcomes can be found in Table 1. As
intended the pitch perturbations had a significant effect on the WBAM
(Figs. 2b & 3b). The CoM velocity was also affected, however this
could also have been caused by a measurement artifact, since the total
external horizontal forces sum up to zero.

3.2. Balance recovery

A significant change in the horizontal GRF helped in recovering
from linear perturbations during SS, by increasing the backward GRF
in case of a FLP or increasing the forward GRF after a BLP (Figs. 2i
& 3e). This occurred together with a CoP shift (Figs. 2g & 3d), such
that the rggrp_c,n remained small (Figs. 2e & 3c). After perturbations
of the WBAM the horizontal GRF also changed significantly (Figs. 2j &
3e), but together with minimal changes of the CoP position (Figs. 2h &
3d). This created a significant change of the rggrp_con (Figs. 2f & 3c),
such that the GRF assisted in recovering the perturbed WBAM. Most
effects of the initial disturbance seems to be negated at the end of the
first DS after the perturbation. However, for the linear perturbations
deviations of the CoM velocity, CoP position and horizontal GRF were
still present throughout the whole gait cycle after the perturbation. At



M. van Mierlo et al.

Table 1
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Estimated model parameters and model fits of the linear mixed models for the different outcome variables and perturbation types (LP = linear
perturbations & PP = pitch perturbations). The default direction is either the backward perturbation for the linear perturbation type, and
forward pitch perturbation for the pitch perturbation type. All models except those for foot placement and the SS and DS duration had an
N-value of 80 (4 magnitudes, 2 directions and 10 participants). The models for foot placement and the SS and DS duration had an N-value of

100 (5 magnitudes, 2 directions and 10 participants).

CoM velocity (ms™)

Angular momentum (Nms) Moment arm rgrp_cop (M)

Fixed effect LP PP LP PP LP PP
Intercept 0.014 —-0.014 0.257 0.718 —0.001 0.000
Magnitude —-0.014 0.009 —-0.041 -0.535 —0.001 0.004
Direction -0.019 0.003 —-0.463 -0.676 0.000 0.009
Magnitude*Direction 0.027 -0.012 0.031 0.987 0.001 —-0.007
Model fit
R?-marginal 0.99 0.62 0.01 0.87 0.21 0.79
R?-conditional 0.99 0.67 0.22 0.87 0.80 0.82
CoP (m) Horizontal GRF (N) Hip joint moment (N m)
Fixed effect LP PP LP PP LP PP
Intercept -0.018 0.010 8.192 —8.852 4.914 -0.617
Magnitude —0.002 0.001 1.521 2.245 -1.144 —4.032
Direction 0.040 -0.013 —23.649 10.562 -7.532 4.224
Magnitude*Direction 0.004 0.001 -2.829 —-4.901 *** 1.911 7.326
Model fit
R?-marginal 0.94 0.20 0.79 0.56 0.55 0.98
R?-conditional 0.97 0.51 0.89 0.70 0.79 0.99
Ankle joint moment (N m) Single support time (s) Double support time (s)
Fixed effect LP PP LP PP LP PP
Intercept 21.805 10.602 0.482 0.492 0.305 0.292
Magnitude 2.600 —0.998 0.007 0.001 —0.003 —0.002
Direction -15.479 9.590 0.011 0.013 —-0.014 0.008
Magnitude*Direction -5.777 1.304 ** —-0.010 0.002 —0.001 0.000
Model fit
R%-marginal 0.95 0.33 0.35 0.05 0.21 0.09
R2-conditional 0.97 0.80 0.87 0.84 0.77 0.69
Foot placement (cm)
Fixed effect LP PP
Intercept 16.74 17.31
Magnitude 0.04 0.11
Direction 0.46 -0.63
Magnitude*Direction -0.23 —-0.34
Model fit
R?-marginal 0.08 0.18
R?-conditional 0.67 0.85

*The statistical significance of p<0.05.
**The statistical significance of p < 0.01.
***The statistical significance of p < 0.001.

HSR the first foot placement after the perturbation was only significant
affected for the BLP and FPP. The leading foot was placed closer to the
CoM (Table 1).

