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Abstract: Background: The prevalence of falls among the older population underscores the imperative of
comprehending human adaptations to gait perturbations. Dual-belt treadmills offer a controlled setting for
such investigations. The purpose of this study was to examine the effect of acceleration of one belt of the
treadmill during three different phases of the gait cycle on kinematic and kinetic parameters and relate these
changes to unperturbed gait. Methods: Twenty-one healthy young females walked on a treadmill in a virtual
environment, in which five unexpected perturbations were applied to the left belt at the Initial Contact (IC),
Mid Stance (MS), and Pre-Swing (PS) phase of the gait cycle. Data from the undisturbed gait and the first
disturbance of each trial were extracted for analysis. Results: All perturbations significantly affected the gait
pattern, mainly by decreasing the knee extension angle. The perturbation in the IC phase had the most
significant effect, resulting in a 248.48% increase in knee flexion torque. The perturbation in the MS phase
mainly affected plantar flexion torque, increasing it by 118.18%, while perturbation in the PS phase primarily
increased the hip extension torque by 73.02%. Conclusions: The presence of perturbations in the IC and PS
phases caused the most aggressive and significant changes in gait parameters.
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1. Introduction

Over the years, researchers have been fascinated by the gait and postural control dynamics and
its complicated responses to potential perturbations. In fields such as physics, mathematics, and
biology, perturbation refers to a small change or disturbance applied to a system or process, which
can lead to alterations in its behavior, properties, or outcomes [1,2]. These disturbances can arise from
external forces [3], such as environmental conditions or physical interactions with objects in the
surroundings [4]. Alternatively, they can originate from internal factors, including physiological
changes or neural signals within the organism [5]. These disturbances might manifest intentionally,
such as during experimental manipulations [6], or they could occur accidentally due to unforeseen
events or natural variability in the system. It is worth mentioning that external perturbations are not
limited to mechanical disturbances. They can also manifest as sensory disturbances, including
hearing and vision [7]. Roeles, ef al. [7] demonstrated that mechanical perturbations significantly
altered the gait patterns of both young and older adults.

In contrast, sensory perturbations did not exhibit a notable effect on the gait pattern. Similar
conclusions were in the papers [8,9]. These findings suggest that giving priority to the analysis of
responses to mechanical perturbations is more justified. To date, many perturbation methods have
been proposed in the literature. These include placing obstacles underfoot [10], using slippery or
unstable surfaces [11], moving plates [12], and unexpected treadmill accelerations and decelerations
[4,10,13]. The field of gait perturbation research, particularly involving both one and dual-belt
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treadmill setups, is getting increasing attention and is presently the most commonly used equipment
in such studies [14]. Semaan, et al. [15] demonstrated that treadmill gait is a reliable approximation
of overground walking. Furthermore, treadmills offer the advantage of high repeatability in
perturbations and walking conditions [16]. Modern dual belt treadmills, such as GRAIL, facilitate the
generation of many perturbation types across various gait phases and planes. This comprehensive
capability enables a detailed analysis of individual gait characteristics in response to perturbations.

Research focused on perturbations is strictly related to the adaptive functions of the human
neuromuscular system that allow the maintenance of balance and straight position [4,6,17-19]. As
individuals age, they typically exhibit decreased capacity to adapt to external disturbances,
potentially heightening their vulnerability to falls [20,21]. It is concerning that nearly a quarter of the
elderly population is susceptible to falling [22]. As the global population is constantly aging,
understanding reactions to perturbations is going to become crucial. To this day, numerous studies
have explored kinematics, kinetics, and spatiotemporal parameters, as well as muscle activity, during
gait perturbations [14]. However, to the best of our knowledge, no one has so far studied the extreme
values of the joint torques in perturbated non-dominant limbs at Initial Contact, Mid Stance, and Pre-
Swing altogether. To address this issue, the purpose of this study was to examine the effect of
acceleration of one belt of a treadmill during three different phases of the gait cycle on kinematic and
kinetic parameters and relate these changes to unperturbed gait.

2. Materials and Methods

2.1. Participants

The study group consisted of 21 healthy young females with a mean age of 21.38 + 1.32 years,
body weight of 61.38 + 6.48 kg, and body height of 165.9 + 4.53 cm. Participants needed to meet
specific eligibility criteria, including having no muscular or neurological disorders, no lower limb
injuries within the last six months, engaging in physical activity at least twice weekly, right leg
dominance [23], and prior experience with treadmill walking. Exclusion criteria encompassed
inexperience with treadmill walking, balance issues, or medications affecting the nervous system. All
participants provided written informed consent to participate in the study. The study received
approval from the University Review Committee (no. SKE01-15/2023) and followed the ethical
guidelines and principles of the Declaration of Helsinki.

