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This study investigates the response of standing passengers on public transport who
experience balance perturbations during non-collision incidents. The objective of the study
was to analyse the effects of the perturbation characteristics on the initial responses of the
passengers and their ability to maintain their balance. Sled tests were conducted on
healthy volunteers aged 33.8 ± 9.2 years (13 males, 11 females) standing on a moving
platform, facilitating measurements of the initial muscle activity and stepping response of
the volunteers. The volunteers were exposed to five different perturbation profiles
representing typical braking and accelerating manoeuvres of a public transport bus in
the forward and backward direction. The sequence of muscle activations in lower-
extremity muscles was consistent for the perturbation pulses applied. For the three
acceleration pulses combining two magnitudes for acceleration (1.5 and 3.0 m/s2) and
jerk (5.6 and 11.3 m/s3), the shortest muscle onset and stepping times for the passengers
to recover their balance were observed with the higher jerk value, while the profile with the
higher acceleration magnitude and longer duration induced more recovery steps and a
higher rate of safety-harness deployment. The tendency for a shorter response time was
observed for the female volunteers. For the two braking pulses (1.0 and 2.5 m/s2), only the
lower magnitude pulse allowed balance recovery without compensatory stepping. The
results obtained provide a reference dataset for human body modelling, the development
of virtual test protocols, and operational limits for improving the safety of public
transportation vehicles and users.
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INTRODUCTION

The safety of passengers on public transport is a prerequisite for a sustainable transport system, as
even minor incidents and frequent discomfort can discourage vulnerable people from using public
transport. On public transport vehicles, such as buses and trams, standing passengers are exposed to
the risk of injury due to falling during regular trips (so-called non-collision incidents). The risk of
falling in a moving vehicle was estimated to be between 0.3 and 0.5 falls per million passenger
kilometres (Elvik, 2019). A recent study (Silvano and Ohlin, 2019) found that the circumstances for
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which passenger falls occur, and the groups typically affected, are
different during acceleration and braking. During acceleration
and turning from the bus stop, passengers fall after boarding,
while attempting to become seated. This affects those aged 65+
and female users in particular, who are also overrepresented
among public transport users in these type of non-collision
incidents on buses (Kirk et al., 2003; Albertsson and Falkmer,
2005; Björnstig et al., 2005; Halpern et al., 2005; Kendrick et al.,
2015; Barnes et al., 2016). In contrast, during braking, falling
events typically occur while travelling and affect males, females
and different age groups similarly (Silvano and Ohlin, 2019).
Apart from age, different body proportions, compositions, and
muscle strengths inmales and females are important factors when
studying and improving traffic safety (Vasavada et al., 2001;
Carlsson et al., 2011; Jin et al., 2019). However, some
researchers observed no gender-related differences in the
response to standing-posture perturbations (De Graaf and Van
Weperen, 1997).

Balance is maintained if the centre of mass of the human body
is within the base of support—an area projected onto the floor
under and between the feet (Maki and McIlroy, 1997). In order to
achieve this, three major strategies have been identified: ankle, hip
and stepping strategies (Winter, 1995). The ankle and hip
strategies, also referred to as fixed-support strategies, are
applied during less severe perturbations. Step responses are
referred to as a change in support strategies if the centre of
mass moves beyond the base of support. All these strategies
represent two ends of a continuum of responses that involve a
combination of both strategies (fixed-support and change-in-
support) with different muscle-activation patterns. In the ankle
strategy, the anterior muscles of the lower extremities are typically
activated in a distal-to-proximal sequence in response to small
forward perturbations, while posterior muscles counteract inertia
of the body when a backward perturbation is applied. In more
severe perturbations, the hip strategy is evoked, where hip flexors
(abdominal muscles, quadriceps) are activated in backward
perturbations and hip extensors (lower back, biceps femoris)
in forwards perturbations to generate hip torques (Horak and
Nashner, 1986; Runge et al., 1999; Blenkinshop et al., 2017). The
hip strategy is characterized by longer muscle onset latencies
(Torres-Oviedo and Ting, 2007). Generally, muscle onset
latencies obtained from electromyography (EMG) were found
to be closely correlated with the timing of joint motions (Hwang
et al., 2009).

Change-in-support strategies, where a recovery step changes
the base of support for stability, are used when fixed-support
strategies are no longer effective, which can be the case for the
perturbation levels encountered on public transport vehicles.
Compensatory stepping is initiated and executed faster than
volitional movements (Maki and McIlroy, 1997). The reaction
times of the muscles are approximately 90–130 ms, and about one
second is needed to retain balance in the case of larger movements
(Horak and Nashner, 1986; Winter, 1995; Runge et al., 1999;
Simoneau and Corbeil, 2005; Powell and Palacín, 2015). Owings
et al. (2001) studied stepping strategies in volunteers standing on
a treadmill accelerating to 0.89 m/s in 150 ms. The average
reaction time between the onset of the treadmill motion and

the recovery step toe-off was estimated to be 0.24 ± 0.03 s for a
successful recovery and 0.28 ± 0.05 s for a failed recovery group of
older volunteers. The subjects exposed to a high jerk do not have
sufficient time to react, even to low acceleration levels. The ability
to perform fast and effective compensatory stepping is important
for successful balance recovery in response to a standing-posture
perturbation—a shorter step initiation and completion time can
be related to improved balance (Rogers et al., 2003). Young,
healthy adults were reported to mostly use a single recovery step,
while for the same balance perturbations, elderly people tend to
use multiple stepping, which was also identified as a robust
predictor of fall risk in the elderly, particularly in lateral
perturbations (Mille et al., 2013). Increasing perturbation
intensity requires modifying the fixed-support strategies to a
single-stepping or multiple-stepping response (de Kam et al.,
2017). Multiple steps can also result in larger displacements of the
whole body, particularly the head, implying an increased injury
risk from impacting elements of the bus interior (Robert et al.,
2007a; Siman-Tov et al., 2019; Zhou et al., 2020).

The shape, magnitude and duration of a perturbation profile
can have a significant effect on the standing passenger’s response
during non-collision incidents (Robert et al., 2007a; Robert et al.,
2007b). A typical bus deceleration (braking) profile is
characterized by a rather long magnitude rise time. A vehicle
acceleration profile exhibits a sharp initial slope (high jerk), with a
gradual decrease of the acceleration magnitude afterwards. For
normal bus braking, the reported values of deceleration
magnitude ranged from 1.2 to 3.0 m/s2 (Kühn, 2013; Kirchner
et al., 2014; Schubert et al., 2017). The acceleration magnitudes
for bus departures were reported to be 0.8–2.5 m/s2, and the jerk
magnitude values reported were up to 15.7 m/s3 (Brooks et al.,
1980; Kühn, 2013; Kirchner et al., 2014; Schubert et al., 2017). The
duration of normal acceleration and braking can range from 8.4 to
13.6 s, depending on the velocity change of the vehicle (Kirchner
et al., 2014; Schubert et al., 2017). An increased risk of falling is
related to the magnitudes of acceleration and jerk that require
recovery stepping in response to perturbation, thus exceeding the
level of comfort (Powell and Palacín, 2015). Karekla and Fang (2021)
proposed a threshold of 1.0–1.5 m/s2 for comfortable gait and
balance without handrails on a bus during operation.