3.3. Hip and ankle joint contributions

Created moments of the hip and ankle joint contribute to achieving
the obtained changes in GRF, CoP and rgrp_con- The left ankle joint
strongly contributed to recovering from linear perturbations by apply-
ing a plantarflexion moment after the FLP and a dorsiflexion moment
after the BLP (Figs. 2m and 3g). A significant linear trend was observed
for the hip moments as well (Figs. 2k and 3f), but the deviations were
small. For the pitch perturbations an opposite pattern was observed.
The hip joint had a significant strong contribution (Figs. 21 and 3f). The
ankle joint was significantly involved as well after these perturbations,
however the slope was small and there was a large variation among the
participants (Fig. 3g).

3.4. CoM velocity relationships

Linear least square fits have been made to the four different pertur-
bation conditions (2x type and 2x direction) to see if the CoP position at
TOL was related to the CoM velocity at the previous HSR (Fig. 4). Only
for the FLP this resulted in a good relationship (y = 0.35x — 0.07, R? =
0.96). The slope of this line also approximates the average proportional-
ity constant over all participants: @~! = 0.31 s, defined as the reciprocal
of the eigenfrequency (Hof, 2008; Vlutters et al., 2016). For the BLP,
and even stronger for the pitch perturbations, there was not that much
variation (anymore) in the CoM velocity at HSR, resulting in the lack
of strength (R? < 0.9) for this relationship.

3.5. Gait phase durations

All perturbation conditions significantly affected the duration of the
SS and/or DS directly after the perturbation (Fig. 5 and Table 1). The
strongest effects were seen for the linear perturbations and during the
SS, which was the phase in which the perturbations were given. The
SS was prolonged for the BLP and shortened for the FLP. For both
these perturbation directions the SS was followed by a shortened DS.
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Fig. 3. Barplots presenting the maximum difference of the perturbed condition with
respect to baseline during SS for the different outcome measures. The left column
presents the results for the linear perturbations and the right column for the pitch
perturbations. The dots present the averages per participant. Fitted models are included
with a line if the perturbation magnitude or the interaction between thee perturbation
magnitude and direction had a statistically significant effect (p < 0.05) on the outcome
measure. The rgpr_c,) and the CoP position are both taken with respect to the CoM.

Changes in the gait phase durations where less prominent after the
pitch perturbations. The SS duration increased significantly for the BPP
and the FPP only showed a small but significant shortening of the DS
duration.

4. Discussion

We aimed to identify how balance strategies are used when walking
at a very low speed when either the whole-body linear or angular
momentum is perturbed in the sagittal plane. As hypothesized the
majority of the perturbation was rejected during the first SS after
the perturbation, especially for the pitch perturbations. Compared to
normal walking speeds, during very slow walking more time is spend
in each of the gait phases, allowing a further recovery earlier in the
gait cycle.

The BLPs concerned perturbations given in a direction opposite to
the walking direction. Therefore, more effort might have been used
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Fig. 5. Barplot presenting the gait phase durations of the first SS (top-row) and DS
(bottom-row) for the linear (left column) and pitch (right column) perturbations. The
dots indicate the averages for the individual participants. Lines are included if there was
a significant relationship (p < 0.05) between the perturbation magnitude and direction
and the gait phase duration.

in compensating for these disturbances, with respect to FLP (Martelli
et al., 2016). These perturbations resulted in an elongated SS duration,
along with a foot placement closer to the CoM. This entailed that also
a larger part of the disturbed CoM velocity could be recovered during
this phase, especially compared to similar perturbations at a low or
normal walking speed (Vlutters et al., 2018). Others have also shown
that backward pulls elicit a fast and strong balance response in terms
of muscle activations and generated joint moments (Misiaszek, 2003;
Vlutters et al., 2018). The increased duration of SS, was followed by a
reduced DS. This might be needed for continuing walking in the middle
of the fixed speed treadmill. However, similar results were reported
by Zadravec et al. (2017) during overground walking at 0.85ms~’,
suggesting that this was not just due to treadmill walking. Also for
low or normal speeds the DS phase did not decrease after similar
perturbations during treadmill walking in the study of Vlutters et al.
(2016). Even though the CoM velocity disturbance was restored quickly
and the deviations in the CoP position and horizontal GRF were small
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during the following DS, the ankle plantarflexion moment of the stance
leg was still reduced during this phase. This effect could also be seen
during slow and normal walking in the results of Vlutters et al. (2018).