2.2. Measurement Protocol

The kinematic and kinetic parameters of the perturbed gait were measured in the Interactive
Gait Real-Time Analysis Laboratory (GRAIL, Motek Medical B.V., Amsterdam, Netherlands). The
GRAIL comprised a dual split-belt treadmill (1000 Hz), a motion capture system (Vicon Metrics Ltd.,
Oxford, UK) operating at 100 Hz, three video cameras, synchronized virtual reality environments,
and a safety harness suspended from the ceiling. The accompanying D-Flow software (Motek
Medical B.V., Amsterdam, Netherlands) was used for model adjustment, initiating perturbations,
and data collection.

As the participants arrived, anthropometric measurements were collected, and 26 reflective
markers were placed on their bodies according to Human Body Model 2 (HBM2) guidelines.
Subsequently, participants stepped on the treadmill and aligned in a T-pose to achieve an accurate
D-Flow body model fit. The test protocol included three walks at a constant speed of 1.2 m/s
containing perturbations involving the acceleration of the left lane of the treadmill (non-dominant
limb) during the Initial Contact (IC), Mid Stance (MS), Pre-Swing (PS) phases, respectively (Figure 1).
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Figure 1. Example of a participant’s typical response. The left (red) lower extremity was perturbed,
while the right (green) lower limb was recovered. The moments when the perturbation occurred are
marked in red at the top of the figures, representing the phase of the gait cycle.

Perturbations were systematically introduced at the 30th, 40th, 50th, 60th, and 70th seconds of
the gait, and participants walked in flat-sole athletic shoes. The perturbation magnitude was set to 5
on a scale of 1 -5, involving a shift in treadmill belt speed of 0.5 meters per second [24]. Using a high
perturbation magnitude facilitated a clearer estimation of peak loads, as the body's response to
significant unexpected forces was more pronounced, making it easier to observe and measure
resulting joint loads.

2.3. Data Processing

Data obtained from D-Flow software were saved as *.mox files and then imported into Matlab
2021a (MathWorks, Natick, MA, USA) using a toolbox developed by Feldhege, et al. [25].
Subsequently, they were transformed into OpenSim 4.2 input files: *.trc, which contained positions
of markers placed on a subject at different times during a motion capture trial, and *.mot, which
included ground reaction force data [26]. The gait2354_model, a three-dimensional, 23-degree-of-
freedom computer model of the human musculoskeletal system with 54 musculotendon actuators
representing 27 muscles in the lower extremities and torso, was adjusted to participants'
anthropometry using the Scale Tool. Joint angles were determined using the Inverse Kinematics Tool
(IK) based on marker positions during motion. Joint torques were obtained using the Inverse
Dynamics Tool (ID) and ground reaction forces (GRF). The perturbed gait cycle for the left leg was
determined in the OpenSim software, considering the visualization of inverse kinematics and GRF.
Data from the undisturbed gait sample and the first disturbance of each trial were extracted for
further analysis. The gait cycle length for each perturbed trial and the gait without perturbations was
estimated using the Euclidean distance equation based on the position of the left heel marker at the
heel strike, as follows:
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stride length = [ (x; — x)? + (y, — y1)? + (2, — 21)?,

where: x1, y1, z1 denote the position of the heel marker at the beginning of the gait cycle, and xa, y2, z2
denote the position of the heel marker at the end of the gait cycle, which was taken into consideration.
For subsequent statistical analysis, the stride length, extreme values (minimal and maximal) of
kinematic and kinetic parameters were extracted for gait cycles both with and without perturbations.

2.4. Statistical Analysis

Statistical analysis was conducted using PQStat 2021 software v.1.8.2.238 (PQStat Software,
Poznan, Poland). The normality of the distribution of the analysed data was assessed using the
Shapiro-Wilk test. This test indicated normal distributions for extreme values of joint angles and
stride length in gait without perturbation as well as for gait with perturbation in IC, MS, and PS.
Different from the normal distribution was found for extreme values of joint torques and stride length
during MS perturbation.