In addition to field studies (Hoberock, 1976; Brooks et al.,
1980; Schubert et al., 2017; Karekla and Tyler, 2018; Karekla and
Fang, 2021), laboratory research enabling more controlled
conditions has addressed the balance recovery of standing
people by exposing volunteers to external perturbations in
different settings. The perturbation can be generated in
different ways, such as waist-pulls, sudden release of a person
held in a tilted position by a rope, and moving platforms (Owings
et al., 2001; Hsiao-Wecksler and Robinovitch, 2007; Cyr and
Smeesters, 2009; Mille et al., 2013; Bair et al., 2016; Čamernik
et al., 2016; Borelli et al., 2019). For practical reasons, the moving
platforms and treadmills typically exhibited smaller
displacements and durations of platform motion than expected
on public transport vehicles (De Graaf and Van Weperen, 1997;
Szturm and Fallang, 1998; Carpenter et al., 2005; Tokuno et al.,
2010; Kirchner et al., 2014; Sarraf et al., 2014; Zemková et al.,
2016; Koushyar et al., 2019).
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A series of volunteer tests with standing people on a moving
platform was performed by Robert et al. (2007a and Robert et al.,
2007b), employing 2.0–10.0 m/s2 perturbations of 400-ms
duration and different set-up configurations (free-standing,
grasping). Comparing the horizontal excursion and the
velocity of the head revealed that the volunteers applied
different strategies for balance recovery. In a simulation study
with a multibody human body model, the time to fall was
estimated to be about 2.5 s (Palacio et al., 2009). This suggests
that a volunteer test needs to employ perturbations longer than
2.0–2.5 s to fully investigate the potential outcome of a passenger
losing balance, but the measurement system must have the
resolution to detect nuances in the kinematic responses during
300–400-ms intervals.

Providing experimental data that characterise the response of
standing passengers in realistic conditions is necessary to assess
the injury risk of standing passengers in different traffic
situations. Furthermore, such a dataset is needed for the
development of a validated human body model (HBM) for a
standing passenger, which can utilize the advantages of numerical
simulations for the safety improvements of vehicle designs and
operation, in addition to the traditionally recommended
measures of prevention (Siman-Tov et al., 2019; Zhou et al.,
2020).

The current knowledge of how vehicle motion influences the
risk of non-collision incidents is still insufficient to provide
guidance to the drivers of today’s buses and trams and to the
developers of future autonomous vehicles. In particular, a better
understanding of the factors that cause a person to lose balance
when faced with a given perturbation is needed. The overall
objective of this study was to collect experimental data for the
development of a standing passenger HBM as a tool for assessing
a passenger’s response to different balance perturbations. A novel
test setup for standing-passenger volunteers is introduced and the
first analysis of the recorded data from a test series with healthy
volunteers is presented. The first objective was to identify how the
characteristics of the perturbation pulse affect the initial
passenger responses, in particular how passengers react to the
direction, magnitude and duration of a balance perturbation
resulting from a bus braking or accelerating. The second
objective was to understand the consequences of the pulses on
different passengers, specifically the possible differences between
the initial response of male and female volunteers. The literature
identified different demographics and injury scenarios that
warrant further investigation.

METHODS

Test Set-Up
In this study, 24 instrumented volunteers were exposed to five
different perturbation pulses in the forward and backward
directions. The tests were conducted on the linear translational
platform shown in Figure 1. Two servomotors were used to
propel the platform according to predefined motion profiles. The
volunteers were perturbed from a stationary position by the
motion profile of interest. After the initial perturbation, the

platform was brought back to rest. The displacement of the
platform during the perturbation and the subsequent
deceleration to rest were limited by the range of motion of the
test device (5.5 m).

The acceleration profiles were reviewed to define the test
pulses that could be used for the volunteer testing in a
laboratory. In addition to the literature reviewed, proprietary
measurements of urban-bus accelerations were performed during
regular service and closed track tests (unpublished in-house
experimental data) to estimate the main pulse characteristics.
Emergency manoeuvres that substantially exceeded the
passengers’ balance thresholds were beyond the scope of
the study.

The pulses for the volunteer tests were selected to represent
severity levels typically arising during regular travel for non-
collision incidents, but greater than the published comfort
thresholds. The pulse durations were selected to study the
initial response of the participating volunteers, as well as a
time frame that captures their balance strategies. Furthermore,
the pulse should be long enough to estimate whether the resulting
motion of the participant would put a real bus passenger at risk of
colliding with the vehicle interior. After the initial pilot tests with
volunteers were carried out, the magnitude and duration of the
final set of pulses were defined, aiming to have a mix of pulses
where volunteers are able to maintain, but also lose their balance.

Each volunteer could experience up to five different
perturbation profiles, described in Table 1, representing the
typical braking and accelerating manoeuvres of a public
transport bus. For the braking pulses Br1 and Br2, two
platform acceleration magnitudes were selected (1.0, 2.5 m/s2).
For the acceleration pulses Acc1-J1, Acc1-J2 and Acc2-J1, two
magnitudes of acceleration (1.5, 3.0 m/s2) were combined with
twomagnitudes of jerk (5.6, 11.3 m/s3) to define five different sled
motion profiles. The programmed time profile of the perturbation
pulses is depicted in Figure 1 and compared to the sled
accelerations measured in a set of pilot trials.

The study of the volunteers’ response was limited to the pulse
segments denoted as the initial rise time (time to peak) of the
braking pulses (Figure 1A) and the duration of the acceleration
pulses (Figure 1B), before the sled starts to decelerate in order to
bring the platform to a stop. Although longitudinal manoeuvres
of the bus could take longer on regular trips, e.g., when braking
from or accelerating to cruising travel speed, the pulse segments
considered still enabled an analysis of the initial volunteer
response to characteristic perturbation pulses. As the bus
braking and acceleration pulses were simulated in the same
sled direction, a forward-facing volunteer experienced the
accelerations similar to a transit passenger facing the direction
of travel, whereas the braking pulses were experienced as if the
passenger were facing backwards in the vehicle, opposite to the
direction of travel. The opposite was true for the backward-facing
passenger.

