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Abstract: This study explores how low-frequency foot-transmitted vibration (FTV) affects both gait
parameters and cognitive performance. Twenty healthy male participants experienced harmonic
mediolateral FTV (1.25 Hz, 1 m/s2) while either standing or walking on a treadmill. We assessed
participants’ reaction times to visual stimuli using a psychomotor vigilance task (PVT) test under five
conditions, including (i) baseline (standing still without vibration), (ii) vibration (standing still with
vibration), (iii) walking (walking without vibration), (iv) walking with vibration, and (v) post-test
(standing still without vibration after the tests). Additionally, the step width (SW) was measured with
a camera system in conditions (iii) and (iv), i.e., when participants were walking with and without
vibration and during PVT execution. The results showed that the average vigilance decreased, and
the step width increased while walking and/or with vibration exposure. These findings suggest a
potential connection between decreased vigilance, increased step width, and the need for enhanced
stability, focusing on balance maintenance and a wider base of support. Implications for future
standard revisions are presented and discussed.

Keywords: psychomotor vigilance task (PVT); foot-transmitted vibration (FTV); reaction time (RT);
step width (SW); perturbed gait

1. Introduction

Up to 7% of workers in North America and Europe are exposed to whole-body vibra-
tion (WBV) [1,2], putting them at a higher risk of developing vibration-related occupational
diseases, including low back disorders, fatigue, neck pain, and headaches [3]. The inter-
national standard ISO 2631-1 [4], regulates the measurement, evaluation, and assessment
deriving from WBV exposure, but different aspects suggest a revision of the standard [5-7];
Foot-transmitted vibrations (FTVs) are a specific type of WBV experienced by people stand-
ing still or walking. Several studies emphasized the need for more research on FT'Vs to
understand their unique effects compared to general WBVs [5,6,8]. Many workers, such as
seafarers or airplane hostesses and stewards, experience FTV while performing physical
tasks like walking. Previous research on how vibration affects cognitive performance
has mainly focused on sitting, healthy subjects [9-11]. However, in real-world situations,
workers often perform mental tasks while walking in environments with vibrations.

To our knowledge, just two prior studies have explored the impact of FTV on the
cognitive response of standing individuals. Ishimatsu and colleagues discovered that
subjects, when exposed to sinusoidal vertical vibration at 20 Hz and 0.5 m/s? RMS, did not
experience a decline in their performance in target detection or discrimination tasks [12].
At lower frequencies, a deterioration of cognitive performance was evidenced by Marelli
and colleagues [13]; the authors examined the cognitive effects by analyzing reaction times
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(RTs) obtained from the psychomotor vigilance task (PVT) test conducted on 25 standing
subjects. Participants were exposed to harmonic horizontal vibration with an amplitude of
0.7 m/s? RMS and frequencies ranging from 1.5 Hz to 12.5 Hz. The findings indicated that,
particularly at low frequencies commonly encountered in transportation settings, there was
a decline in vigilance attributable to vibration exposure.

Vibration itself alters gait patterns. Some studies have shown that vertical vibration
between 2 and 12 Hz induces people to take longer steps. Research on horizontal vibration
has mainly focused on side-to-side movement (mediolateral direction). When exposed to
low-frequency horizontal vibration (below 2 Hz), people tend to adjust their walking by
taking wider and faster steps to avoid falling [14-19].

Finally, engaging in cognitive tasks impacts gait patterns. Hunter and colleagues [20]
showed that the addition of either a motor or a cognitive task affects gait performance.
Similar findings have been reported in older populations in which the increases in cognitive
task complexity while walking speed decreases caused an increase in the stance time [21,22].
Similarly, in young adults, locomotor rhythm and stability of walking decrease when paired
with cognitive tasks [23].

Although deciphering the primary influence of cognition, gait, and vibration remains
challenging, it is evident that their interaction results in a modified cognitive performance
and in a possible alteration of the gait pattern. This aspect is currently overlooked in
international standards and regulations, mainly because the existing literature lacks studies
that comprehensively address both gait performance and cognition in the context of FTV
exposure. For this reason, the main hypothesis investigated in this study was that vigilance
metrics and gait strategies can be deteriorated due to mediolateral (left-right direction)
FTV exposure while walking over time, causing a higher risk of accidents and injuries in
the workers who experienced this condition.