ANOVA with Tukey's HSD post-hoc test was used to identify statistically significant differences
in the extreme values of joint angles achieved in gait cycles with perturbations in IC, MS, and PS and
gait cycles without perturbation (N). Friedman's ANOVA test with Bonferroni's post-hoc test was
employed to detect statistically significant differences in the extreme values of joint torques and stride
length achieved in the gait cycle with perturbations in IC, MS, and PS, and the gait cycle without
perturbation (N).

Paired t-tests using statistical parametric mapping (SPM) [27] were employed on continuous
curves, specifically focusing on angles and muscle torques at the lower limb joints. The SPM1D
package (https://www.spmld.org) facilitated these analyses. Comparisons were made for curves that
incorporated perturbations in the IC, MS, and PS phases, referencing curves recorded during free
gait. All analyses were performed in Matlab R2021a.

3. Results

3.1. Analysis of the Magnitude in Terms of Area Changes

Participants exhibited various stepping strategies in response to the studied perturbations,
which were triggered during the IC, MS, and PS phases of the gait cycle by accelerating the left
treadmill lane (Figure 1), leading to changes in gait cycle length and both kinematic and kinetics
parameter values (Table 1, Figure 2).

Table 1. The impact of induced acceleration perturbation at the selected gait cycle phases: Initial
Contact (IC), Mid Stance (MS), and Pre-Swing (PS) on the step length, compared to a standard
treadmill gait (N).

Initial Mid Stance Pre-Swing Treadmill
Contact (IC) (MS) (PS) Gait (N)
Stride length 0.051 0.142 +

0.13 +0.073 0.024 +0.019 p =0.0001 - p=0.0001
[m] 0.029 0.087

Parameter ICvs N MSvsN PSvsN
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Figure 2. The means and standard deviations of curves for the A. ankle angle joint, B. knee angle joint,
C. hip angle joint, D. ankle torque, E. knee torque and F. hip torque throughout the gait cycle. The
first column shows the curves for the affected limb without perturbation (black), with perturbation in
the Initial Contact (red), Mid Stance (green) and Pre-Swing (blue) phase of gait cycle. The second,
third, and fourth columns display the SPM (t) statistic as a function of the gait cycle, with critical
threshold (t) values located on the right axis. Highlighted areas indicate ranges where statistically
significant differences exist compared to gait without perturbation, where: df - dorsiflexion, pf —
plantarflexion, flex — flexion, ext — extension.

When studying the comparison of the curves for ankle angles with perturbation in the IC phase
(Figure 2A) and the curve without perturbation, it is noteworthy that statistically significant
differences occur not only at the moment of perturbation but also extend to a significantly larger area,
as follows: [0 — 34.6]%, [39.18 — 64.38]%, and [70.42 — 88]% of the gait cycle. For the knee angle (Figure
2B), differences manifest in two clusters: [10.62 — 72.96]% and [90 — 100]% of the gait cycle. However,
for the hip joint (Figure 2C), the differences cover the entire swing phase and part of the support
phase, starting from the beginning of the Terminal Stance phase [39 — 100]% of the gait cycle.
Similarly, when examining the behavior of ankle torque (Figure 2D), it is worth noting that
statistically significant differences occur in shifted areas compared to those observed for kinematic
parameters. These differences manifest as follows: [5 — 36]%, [46.74 — 69.29]%, and [92.11 — 96.85]% of
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the gait cycle. For the knee joint (Figure 2E), differences are recorded across almost the entire gait
cycle, presenting in six clusters: [0 — 4]%, [7 — 35.4]%, [45.6 — 56.3]%, [60 — 67]%, [72 — 74.36]%, and
[91.6 — 95]% of the gait cycle. However, in the case of the hip joint (Figure 2F), differences include the
following areas: [0 — 4]%, [52.6 — 67]%, and [97 — 100]% of the gait cycle. In particular, an additional
area of [0 — 4]% appeared for the knee and hip torque, which was not observed for the angles.