Volunteers
A total of 24 volunteers participated in the study (13 males and 11
females), representing on average a body weight and height close
to a 50th percentile anthropometry (Table 2). The height of the
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centre of gravity from the ground was estimated using the centre
of volume from the 3D scans of the volunteers performed prior to
the tests with an infrared scanning device. The volunteers that
were recruited (general health was required) were asked if they
had any health issues that could affect the balance. Additionally, a
participating physician made a quick assessment of each
volunteer to confirm the absence of health issues. Considering
the age group (younger adults, average), no further tests were
performed to assess the volunteers’ capabilities or to profile them.
Prior to the tests, the volunteers were familiarized with the scope
of tests and signed an informed consent. The design of the study
and the consent form were approved by Slovenian National
Medical Ethics Committee (application number 0120-63/
2019/4).

The study was focused on free-standing occupants subjected to
perturbations in anterior-posterior directions. The volunteers
stood on the moving platform with their feet hip-width apart

to provide uniform initial conditions for the volunteers. This
posture could also represent the standard posture for a standing
HBM. Each volunteer experienced two series of perturbations in
the following order: 1. Br1, 2. Acc1-J1, 3. Acc1-J2, 4. Acc2-J1, 5.
Br2. During the first series, the test subjects were facing the
direction of travel, while for the second series, they were facing
backwards. During a series of pre-tests, Br2 was identified as the
most challenging perturbation, with a high magnitude needed to
stop the platform due to design limitations (Figure 1A).
Therefore, if the participants visibly had trouble withstanding
the first four perturbations, Br2 was omitted for safety reasons.
The time between two sequential tests was approximately 3 min.
In order to prevent a possible adaptation to the perturbations, the
volunteers were not informed about the pulse characteristics and
the sequence of application prior to the tests. About 30 s before a
test was initiated, the volunteers were instructed to maintain a
relaxed free-standing posture on the moving platform as they
would as passengers on a bus. To reduce the effect of possible
anticipation, no indication was given to when the test was to start.
The main switch for controlling the sled was out of sight and no
noise from the motors and linear drive was generated when the
sled was at rest. If technical difficulties occurred during one or
several of the tests, they were repeated at the end of the test series
and only the data from the repeated tests were included in the
further analyses.

The volunteers wore uniform tight outfits and flexible thin
rubber-soled shoes. For safety reasons, a cushion was placed in

FIGURE 1 | Perturbation pulses applied to the moving platform with standing volunteers, representing braking (A) and acceleration (B) of a public transport bus;
programmed pulses (thick lines), exemplary measured pulses (thin lines). Arrow lines indicate the parts of the pulses used in analysis of the volunteers’ responses.

TABLE 1 | Perturbation profile characteristics.

Profile name Sequence Magnitude Rise time Duration Jerk Displacement Max. Speed

m/s2 s s m/s3 m m/s

Br1 1 1.0 4.4 4.7 0.3 2.94 2.4
Br2 5 2.5 2.2 2.5 1.7 1.82 3.2
Acc1-J1 2 1.5 0.4 2.3 5.6 2.65 2.0
Acc1-J2 3 1.5 0.2 2.2 11.3 2.58 2.0
Acc2-J1 4 3.0 0.8 1.8 5.6 2.69 3.1

TABLE 2 | Basic anthropometric and demographic data for the volunteers
(mean ± SD).

Age Mass Height Centre
of mass height

years kg cm cm

11 females 31.6 ± 7.2 64.7 ± 9.9 165.5 ± 6.4 91.2 ± 3.9
13 males 35.5 ± 10.6 86.2 ± 11.8 179.2 ± 5.4 99.2 ± 3.6
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the location on the platform where a fall could have happened.
Additionally, to prevent the volunteers from falling off the
platform or hitting the sled frame, they wore a full-body
harness and were attached to the moving platform with two
ropes. The length of the ropes was adjusted to each individual
volunteer so as not to obstruct their motion during an attempt to
recover their balance, allowing approximately 1.3 m of horizontal
excursion before the harness was deployed.

Instrumentation
Two high-speed cameras (VEO 640L, Vision Research, Wayne,
NJ, United States) captured the volunteer’s motion in the sagittal
and frontal planes. The muscle activity was measured using an 8-
channel TeleMyo 2400T G2 system (Noraxon, Scottsdale, AZ,
United States) for electromyography (EMG) at a 3-kHz sampling
frequency. Bipolar Ag/AgCl surface electrodes (Skintact F-301,
Innsbruck, Austria) were attached to the lower extremity muscles
after the skin surface was shaved and cleaned with a propanol-
based solution. The EMG electrodes were placed and fixed
bilaterally according to SENIAM recommendations on the
rectus femoris (RF), tibialis anterior (TA), biceps femoris (BF)
and gastrocnemius medialis (GM).

Body-segment motions were captured with a system of eight
cameras Oqus 3+ (Qualisys, Gothenburg, Sweden) tracking 56
passive reflective markers attached to the volunteer’s body at a
sampling rate of 200 fps. For measuring the ground-reaction
forces, a force plate (HE600600-2k, AMTI, Watertown, MA,
United States) was rigidly attached to the moving platform
and connected to a LabVIEW data-acquisition card sampling
at a 1-kHz frequency using an analogue low-pass filter with a 100-
Hz cut-off frequency. The main switch was connected to the
trigger providing the synchronisation signal. Additionally, six
wearable inertial measurement units (MetaMotionR, MbientLab,
San Francisco, CA, United States) were attached to the volunteer’s
body segments (lower legs, lower arms, head and pelvis) to track
their motion by streaming the accelerometer and gyroscope data
at 100 Hz.

Data Analysis
To study the effect of the pulse characteristics on the initial
response of the passenger, tables were generated with variables
describing the pulse characteristics like direction and magnitude,
as well as the volunteer-response parameters like foot-contact
times and EMG reference times. These tables allow for statistical
analyses that identify the main and combined effects of the
perturbation variables on the volunteers’ responses. The
acceleration and braking pulses were analysed independently.

The recorded EMG signals were band-pass filtered with a 4th-
order zero-lag Butterworth filter (20–500 Hz), full-wave rectified,
and low-pass filtered with a 6th-order zero-lag Butterworth filter
with a 6-Hz cut-off frequency. For detecting muscle onset,
the band-passed signals were filtered with a low-pass 4th-order
zero-lag Butterworth filter with a 50-Hz cut-off frequency. The
onset was defined as the first sample of a 50-ms moving-average
window exceeding the threshold of 2.5 standard deviations of the
EMG signal over the resting period before the initiation of the
perturbation (Hodges and Bui, 1996) and was checked visually for

each signal measured. The EMG signal processing was performed
in Matlab (Natick, United States).