2. Materials and Methods
2.1. Participants

The study enrolled 20 male participants with a height of 179 &+ 7 cm (average + SD,
range: 165-191), body mass of 73 £ 8 kg (average + SD, range: 55-86), and an age of
27 £ 5 years (average & SD, range: 24-39). Exclusion criteria encompassed lower body
injury in the previous six months, current or previous neuromuscular pathology, persistent
symptoms of previous orthopedic injury, current or previous long-term WBV exposure,
cognitive impairment due to developmental disorders, previous diagnosis of diabetes,
current or previous vibration-induced pathology or motion sickness, or concussion. Trans-
port motion sickness was self-reported by the subject using a check box. All experimental
protocols conformed to the Declaration of Helsinki and the University’s ethical guidelines
and standards (Ethics Committee approval number 09/2021). Signed informed consent
was obtained from all subjects prior to participation, and all sensitive data were kept
confidential.

2.2. Experimental Setup

A vibrating platform was purposely developed [24] to impose mediolateral FTV on
subjects walking on a commercial treadmill (Toorx walking pad, Garlando S.P.A, Pozzolo
Formigaro, Italy) (Figure 1a). Participants were exposed to a mediolateral harmonic vibra-
tion at 1.25 Hz and 1 m/s? amplitude, corresponding to a lateral displacement of 31 mm
(peak-to-peak). The selection of sinusoidal FTV was made to align with most of the studies
related to whole-body vibration; the frequency was selected to replicate conditions that may
be found on ships or on other means of transport. The acceleration amplitude was chosen
with reference to the vibration exposure limits for workers outlined in the EU Directive
2002/44/EC [25].
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Figure 1. (a) Pictorial view of the setup: the vibrating platform and the PVT device; (b) PVT device:
the subject waits a random amount of time (2-9 s) for the green LED to light up and then presses the
button as quickly as possible to record the reaction time; (c) The patches on the feet to measure step
width: a round shape on the right, and a square shape on the left.

Walking performance was assessed using the step width (SW) parameter. Specifically,
two patches were placed on the toes of the shoes (Figure 1c), and a camera system (DMK
72BUCO02, The Imaging Source Europe GmbH, Bremen, Germany) positioned above the
walking path was used to capture the position of the feet during walking by recording a
video (1280 x 960 resolution, 13 fps, black and white sensor) in MP4 format using Matlab
(Version: 9.13.0-R2022, MathWorks, Natick, MA, USA).

Cognitive performance was evaluated by using a purposely designed apparatus to
administer a shortened version of the PVT test (Figure 1b). This test is used to measure
alertness by recording the reaction time (RT) to a stimulus [26], and in this case, we used
it to observe the effect of FTV on vigilance. The advantage of using PVT lies in the
possibility of performing it while walking, while still providing standardized reaction time
data. Specifically, from the beginning to the end of the test, a panel of blue light-emitting
diodes (LEDs) was illuminated to indicate that the test was in progress; instead, the visual
stimulus was delivered by switching on the adjacent green panel (Figure 1b). The interval
between two successive stimuli, also referred to as the interstimulus intervals (ISIs), was
randomized and set between 2 and 9 s. Subjects held a button connected directly to the
device, and as soon as the green panel lit up, they responded by pressing the button, and
the corresponding reaction time was recorded.

In our experiment, the device was positioned at a height of 1 m to allow the subjects
to have access to peripheral visual cues from the treadmill to aid balance while walking
with vibration. We then used a short version of the PVT protocol, as proposed by Dinges
and Powell [27] and validated by Loh and colleagues [28], lasting 5 min and recording
10 reaction times per minute for a total of 50 RTs for each test.

2.3. Experimental Protocol

Prior to the start of the session, the subjects wore light sportswear and a comfortable
pair of walking shoes. The use of light-colored shoes was recommended to ensure adequate
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contrast with the patches attached to the shoes. Participants were then instructed in the full
procedure of the PVT protocols with a 30 s familiarization period while standing on the
treadmill. Each subject repeated the PVT test in five different trials, interspersed with a
2 min rest period in a seated position. The session, which was completed in one day, took
approximately 45 min per subject.