When comparing the curves for the ankle joint angle with perturbation in the MS phase (Figure
2A) to the curve for gait without perturbation, three areas exhibit statistically significant differences:
[0 = 9]%, [43 — 67]%, and [81 — 92]% of the gait cycle. Similar to previous findings, differences are
observed for additional joints but are confined to two clusters: [5 — 60]% and [93 — 100]% of the gait
cycle for the knee joint (Figure 2B) and [34 — 46]% and [51 — 60]% of the gait cycle for the hip joint
(Figure 2C). Similar to the previous perturbation, the analysis of muscle torques provides different
information. When comparing the curves for ankle torque with perturbation in the Mid Stance phase
(Figure 2D) to the curves for gait without perturbation, three areas, similar to those observed for
angles, exhibit statistically significant differences: [23.47 — 51.17]%, [57.81 — 59.22]%, and [92.36 — 98]%
of the gait cycle. In the knee joint (Figure 2E), differences are evident throughout the entire gait cycle,
with as many as six clusters: [2 — 4.22]%, [6.63 — 20]%, [31.31 — 37.02]%, [52 — 59]%, [62 — 69]%, and
[85.5 — 93]% of the gait cycle. However, for the hip joint (Figure 2F), differences manifest in two
clusters: [6 —22.1]% and [62.77 — 85.80]% of the gait cycle.

Most differences were observed for curves containing perturbations during the Pre-Swing
phase. Regarding the ankle joint, four clusters with differences were identified, spanning the entire
gait cycle with small 10% intervals: [9 — 17]%, [43 — 48]%, and [66 — 77]%. For the knee joint, similar
to previous perturbations, two clusters with noticeable differences are apparent: [17 — 55]% and [88 —
100]% of the gait cycle. In the case of the hip joint, differences were identified in the following regions:
[16 — 45]%, and [81 — 100]% of the gait cycle. When comparing the curves for ankle torque with
perturbation in the Pre-Swing phase (Figure 2D) to the curve for gait without perturbation, it is
noteworthy that statistically significant differences extend beyond the moment of perturbation,
covering a significantly larger area: [5 — 36]%, [46.74 — 69.29]%, and [92.11 — 96.85]% of the gait cycle.
In the knee joint (Figure 2E), differences are observed in three segments: [13 — 21.18]%, [36.31 —
52.14]%, and [72.69 — 98.44]% of the gait cycle. However, for the hip joint (Figure 2F), differences
manifest in two areas: [55 — 60]% and [72.41 — 95]% of the gait cycle. The above description illustrates
how individual perturbations radiate and impact the affected areas, which do not overlap for kinetic
and kinetic parameters.

3.2. Analysis of the Volume of Changes

To understand the extent of changes induced by perturbations, it is valuable to not only compare
the affected areas, but also to assess their magnitude by comparing the peak values (Table 2) observed
in each curve with those documented during unperturbed gait.

Table 2. Mean, standard deviation and percentages of extreme values for lower limb joint kinematics
and kinetics curves containing the impact of induced acceleration perturbation at the: Initial Contact
(IC), Mid Stance (MS), and Pre-Swing (PS) gait phases, compared to a standard treadmill gait (N),
where: * - significance level p < 0.05. Negative values alongside percentages indicate the extent of
decrease compared to treadmill gait or whether the sign has been reversed.

Initial Mid Stance Pre-Swing Treadmill
Contact (IC)  (MS) (PS) Gait (N)

Kinematic parameters [deg]

Parameter ICvs N MSvsN PSvsN

Ankl
n (;f;nax 2138+3.96 17.66 +4.75 193 +354 15.65+2.18 36.61%*  12.84%  23.32%*
Ankle min -16.92 + -20.93 +

(0h) -23.91+9.42 9.26 822 -496+2.25 382.06%* 241.13%* 321.98%
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Knee max
oy 7921#834 63085662 77.71+6.69 70.56 319 1226%*  -351%  10.13%*
Kn(iexg‘m 3664291 257+385 3.4+381 -328+195 -211.59%* -178.35% * -203.66% *
-
EE;:;‘X 40.25+5.06 33.76 + 441 3892 +521 31.03+3.19 29.71%*  88%  2543%*
o 1134+ -1443+ . . .
Hip min (ext) 9332415 ey 14722264 36.62%%  -2296%  -1.97%
Kinetic parameters [Nm/kg]
A“k(ff;“ax 157+037 1.75+023 1.88+0.15 175+0.09 -10.29% 0% 7.43%
Ankle min
of -0.08£0.09 -0.24+0.04 -0.11+0.05 -0.11+0.04 -27.72%* 118.18%* 0%
K
rﬁleexm)ax 115029 0.64+026 036+0.05 033+004 248.48%* 93.94%*  9.09%
Knee i
(eeif)“m 0.66+0.21 -0.38+0.08 -0.51+0.08 -031+003 112.9%*  2258%  64.52%*
HZE;‘;X 1.09+023 055+01 07+0.16 061+011 78.69%*  -9.84%  14.75%