The sequence of events during the balance recovery was
identified from the high-speed video recordings, where up to
four sequential steps were tracked. The timing of the first frame
when the contact between the foot and the ground (the moving
platform) was lost was identified as the contact-off time, while the
time of re-establishing the contact was identified as the contact-on
time. The difference between contact-off and contact-on for the
same (swing) foot represented the swing time. If the volunteer’s
motion was restricted by the harness before the end of the pulse,
the event was identified as harness deployment. The sequential
step-count and harness-deployment events were included in
further analyses, if they occurred within the observed segment
of the perturbation pulse.

To examine the volunteer’s response time as a dependent
variable of the pulse type and direction as factors, two-way
repeated measures ANOVA analyses were used. ANOVAs of
3 × 2 design were performed for the acceleration pulses (Acc1-J1,
Acc1-J2, Acc2-J1) and directions (forwards, backwards), while a
2 × 2 design was used for the braking pulses (Br1, Br2) and the
two directions. Dependent variables for the ANOVAs were the
contact-off time, the swing-time and the muscle onset latency for
each of the muscles measured. Prior to the ANOVAs, Grubb’s test
and Shapiro-Wilk’s test were used to detect outliers and to test the
normality. The sphericity of the datasets was checked with
Mauchly’s test and a Greenhouse-Geisser correction was
applied in the case of violation. The Bonferroni method for
pairwise comparisons was applied. The significance level was
set to 0.05. Additionally, the pulse type and gender (male, female)
were considered as factors in the two-way repeated measures
ANOVAs of 3 × 2 design for the acceleration pulses and 2 × 2
design for the braking pulses, which were used to test for the
differences between the male and the female volunteers in the
forward and backward directions. Spearman’s correlation
coefficient was used to estimate whether the muscle onset
latency, contact-off time and swing time were correlated with
the volunteer’s body mass and the height of the centre of mass.
Statistical analyses were conducted in OriginPRO 2019b
(Northampton, MA, United States). The numbers of
compensatory steps and harness deployments for each pulse
configuration were analysed. In this approach no statistical
analysis was conducted, but separate tables were created for
the male and female subjects in order to identify the overall
response of the volunteers to the pulse type.

RESULTS

Eleven volunteers finished a complete set of tests with five
different pulses in the forward (Figure 2A) and backward
(Figures 2B,C) directions, while seven volunteers repeated at
least one of the tests. For six volunteers, the higher severity pulses
were omitted due to safety considerations. In total, 223 tests were
included in the analysis, out of 238 tests conducted with 24
volunteers. More than half (57%) of the volunteers needed at least
one compensatory step to maintain their balance for the 1.0 m/s2
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braking pulse (Br1) when facing in the direction of the sled travel
and almost all stepped when backward-facing (Table 3). The
safety harness was deployed extensively for the Acc2-J1 profile,
again with higher rates in the backward-facing direction. Table 3
shows the general responses to all profiles in both directions.

Four outliers were detected with Grubb’s test and removed
from the datasets for the contact-off time; Shapiro-Wilk’s test
rejected a normal distribution for Acc1-J1 forwards. Mauchly’s

test showed no violations of sphericity for the datasets. For the
swing time, two outliers were found and removed; normal
distribution was rejected for Br1 forwards and Acc1-J2
backwards. The analysis yielded significant main effects of
pulse (F (2,38) � 94.3, p < 0.001) and direction (F (1,19) �
56.3, p < 0.001) on the contact-off time, while the interaction
effect of the pulse and direction was not significant (F (2,38) �
0.16, p � 0.851). The contact-off time in Acc1-J1 and Acc2-J1 was

FIGURE 2 | Forward and backward orientation of the volunteers studied in the sled tests. The moving platform induced backward stepping when the volunteers
were facing forwards (A), and forward stepping when facing backwards (B, C). The volunteer depicted (Volunteer 16) shows a typical kinematic response during the
stepping strategy.

TABLE 3 | Percentage of sequential steps (1st–4th) during balance recovery and the percentage of harness deployments for the forward- and backward-facing volunteers
(Males/Females).

Profile name Forwards Backwards

1st 2nd 3rd 4th Harness 1st 2nd 3rd 4th Harness

% % % % % % % % % %

Br1 57 52 30 9 4 96 70 57 30 9
M + F 58 58 25 17 8 100 50 58 17 17
M 55 45 36 0 0 91 91 55 45 0
F
Br2 100 82 71 24 0 100 100 83 39 11
M + F 100 73 64 18 0 100 100 91 36 9
M 100 100 83 33 0 100 100 71 43 14
F
Acc1-J1 100 100 67 54 21 100 92 79 33 21
M + F 100 100 69 46 15 100 85 69 23 23
M 100 100 64 64 27 100 100 91 45 18
F
Acc1-J2 100 83 70 48 17 100 78 43 17 22
M + F 100 77 62 23 15 100 75 25 8 25
M 100 90 80 80 20 100 82 64 27 18
F
Acc2-J1 100 100 92 46 75 100 100 88 50 88
M + F 100 100 85 31 69 100 100 92 46 92
M 100 100 100 64 82 100 100 82 55 82
F
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FIGURE 3 | Exemplary EMG signals measured on leg muscles (raw—grey, filtered—blue) for the Acc1-J2 pulse in forward direction (left column) and backward
direction (right column); TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
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longer than inAcc1-J2 in both directions (p < 0.001). However, no
significant difference was found between the contact-off time in
Acc1-J1 andAcc2-J1. For the braking pulses, the analysis showed a
significant effect of the pulse (F (1,6) � 808.3, p < 0.001), with the
contact-off time in Br2 being shorter in both directions. For the
acceleration pulses, a significant main effect on swing time was
found for the direction (F (1,20) � 10.21, p � 0.005), but not for
the pulse (F (2,40) � 0.77, p � 0.469). The swing time was shorter
in the forward direction Acc1-J1 (p � 0.011). For the braking
pulses, no significant effects of the pulse or the direction were
found. No significant effect of gender on the contact-off and
swing time was found.

In 17% of the EMG signals recorded, the onset detected was
correctedmanually, while in 5% it was not possible to estimate the
muscle onset. For each of the eight muscles analysed, 10 datasets
on the onset latencies were collected for the five perturbation
pulses and two directions. Grubb’s test detected 25 outliers that
were removed from the EMG datasets. A Shapiro-Wilk test
showed that the assumption of a normal distribution was not
met in 29 out of 80 datasets. Based on a further examination of
those cases by means of quantile-quantile plots, it was decided to
continue with the analysis on the original data-sets without a
transformation. An example of the EMG signals recorded on the
lower leg muscles is depicted in Figure 3.