FLPs increase the CoM velocity in the walking direction. If this
does not induce an acute risk for falling, there might be no need for
a quick and early recovery. A braking strategy was initiated during SS
by increasing the horizontal GRF in backward direction together with a
more forward positioned CoP with respect to the CoM. Since the CoM
velocity was not returned to the unperturbed condition at the end of
SS, this strategy was retained throughout DS, without foot placement
adjustment. For the braking strategy the DS phase could efficiently be
used because of the leading leg being able to create this backward
GRF (van Mierlo et al., 2021). Overall the strategies used after FLP
were quite similar to those reported during normal (1.25 ms~!) and slow
(0.63ms~!) walking (Vlutters et al., 2016, 2018).

The FPP and BPP provoked a quick response resulting in a GRF
passing anterior or posterior from the CoM respectively, helping in
counteracting the disturbed WBAM. This resulted in an overcompensa-
tion of the WBAM before HSR. This overshoot was gradually resolved
over the following DS. A similar strategy to counteract these pitch
perturbations was seen during walking with a normal walking veloc-
ity (van Mierlo et al., 2022). Very small adjustments were made to
the CoP position, while the horizontal GRF was adjusted by using
the hip joint of the stance leg. Unlike our hypothesis, the FPP did
result in a foot placement adjustment. After BPP at TOR the ankle
plantarflexion moment of the stance foot was reduced during very slow
walking, which was not the case for a normal walking speed (van
Mierlo et al., 2022). This might have reduced the propulsion resulting
in the elongated SS after these perturbations.

Only the FLP resulted in a detectable relationship between the CoM
velocity at HSR and the CoP position at the following TOL, like during
slow and normal walking (Vlutters et al., 2016). Compared to the other
perturbation conditions in our study, this was the only condition for
which there was still a deviation in the CoM velocity with respect to
baseline at HSR, which is needed to establish this relationship. Even
though there was no relationship between CoM velocity at HSR and
the CoP position at the following TOL for the other conditions, it
does follow the expectations according to the linear inverted pendulum
model. Since the pitch perturbations did not intent to perturb the CoM
velocity, also no change in CoP position was expected based on this
model (Hof, 2008; Vlutters et al., 2016). For the BLP the CoM velocity
was already recovered at HSR. If these perturbations would have been
larger or given at a different timing, a similar relationship is expected
to be found.

A point to be considered is that walking at a very low speed feels
unnaturally for healthy individuals. As reported by others as well,
it increases the variability of many spatiotemporal gait characteris-
tics (Wu et al., 2019). Probably because there is more thinking time,
it makes you more conscious, resulting in a higher variability. This
high variability is seen in the individual responses shown as the dots in
Fig. 3. Some of the participants seem to have used a different response.
Despite this effect, trends and balance recovery strategies could be dis-
tinguished that helped in recovering balance during very slow walking.
The use of a treadmill can be considered as another limitation, due
to the imposed walking speed. However, Zadravec et al. (2017) has
shown similar responses to pelvis perturbations given during treadmill
and overground walking. Finally, we only applied perturbations at
TOR. It is an open question whether the same effects will be seen for
perturbations given at other instances of the gait cycle.

Our findings revealed that strategies used during very slow walking
are similar to those used during walking at a normal or low veloc-
ity (van Mierlo et al., 2022; Vlutters et al., 2016, 2018). The current
results show a trend suggesting that also for walking very slowly, at
0.44ms~!, still the CoP modulation together with a modulation of the
GRF might be the most important recovery strategy after perturbations
of the WBLM. This was done by using an ankle strategy during SS
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and for FLP also during DS. Perturbations of the WBAM are mainly re-
stored from the hip joint and horizontal GRF adjustments without CoP
modulation. These findings might give opportunities for extrapolating
balance responses for different walking velocities. The results also
suggest that the established relationship between the CoM velocity at
HSR and CoP modulation in DS, based on the linear inverted pendulum
model, could be used to predict where the CoP should be placed in
order to maintain balance during very slow walking. However, it should
not be the only measure indicating balance, since it does not reflect
perturbations of the WBAM. The main difference in balance recovery
during very slow walking compared to the recovery during walking
with a low or normal walking speed is the time spent in the swing
phase directly after the perturbations given at toe off and therefore the
opportunities for the use of the different balance recovery strategies. To
conclude, during very slow walking perturbations given at toe off can
be handled mostly during the ongoing single support phase by using
the hip and or ankle of the stance leg to recover a large part of the
disturbance.
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