Hip min (ext) -0.54+0.15 -0.78 £0.16 -1.09+0.23 -0.63+0.05 -14.29%  23.81%* 73.02% *

In analysing extreme values for gait with perturbations compared to gait without them, it
becomes evident that most substitutions occurred sequentially during the perturbation in the Initial
Contact phase (6 significant for kinematic parameters and 4 for kinetic parameters), Pre-Swing (5
significant for kinematic parameters and 2 for kinetic parameters), and Mid Stance phase (2 for
kinematic parameters and 3 for kinetic parameters). Furthermore, in most cases, there were
significant increases in extreme values in the presence of perturbations.

It is worth highlighting that the most substantial increases in kinematic parameters are for ankle
plantar flexors, which exceed those achieved during treadmill gait by 382.06%, 321.98%, and 241.13%
for perturbations in the IC, PS, and MS phases, respectively. A less marked but consistent trend is
evident for ankle dorsiflexors, with values for IC, PS, and MS perturbations exceeding those recorded
for treadmill gait by 36.61%, 23.32%, and 12.84%, respectively. The hip joint tends to reduce its
maximal extension compared to treadmill gait by 36.62%, 1.97%, and 22.96% for perturbations in the
IC, PS, and MS phases, respectively. Simultaneously, flexion values increased by 8.8% for gait with
perturbation in the MS phase and by 25.43% and 29.71% during perturbation in the PS and IC phases,
respectively. The knee joint remains in flexion, with maximum values increasing by 12.26% during
perturbations in the IC phase and by 10.13% during PS phase perturbations. Notably, knee extension
was observed during treadmill gait, but this phenomenon was not repeated during any perturbation
(Table 2).

The response to changes in kinematic parameters is also evident for kinetic parameters. Notably,
the alterations in ankle joint torques are relatively minor compared to the previously discussed
kinematic values. This phenomenon can probably be attributed to the involvement of the bi-articular
muscles, in this case directing their influence mainly to the knee joint. Within the knee joint, a
significant increase of 248.48% is observed in the flexion torque when perturbation is introduced
during the IC phase, in contrast to gait without perturbation. Meanwhile, the hip joint experiences a
substantial increase in the activation of hip flexor muscles, particularly during perturbations in the
IC and PS phases, with increases of 78.69% and 14.75%, respectively (Table 2).

4. Discussion

The aim of the study was to identify at which phase of the gait cycle (Initial Contact, Mid Stance,
or Pre-Swing) induced one-belt acceleration perturbations caused the most substantial alterations in
gait parameters and potentially led to the highest overloads of the perturbed lower limb.

d0i:10.20944/preprints202404.1022.v1
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This study employed a perturbation protocol using the Grail system (Motek Medical BV,
Amsterdam, the Netherlands), which allowed for precise timing and intensity control of
perturbations. The findings indicate that all perturbations significantly influenced the examined
parameters, probably due to the application of high perturbation force [4]. A consistent significant
alteration observed across all perturbations was the reduction in full knee extension, as evidenced by
the knee joint angle curves (Figure 2B) and extreme values for the knee extension angle (Table 2). All
this suggests a critical role of the knee joint in adapting to perturbations, a trend similarly noted by
Shokoubhi, et al. [28], who examined adjustments in lower limb joint power and work in response to
trip-induced perturbations. In contrast to Shokoubhi, et al.’s [28] trip-like perturbation, which involved
rapidly decelerating the belt under the dominant foot, this study utilized accelerations. Additionally,
Btazkiewicz and Hadamus [4] assessed gait regularity during external perturbations caused by
treadmill belt acceleration and deceleration across different phases of the gait cycle. They found that
perturbations caused by treadmill belt deceleration contribute to higher irregularities, with the most
irregular behavior observed during the Pre-Swing phase (vertical direction) among those caused by
acceleration. In this paper, an analysis of the kinetic and kinematic values of the perturbed gait
indicated that perturbations induced during the Initial Contact (IC) phase were the most intense.
Perturbations in the Pre-Swing (PS) phase also had a significant impact on joint angular values, but
they did not result in substantial changes in torque values, thus making them less likely to cause
overloads. Perturbations in the Mid Stance (MS) phase were determined to have the least significance.
These findings will be discussed sequentially, starting with the most impactful perturbations.