Similar to the analysis of the step initiation, the average
response times for the volunteers were calculated and are
presented in Figure 4 and Tables 5, 6. The responses for all
the volunteers as well as for the male and female subgroups are
provided.

For the braking pulses Br1 and Br2, a significant main effect of
the pulse was observed for all the muscles analysed. As expected,
the onset latencies were shorter with a higher acceleration
magnitude of Br2, compared to Br1 (Tables 5, 6). In addition,
the main effect of direction was observed, except for the swing BF
(F (1,8) � 0.15, p � 0.710, η2p � 0.02) and the stance BF (F (1,10) �
0.69, p � 0.424, η2p � 0.06). Shorter onset latencies in forward-
direction pulses were found for the swing TA (p � 0.003) and the
stance TA (p � 0.003), the swing RF (p < 0.001) and the stance RF

(p < 0.001), while the latencies were shorter in the backward-
direction pulses for the swing MG (p � 0.011) and the stance GM
(p � 0.001). An interaction effect (pulse × direction) was found for
the swing TA (F (1,15) � 7.59, p � 0.014, η2p � 0.34) and the swing
RF (F (1,15) � 5.38, p � 0.035, η2p � 0.26). Pairwise comparisons
showed that the onset latency of the swing TA was shorter in the
forwards Br1 (p � 0.005), but not in Br2.

For the acceleration pulses Acc1-J1, Acc1-J2, and Acc2-J1, the
main effects of the pulse and direction were found for all the
muscles analysed, with the exception of a non-significant
direction effect for the swing BF (F (1,16) � 0.20, p � 0.661,
η2p � 0.01) and the stance BF (F (1,13) � 0.47, p � 0.506, η2p � 0.03).
The main effect of direction followed the same pattern as in Br1
and Br2, where the onset latencies were shorter in the forward-

FIGURE 4 | Average EMG onset latencies for the muscles of the swing leg and the stance leg for each pulse type in forward (A) and backward (B) direction; TA,
tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris. In both directions, shorter onset latencies were observed in the acceleration pulses,
compared to the braking pulses. The shortest active muscle response was evoked by Acc1-J2 pulse.

TABLE 4 | Average times for initiation (contact-off time) and duration (swing time)
of the first step, where observed (Males/Females, mean ± SD).

Profile name 1st step contact-off time 1st step swing time

Forwards
ms

Backwards
ms

Forwards
ms

Backwards
ms

Br1 3,358 ± 434 3,205 ± 441 153 ± 69 166 ± 67
M + F 3,351 ± 447 3,183 ± 434 177 ± 68 173 ± 68
M 3,366 ± 460 3,236 ± 475 125 ± 65 158 ± 68
F
Br2 (M + F) 1,259 ± 228 1,239 ± 234 168 ± 58 177 ± 57
M 1,244 ± 186 1,220 ± 263 177 ± 63 181 ± 62
F 1,288 ± 310 1,269 ± 197 152 ± 46 171 ± 54
Acc1-J1 541 ± 96 634 ± 89 136 ± 44 171 ± 55
M + F 556 ± 94 641 ± 79 150 ± 41 181 ± 65
M 523 ± 100 626 ± 104 120 ± 43 160 ± 40
F
Acc1-J2 408 ± 29 505 ± 71 147 ± 57 172 ± 44
M + F 418 ± 30 528 ± 65 150 ± 65 183 ± 49
M 393 ± 21 476 ± 69 143 ± 47 160 ± 36
F
Acc2-J1 577 ± 96 672 ± 92 155 ± 54 165 ± 40
M + F 601 ± 90 682 ± 61 173 ± 44 169 ± 48
M 549 ± 98 660 ± 124 133 ± 60 161 ± 29
F
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direction pulses for TA and RF, and in backward-direction pulses
for GM. Pairwise comparisons showed that the onset latencies
were significantly shorter in Acc1-J2 than in Acc1-J1 and Acc2-J2
for all the muscles except for the stance GM, which was not
significantly different from the latency in Acc1-J1 (p � 0.386).

A significant interaction effect pulse × direction was found for
the stance TA (F (1.49,26.82) � 6.89, p � 0.007, η2p � 0.28), the

stance GM (F (2,24) � 3.54, p � 0.045, η2p � 0.23), the swing RF (F
(2,36) � 14.63, p < 0.001, η2p � 0.45), and the stance RF (F (2,32) �
10.62, p < 0.001, η2p � 0.40). For the stance TA, post-hoc tests
showed no significant effect of direction in Acc1-J2 and no
difference between Acc1-J1 and Acc2-J1 in forward
perturbations. Direction also had no significant effect in Acc1-
J2 for the stance GM (p � 0.072). Furthermore, the onset latencies

TABLE 5 | Descriptive statistics on EMG onset latencies in forward-direction trials (Males/Females, mean ± SD).

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF

ms ms ms ms ms ms ms ms

Br1 919 ± 261 1,251 ± 496 1,228 ± 584 1,419 ± 514 963 ± 256 1,291 ± 457 1,079 ± 502 1,475 ± 648
M + F 991 ± 224 1,274 ± 471 1,254 ± 691 1,546 ± 629 967 ± 245 1,161 ± 561 1,090 ± 624 1,451 ± 807
M 834 ± 287 1,226 ± 550 1,194 ± 442 1,245 ± 229 959 ± 280 1,394 ± 351 1,064 ± 355 1,594 ± 427
F
Br2 421 ± 143 999 ± 320 445 ± 117 790 ± 352 396 ± 97 1,222 ± 326 440 ± 94 886 ± 378
M + F 434 ± 175 1,132 ± 226 444 ± 153 865 ± 383 395 ± 116 1,331 ± 293 436 ± 117 979 ± 365
M 401 ± 75 809 ± 353 446 ± 42 672 ± 283 398 ± 66 1,049 ± 329 447 ± 46 754 ± 383
F
Acc1-J1 254 ± 27 392 ± 153 266 ± 37 357 ± 101 238 ± 42 445 ± 207 267 ± 25 359 ± 122
M + F 265 ± 24 457 ± 171 274 ± 41 392 ± 116 259 ± 25 557 ± 192 269 ± 21 395 ± 127
M 241 ± 25 321 ± 94 257 ± 32 318 ± 68 213 ± 45 323 ± 148 264 ± 29 324 ± 111
F
Acc1-J2 195 ± 24 286 ± 88 221 ± 41 248 ± 78 193 ± 28 349 ± 127 208 ± 15 231 ± 66
M + F 204 ± 29 312 ± 105 238 ± 50 263 ± 104 208 ± 16 386 ± 123 214 ± 12 238 ± 89
M 184 ± 12 257 ± 58 203 ± 16 233 ± 33 176 ± 29 290 ± 118 201 ± 15 222 ± 18
F
Acc2-J1 270 ± 27 465 ± 123 278 ± 37 376 ± 90 271 ± 27 584 ± 227 286 ± 23 455 ± 206
M + F 275 ± 31 493 ± 120 279 ± 47 408 ± 104 280 ± 27 657 ± 187 290 ± 25 519 ± 212
M 265 ± 22 432 ± 124 276 ± 24 341 ± 56 261 ± 25 512 ± 249 282 ± 22 390 ± 186
F

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.