4.1. Perturbations in the Initial Contact Phase

The initial contact (IC) phase, marking the beginning of the gait cycle, plays a fundamental role
in locomotion [29]. It requires good coordination, balance, and effective shock absorption capabilities.
The perturbation induced in the IC phase affects the entire gait cycle, which is probably the reason
why it accounts for the most significant changes observed in the examined parameters.

The most noteworthy discovery revolved around the alteration in knee joint torques, as the areas
showing significant changes covered 55.86% of the gait cycle (Figure 2E). Specifically, the peak knee
flexion torque reached 1.15 + 0.29 Nm/kg, marking a staggering 248.48% increase compared to
unperturbed gait. It was the most substantial kinetic shift across all perturbations and joints.
Additionally, there was a noteworthy rise in peak knee extension torque -0.66 + 0.21 Nm/kg in the
presence of perturbation, compared to the -0.31 + 0.03 Nm/kg recorded during unperturbed gait.
Moreover, the perturbation during the initial contact (IC) phase induced substantial alterations in
knee kinematics, affecting up to 72.34% of the gait cycle. However, there was only a minor increase
of 12.26% in extreme flexion values.

Perturbations significantly altered the ankle joint angle curve values in 77.38% of the gait cycle
area compared to a typical gait pattern. These alterations were most notable in the extremes of plantar
flexion, exhibiting a substantial increase from -23.91 + 9.42 deg to -4.96 + 2.25 deg. Despite this
pronounced shift, the torque exerted by the plantar flexors experienced a notable decrease of 27.72%
compared to the torque observed during unperturbed gait.

Perturbations also significantly affected the kinematic parameters associated with the hip joint.
These alterations impacted 61% of the gait cycle, particularly visible during the late stance and all
swing phases. Notably, perturbation during the initial contact phase induced the most substantial
changes in the extreme angular values of the hip joint, with hip flexion increasing by 29.71% and hip
extension by 36.62%. In terms of torque, there was a noteworthy 78.69% increase in hip flexion torque.

It is worth noting that reviews by Taylor, et al. [14], as well as Ferreira, et al. [10], have
underscored that heel strike perturbations are prevalent. This study corroborates this finding,
demonstrating that perturbations during the IC phase significantly impacted all examined
parameters except torques related to dorsiflexion and hip extension.

Notably, knee flexion torque exhibited a nearly threefold increase, emphasizing the pivotal role
of the knee joint and quadriceps muscle in responding to such perturbations. This observation is
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particularly relevant given that even short periods of immobilization can lead to rapid muscle
weakness [30], potentially heightening the risk of falls triggered by perturbations.

4.2. Perturbations in the Pre-Swing Phase

The Pre-Swing phase occurs at 50-60% of the gait cycle, immediately preceding the swing phase.
Perturbation induced in this phase had the most significant impact on increasing step length,
artificially accelerating the swing phase, and forcing participants to actively decelerate the limb.
However, concerns arise as the gait cycle for perturbations in the PS phase was disrupted even before
the perturbation occurred.

This disruption does not seem attributable to mistimed perturbation induction, as Golyski, et al.
[31] reported an average delay of 56 ms in perturbation induction by GRAIL and D-Flow systems.
Nor does it appear to stem from changes in percentage intervals due to gait cycle shortening or
lengthening. A more plausible explanation seems to be that the perturbation in the PS phase was
induced last, prompting participants to adopt a different gait pattern in anticipation, as observed in
studies by Swart, et al. [32]. The hypothesis that participants adopted a different gait strategy is also
supported by the kinematic curves of the knee joint, showing a lack of full extension compared to
unperturbed gait. This relationship is particularly visible in the area of [7 — 35.4]% of the gait cycle
(Figure 2E). Significant changes also occur in the hip joint [16 — 45]% and in the ankle joint [9 — 17]%;
[43 — 48]%, in areas before the disturbance. The perturbation in the PS phase significantly affected all
extreme kinematic values, except for the hip extension angle. The greatest changes compared to
unperturbed gait were observed for plantar flexion -20.93 + 8.22 vs. -4.96 + 2.25 deg and knee
extension 3.4 + 3.81 vs. -3.28 + 1.95 deg.