TABLE 6 | Descriptive statistics on EMG onset latencies in backward-direction trials (Males/Females, mean ± SD).

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF

ms ms ms ms ms ms ms ms

Br1 1,236 ± 346 809 ± 315 2,172 ± 943 1733 ± 785 1,184 ± 273 829 ± 228 2,195 ± 846 1777 ± 988
M + F 1,214 ± 313 728 ± 296 2,334 ± 920 1809 ± 814 1,221 ± 298 787 ± 273 2,275 ± 797 1905 ± 999
M 1,265 ± 401 889 ± 329 1937 ± 980 1,675 ± 787 1,132 ± 239 860 ± 193 2091 ± 939 1,649 ± 1,008
F
Br2 480 ± 133 395 ± 83 1,081 ± 264 578 ± 132 581 ± 127 416 ± 104 1,006 ± 325 765 ± 331
M + F 488 ± 124 424 ± 80 1,071 ± 283 630 ± 148 624 ± 125 402 ± 109 949 ± 320 773 ± 319
M 466 ± 161 349 ± 70 1,098 ± 252 502 ± 41 509 ± 101 435 ± 101 1,095 ± 336 755 ± 373
F
Acc1-J1 288 ± 64 236 ± 49 425 ± 135 333 ± 58 297 ± 45 232 ± 45 393 ± 109 383 ± 127
M + F 296 ± 47 235 ± 65 437 ± 96 327 ± 60 310 ± 54 229 ± 50 374 ± 95 395 ± 121
M 279 ± 82 237 ± 22 410 ± 175 340 ± 59 284 ± 27 235 ± 41 418 ± 125 370 ± 137
F
Acc1-J2 211 ± 34 195 ± 14 326 ± 109 267 ± 49 201 ± 43 194 ± 20 280 ± 71 321 ± 159
M + F 219 ± 17 202 ± 9 359 ± 110 295 ± 42 191 ± 52 195 ± 27 296 ± 71 336 ± 179
M 201 ± 48 187 ± 14 278 ± 93 237 ± 37 216 ± 24 193 ± 10 257 ± 67 303 ± 135
F
Acc2-J1 296 ± 58 260 ± 25 521 ± 136 386 ± 97 336 ± 72 259 ± 36 481 ± 137 422 ± 127
M + F 297 ± 67 269 ± 26 521 ± 124 408 ± 95 365 ± 81 273 ± 40 512 ± 139 446 ± 94
M 295 ± 49 249 ± 20 520 ± 157 359 ± 98 302 ± 44 242 ± 23 436 ± 130 397 ± 154
F

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
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for the stance GM exhibited no differences between the
backward-direction pulses, while the difference in the forward-
direction pulses was found only between Acc1-J2 and Acc2-J1,
with the latter exhibiting a longer onset latency (p � 0.001). The
onset latencies for the swing RF were not significantly different
among the forward-direction pulses, which was also observed for

the stance RF, where no direction effect was found in Acc1-J2 (p �
0.279).

In addition to the main effect of the pulse, a significant main
effect of the gender of the volunteers was found, with a tendency
for a shorter onset latency with the female volunteers in the
acceleration forward-direction trials for the stance TA, (F (1,9) �

TABLE 7 | Correlations between body mass and EMG onset latencies, contact-off time and swing time in forward-direction trials.

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF Contact-off time Swing time

Br1 0.10 −0.23 −0.16 0.19 −0.04 −0.22 −0.16 −0.16 −0.15 0.51
Br2 0.61 0.35 0.43 0.42 0.64 0.38 0.29 0.40 −0.10 −0.03
Acc1-J1 0.57 0.14 0.48 0.21 0.69 0.29 0.63 0.53 0.08 −0.37
Acc1-J2 0.09 0.04 0.09 0.43 0.28 0.28 −0.08 0.41 0.15 0.18
Acc2-J1 −0.11 0.35 −0.22 0.47 −0.18 0.50 −0.10 0.40 −0.01 0.15

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
Values in bold indicate statistical significance.

TABLE 8 | Correlations between body mass and EMG onset latencies, contact-off time and swing time in backward-direction trials.

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF Contact-off time Swing time

Br1 −0.40 −0.23 0.08 0.07 0.03 0.08 0.04 −0.03 −0.15 −0.13
Br2 0.13 0.35 0.16 0.19 0.16 −0.06 −0.12 0.19 0.10 0.17
Acc1-J1 0.29 0.14 0.39 0.66 0.00 0.35 0.10 −0.07 0.11 0.12
Acc1-J2 −0.08 0.04 0.19 0.16 0.12 0.38 0.37 −0.03 0.16 0.03
Acc2-J1 −0.10 0.35 −0.17 0.23 0.21 −0.31 −0.21 −0.09 −0.17 0.34

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
Values in bold indicate statistical significance.

TABLE 9 | Correlations between centre of gravity height and EMG onset latencies, contact-off time and swing time in forward-direction trials.

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF Contact-off time Swing time

Br1 0.29 0.40 0.23 0.18 −0.17 0.26 0.30 −0.05 0.06 0.09
Br2 0.51 0.52 0.20 0.47 0.67 0.49 0.20 0.41 0.19 0.39
Acc1-J1 0.57 0.15 0.54 0.28 0.77 0.19 0.60 0.36 0.44 −0.01
Acc1-J2 0.22 0.08 0.05 0.39 0.35 0.12 0.33 0.66 0.51 0.29
Acc2-J1 0.34 0.23 0.18 0.46 0.12 0.34 0.15 0.31 0.13 0.30

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
Values in bold indicate statistical significance.

TABLE 10 | Correlations between centre of gravity height and EMG onset latencies, contact-off time and swing time in backward-direction trials.

Profile name Swing leg Stance leg

TA GM RF BF TA GM RF BF Contact-off time Swing time

Br1 −0.12 −0.39 0.44 0.06 0.19 −0.21 0.45 −0.12 0.06 0.19
Br2 0.09 0.08 0.41 0.01 0.41 −0.02 0.07 0.57 0.61 0.59
Acc1-J1 0.32 0.43 0.66 0.51 −0.21 0.22 0.32 0.14 0.62 0.31
Acc1-J2 0.05 0.19 0.65 0.28 0.32 0.16 0.64 0.40 0.36 0.51
Acc2-J1 0.05 0.20 −0.08 0.03 0.29 −0.51 0.19 −0.31 0.02 0.27

TA, tibialis anterior; GM, gastrocnemius medialis; RF, rectus femoris; BF, biceps femoris.
Values in bold indicate statistical significance.
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9.32, p � 0.014, η2p � 0.51), stance GM (F (1,4) � 40.53, p � 0.003,
η2p � 0.91), and the stance BF (F (1,5) � 7.51, p � 0.041, η2p � 0.60).
Although no significant differences for the contact-off time
between the males and the females were observed, the p-value
was close to the 0.05 significance level (F (1,8) � 5.27, p � 0.051, η2p
� 0.40). For the acceleration backward-direction trials, no
significances for the gender-dependent analyses were found.

Significant positive correlations (Spearman’s coefficient r �
0.42–0.69) were found between the body mass and the onset
latencies of the TA, RF and BF muscles (Tables 7, 8) in both the
forwards and (even though less prevalent) backward-direction
trials. Step timings were not found to have any significant
correlation with body mass. The height of the centre of gravity
was found to be positively correlated with the muscle onset
latencies in both the forward- and backward-direction trials (r
� 0.47–0.77) for some muscles, as well as for the contact-off and
swing times (Tables 9, 10).

DISCUSSION

We compared the characteristics of the initial muscle and
kinematic responses of healthy volunteers subjected to typical
balance perturbations that can be experienced by standing
passengers on public transport. Based on a literature review
and in-house measured data, a set of perturbation pulses was
defined to simulate typical bus accelerations and decelerations in
a laboratory environment. The severity of the perturbation pulses
was targeted to exceed the comfort zone for standing passengers,
yet enable an analysis of the passengers’ initial response in typical
accelerations and decelerations of public transport, potentially
resulting in non-collision incidents. A strong individual
variability was observed during the tests: while some of the
participants showed a good ability to counteract the
perturbation pulses used, others could not be exposed to the
more severe perturbations for safety reasons, which also resulted
in missing observations that could not be included in the analysis.
No signs of the volunteers’ adaptation to the perturbation pulses
were observed.

In both directions of travel, the time until the participants
initiated the first recovery step was longer for the braking pulses
Br1 and Br2 than for the acceleration pulses (Table 4). The
participants could maintain their balance without recovery
stepping in only about half of the trials with the low-severity
braking pulse Br1, characterized by a very gradual increase of the
acceleration magnitude (Table 3), while at least one recovery
step was needed in the acceleration pulses. This is in accordance
with observations in another study (Schubert et al., 2017), where
volunteers had to make recovery stepping when standing freely
in a bus and subjected to accelerating and decelerating
manoeuvres comparable to the Acc1-J1 and Acc1-J2 pulses,
while the magnitude of the deceleration phase was between
Br1 and Br2 pulses. These authors found characteristic patterns
of muscle activity similar to the observations in our study and
observed a correlation between the jerk and fast compensatory
steps, even though the participating volunteers were elderly (age
68.1 ± 5.2). In addition, the current study presents a more

detailed analysis of the timing of the muscle activity and the
stepping.

The pattern of muscle activation was similar for all the pulses,
despite being considerably longer for the braking than for the
acceleration pulses (Figure 4). In the forward-direction trials, the
anterior leg muscles TA and RF preceded the activation of GM
and BF, while in the backward-direction trials the sequence was
opposite. In both perturbation directions, the leg muscles tended
to activate in distal to proximal sequences, which characterizes
the ankle strategy, before making a compensatory step.

For acceleration trials, the tests showed shorter onset latencies
in Acc1-J2 with the highest jerk magnitude (11.3 m/s3) compared
to Acc1-J1 and Acc2-J1 (5.6 m/s3), implying that the jerk
magnitude is the more important factor in the excitation of
the active response of the muscles, rather than the acceleration
magnitude. This finding is in agreement with observations that
the jerk magnitude and the frequency of occurrence significantly
influence the comfort and safety, requiring a corrective response
from the passengers (Levis, 1978; Brooks et al., 1980). A further
comparison of the pulses Acc1-J1 and Acc2-J1 having the same
jerk magnitude 5.6 m/s3 and different acceleration magnitude
yielded significantly shorter onset latencies for the stance TA,
swing RF, and stance RF in Acc1-J1 (1.5 m/s2) than in Acc2-J1
(3.0 m/s2). A possible reason is that the jerk magnitude in Acc1-J1
appeared at 0.1 s, but later in Acc2-J1, at 0.2 s (Table 1; Figure 1),
evoking a more rapid reflex response in Acc1-J1, despite the lower
acceleration magnitude. Following the muscle activation, the
contact-off time of the first step was significantly shorter with
a higher jerk magnitude, but similar with different acceleration
magnitudes of the pulses. Hence, a higher acceleration magnitude
of a perturbation profile might not necessarily evoke faster
recovery stepping within the range of magnitudes tested.

Backward stepping in response to a forward motion of the
platformwas consistently faster than forward stepping, which can
most likely be attributed to the asymmetry of the human body in
the sagittal plane, resulting in different motion patterns for
forward and backward displacements (Runge et al., 1999). In a
study of young adult volunteers (Maki et al., 1996; Maki and
McIlroy, 1997), a contact-off time of 409 ± 77 ms after the pulse
was initiated and a foot-swing duration of 141 ± 69 ms were
reported for backward perturbations, compared to a shorter
contact-off time of 368 ± 85 ms and a foot-swing duration of
149 ± 63 ms in forwards perturbations with a 300-ms square
acceleration pulse and 0.18-m linear displacements. Although the
perturbation profiles used there (Maki et al., 1996; Maki and
McIlroy, 1997) differed in duration and displacements from the
present study, the contact-off times and swing duration for the
first recovery step were comparable for the case of the
acceleration pulses applied (Table 4), which could be
attributed to the initial jerk of the square pulse, but were
longer than the step preparation time of 150–160 ms assumed
for the inverted pendulum model (Vallée et al., 2015; Aftab et al.,
2016).

For the braking pulses applied, the muscle onset latencies and
contact-off time of the first step were longer than for the
acceleration pulses, but did not change with the direction of
travel. This was present in particular for Br1, where the volunteers
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applied non-stepping as well as stepping strategies to recover
their balance, implying larger between-subject variations of the
active response, possibly combining reflexive and voluntary
reactions. However, the percentage of participants who took at
least one recovery step was higher in the backward-direction trials
(Table 3), which is in agreement with estimations of the single-
step threshold being about 1.0 m/s2 for the forward direction and
lower for the backward direction, 0.7 m/s2 (de Kam et al., 2017).