As for the analysis of kinetic parameters, changes in gait pattern appeared in the [5 —36]% of the
gait cycle for the ankle torque and within [13 — 21.18]%, [36.31 — 52.14]% of the gait cycle for the knee
joint torque curves. However, changes in the kinetic parameters of the hip joint are directly related
to the moment of perturbation, appearing, respectively, in the areas of [55 — 60]% and [72.41 — 95]%
of the gait cycle. The most significant alteration in extreme values occurred at the hip joint, with the
hip extension torque increasing by 73.02%. This represented the most substantial change in this
parameter among all examined perturbations. These results are consistent with Vlutters, et al. [33],
who also identified the hip joint as a primary control for this type of disturbance.

Regarding the perturbation during the Pre-Swing (PS) phase, the most notable changes were
noted for the hip extension torque. However, the existence of significant alterations preceding the
induced perturbation is intriguing and challenging to explain. These pre-perturbation changes are
possibly attributable to anticipatory muscle activation in preparation for the impending perturbation.
But this issue requires further research.

4.3. Perturbations in the Mid Stance Phase

The perturbations induced during the Mid Stance phase had minimal impact on the parameters
studied compared to the previously mentioned perturbations. Notably, only this perturbation did
not alter stride length compared to unperturbed gait. However, this finding contrasts with the
Madehkhaksar, et al. [34] report, which observed a significantly shorter step length under similar
conditions.

The most common strategy adopted in response to this perturbation involved rising onto the
toes (Figure 1). This is evident in the notable deviations observed in ankle plantar flexion occurring
within the intervals [23.47 — 51.17; 57.81 — 59.22]% of the gait cycle. Moreover, extreme torque values
for plantar flexion increased by 118.18% compared to those recorded during undisturbed gait,
marking the most significant change in this parameter of all the perturbations. Furthermore, there
was a significant increase in extreme torque values for knee flexion —93.94% — compared to unaffected
gait. Aligned with the findings presented in this study are the results of Taborri, et al. [35]. Taborri, et
al. [35] demonstrated a noticeable decrease in ankle dorsiflexion and plantar flexion when locomotion
was perturbed. However, it is worth noting that the authors analysed ranges of motion rather than
angles.
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Before perturbation, as for perturbations in the Pre-Swing phase, some areas showed significant
differences from the unperturbed gait cycle. These included changes in [0 — 9]% and [5 — 60]% of the
gait cycle for ankle and knee kinematics, respectively. For kinetic parameters, the changes regions
were [2 — 4.22; 6.63 — 20]% and [6 — 22.1]% of the gait cycle for the knee and hip joint, respectively
(Figure 2). It seems that the explanation for this phenomenon may be similar to that for perturbation
in the Pre-Swing phase, and it relates to the premature activation of muscles in subconscious
anticipation of a perturbation, as this type of perturbation was studied as the second one in the
experiment. Santuz, et al. [36], by applying the muscle synergy theory, demonstrated that humans
are able to modify their motor control strategies, especially in terms of timing, when walking in
unsteady conditions.

This study has some limitations. First, due to the technical limitations of the treadmill, the
perturbations did not occur at the same time of the gait cycle, only in the same interval, which could
lead to different muscle activations and thus different behaviors. However, as presented, the results
were pretty consistent within the perturbations. Another limitation concerns the analysis of the
perturbed limb only. In subsequent studies, it would also be worthwhile to consider recovery limb.
Given that there was a delay in the triggering of the perturbation due to limitations in the
configuration of the treadmill device, the frame in which the perturbation was presented could not
be detected, making point analysis impossible and forcing an interval analysis (SPM). It is not known
whether the extreme values were after the perturbation or at the time of its occurrence. Thus, some
cautions in interpreting the results should be taken into account, considering that depending on the
moment of the perturbation within the gait cycle the response is different.

5. Conclusions

The research findings suggest that each type of examined one-belt-acceleration perturbation
presents a challenge to balance capabilities. However, the perturbation in the IC phase was associated
with the highest loads, particularly in terms of the extreme values of the knee flexion torque, which
were three times higher compared to normal gait. Perturbations in the PS phase primarily influenced
the hip joint, with the most significant change observed in the extension torque. The perturbations
that occurred in the MS phase mainly affected the ankle joint, with a notable influence on the plantar
flexion torque.

Research, carried out in healthy young people, employing high treadmill speed and perturbation
force, may serve as a valuable reference point for future studies and the development of rehabilitation
protocols.
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