The rate of harness deployment, indicating excessive whole-
body displacement, was greater when travelling backwards than
forwards and particularly high in the Acc2-J1 pulse, 88%
(Table 3). An acceleration magnitude of 3.0 m/s2 caused
almost 90% of the backward-facing participants to fall into the
harness, compared to 21% in Acc1-J1 (which had the same jerk
level, but only half the acceleration magnitude). These findings
cannot be directly compared to previous studies due to the
different setup and design of the safety system, but the sharp
rise of the harness deployment between 1.5 and 3.0 m/s2

acceleration magnitude confirms the threshold levels of
1.0–1.8 m/s2, as recommended for public transport (De Graaf
and Van Weperen, 1997; Szturm and Fallang, 1998; Karekla and
Tyler, 2018; Karekla and Fang, 2021). The percentage of harness
deployment was low in the trials with the Br2 pulse, even though
it was identified as the most challenging to participants during
pre-tests and was not used for the volunteers during the tests who
raised potential safety concerns. The likely reason was that the
sled-stopping segment of Br2 yielded a magnitude of 3.5 m/s2 due
to the setup design limitations (Figure 1), which caused the safety
concerns, while the volunteers’ response was observed during the
rise segment of the pulse only. In 24% of the forward-direction
trials and 44% of the backward-direction trials, the harness was
deployed after the rise time of Br2 pulse ended (2.2 s, Table 1),
before the stopping of the sled had to be initiated due to the
operational limits of the setup. Compared to a free-standing
posture, the use of handrails and vertical bars substantially
increases the possibility of the standing passengers keeping
their balance (Robert et al., 2007a; Sarraf et al., 2014; Schubert
et al., 2017). However, if public transport must accommodate
free-standing passengers, the vehicle acceleration and braking
actions should be such that they minimize the risk of these
passengers losing their balance.

The initial response to the perturbations followed the same
pattern for the male and female volunteers, although the results
collected imply a faster response from the female volunteers
(Tables 4–6). Furthermore, the muscle onset latency, contact-
off time, and swing time were found to be correlated with the
body-mass distribution (Tables 7–10). Hence, the lower body
mass and the lower height of the centre of mass of the female
volunteers (Table 2) could contribute to their faster response,
particularly with the acceleration profiles applied that tend to
evoke a mechanical response in the inverted-pendulum manner,
possibly triggering sensory feedback and muscle activation faster
to recover balance (Winter, 1995; Costello et al., 2012; Aftab et al.,
2016; Le Mouel and Brette, 2019). Similar observations were
reported in other studies comparing male and female volunteers
(Maki et al., 1996; Karekla and Fang, 2021).

However, in order to provide more definite conclusions that
could be applied to gender-specific HBM modelling, increasing
the number of test subjects would provide more input data for
the analysis methods used. The influence of age on balance
recovery has not been examined in this study. It is reported in
the literature that younger adults are capable of shorter step-
initiation and completion times, while the elderly can respond as
fast as younger populations in reflexive stepping (which is
generally faster than voluntary stepping) (Rogers et al., 2003;
Tokuno et al., 2010). Therefore, the outcomes of the present
study with volunteers aged 33.8 ± 9.2 might also be
representative for elderly passengers exposed to forward and
backward perturbations.

Only the initial response of free-standing occupants to balance
perturbations in the anterior-posterior direction was considered
in the present study, which offers the smallest base of support to
react against the applied loads and might lead to large body
displacements, increasing the risk of impacts. Moreover, it is a
suitable choice for the initial HBM standing position, which can
be modified to other postures that might be used by the occupants
of a bus. Passengers oriented laterally with respect to the
perturbation might exhibit better resistance to perturbations
due to a larger base of support. However, elderly people
(above the age of 65–70) have been found to have a higher
risk of falling and injury, tending to perform cross-over steps
more often compared to lateral sidesteps that are used by younger
adults (Maki et al., 2000; Mille et al., 2013; Borelli et al., 2019).
Such complex balance strategies were out of the scope of this
study, but future research should investigate occupant postures
with different foot positions and study the use of handrails and
vertical bars, as well as measuring other muscles that might
contribute to balance recovery (Oude Nijhuis et al., 2010). The
study was conducted in a laboratory setting, offering a high level
of control over the test parameters. Yet, despite the preventive
measures taken, the possibility of the volunteers getting
habituated to the perturbation pulses cannot be entirely
excluded. Furthermore, due to the safety aspect and technical
limitations it was not possible to precisely replicate the
environment of the bus and the perturbations that could be
experienced by the bus passengers.

The results of this study suggest, as a starting point, that the
peak accelerations of a bus should be below 1.5 m/s2 during the
journey, while the jerk magnitudes used in the study were higher
(over 5 m/s3) than recommended for comfortable travel, but still
allowed the volunteers to recover their balance effectively with the
room for compensatory stepping provided. For the braking event,
the deceleration should be below 1.0 m/s2. These values are based
on volunteer tests with young volunteers. It is assumed that these
values would need to be adjusted downwards when established
for the range of the population using public transport. This work
is still to be done. Once established, it would serve to define virtual
testing procedures for public transport vehicles, providing an
efficient approach to assessing the design and operational
characteristics of the vehicles, as well as guidance both for bus
drivers and for prescribing the take-off and braking of
autonomous vehicles.
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CONCLUSION

This study investigated the response of standing passengers on
public transport to balance perturbations, establishing a reference
set of experimental data for estimating safe operating envelopes.
The focus was on muscle-activation patterns and the kinematic
response to forwards and backwards platform translations. By
testing several perturbation profiles based on real-world recorded
data in a controlled laboratory setup, it was possible to estimate
the neuromuscular response in transition from fixed-support
strategies to single or multiple stepping strategies for balance
recovery. The data collected provides a basis for further
developing tools to improve passenger safety and public transit
functions, including bus manoeuvring.

It was shown that the shape, magnitude and duration of the
perturbation profile significantly affect the initial response of
erect passengers. A higher jerk evoked faster muscle activity and
recovery steps, which could be expected in both younger and
older healthy adults. Bus acceleration can induce a higher risk of
the passenger falling than braking due to the higher jerk content,
as observed in the pulses used in this study. Greater passenger
motion can also arise from longer perturbation durations as
experienced in moderate accelerating and braking events.
Different combinations of perturbation characteristics elicit a
variety of balance-recovery responses. A combination of jerk and
acceleration magnitude should be considered when analysing the
balance response in virtual testing with generic perturbations. In
addition, the study results imply that gender-specific modelling
might improve the biofidelity of human body models for
simulating the balance recovery of standing passengers in non-
collision incidents of public transport vehicles, as gender-specific
differences for the muscle onset times were observed. Future

research should provide a larger sample of the volunteers
subjected to a greater variety of load cases.
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