The five PVT trials were performed as follows:

e B—Baseline trial: the subject executed PVT (5 min duration) standing still on the
platform without vibration exposure;

e V—Vibration trial: the subject performed PVT (5 min duration) standing still on the
platform that vibrates in the mediolateral direction, thus exposing participants to FTV.
The PVT test started after an adaptation period of 30 s;

e  W—Walking trial: the subject executed PVT walking on the platform without vibration
exposure. The participant stood still on the treadmill and started walking at a speed
that gradually increased to 4.5 km/h. Once the participant adapted to the final speed
(30 s), during the following 90 s, the camera system recorded the participant’s step
width while they walked normally (hereinafter, unperturbed gait, U). Then, the PVT
test (hereinafter unperturbed gait with PVT, U-PVT) began, and after 210 s, the step
width was evaluated again to check the effect of PVT on gait;

e  W+V—Walking with vibration trial: the participant stood on the platform; after
imposing the vibration, after a few seconds of adaptation, the treadmill speed slowly
increased to 4.5 km/h. The participant then walked for two minutes; the first 30 s
allowed them to become used to the speed and the vibration. During the last 90 s,
the camera system recorded their step width (perturbed gait, P). After that, the PVT
began; in the final 90 s, the step width was measured again (hereinafter perturbed gait
with PVT, P-PVT);

e  P—Post-test trial: analogously to the baseline, the subject executed PVT (5 min dura-
tion) standing on the platform without vibration exposure.

The tests schemes are shown in Figure 2.

Except for the baseline and post-test (hereinafter referred to as “static” in contrast to
the other “dynamic” trials), the order of the trials was randomized to avoid any learning or
fatigue effects due to the order of the trials.

2.4. Data Analysis

Data elaboration and analysis were performed by using codes in MATLAB software,
and all statistics were performed using Minitab® 21.2 and with a 95% confidence level.
The normality distribution of the participants’ weight and height was tested through the
Ryan-Joiner test.

2.4.1. PVT Analysis

A total of 250 RTs were recorded for each of the 20 subjects (10 RTs for each of the five
minutes of a single trial repeated for five trials). For each condition (B, V, W, W+V, and P)
and each subject, the following standardized mean PVT metrics [29] were calculated:

e  Mean RT: the mean of the RTs among the 50 recorded during each trial expressed in
ms;

e  Fastest RT: the mean of the 10% shortest RTs of the trial (or optimum response domain)
expressed in ms;

e  Slowest RT: the mean of the 10% longest RTs of the trial (or lapse domain). In this case,
a reciprocal transformation was applied to the raw data to reduce the contribution of
long lapses [27,28], so it is expressed in 1/s;

e Lapses: the percentage of the error of omission (RT > 500 ms) normalized by 50 RTs of
the trial.

The false starts (i.e., errors of commission, defined as responses without stimulus or
responses with RTs < 100 ms) were excluded from the analysis.
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Figure 2. Temporal schemes of the baseline (B) and post-test (P), vibration (V), walking (W), and
walking with vibration (W+V) trials for the PVT execution, and unperturbed gait (U), unperturbed
gait with PVT (U-PVT), perturbed gait (P), and perturbed gait with PVT (P-PVT) for the step width
recording.

For each dependent vigilance metric, the effect of the trial condition (B, V, W, W+V,
and P) was determined using repeated measures analyses of variance (ANOVA). In the
case of a significant effect, Tukey’s post hoc test was used for multiple comparisons.

Secondly, the raw data were used to investigate the effect of time. The 1000 RTs per
condition (given by 50 RTs for 20 subjects) were grouped by minute considering that 10 RTs
were recorded in each minute of the test. The effect of time (minutes 1, 2, 3, 4, and 5) was
determined for each trial type using one-way ANOVA. Again, in the case of a significant
effect, Tukey’s post hoc test for multiple comparisons was used.
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2.4.2. Step Width Analysis

The initial and final 15 s of the videos were removed, leaving only the middle minute
for each recording. A pattern recognition algorithm was implemented to monitor the
position of each marker in every frame and reconstruct its path. The moment when the
marker reached the furthest point in the direction of walking was identified as the instance
of foot impact on the treadmill. Treating consecutive strikes of the right and left foot as
one step, the corresponding stride width (SW) was determined as the distance along the
side-to-side axis between the positions of the two markers.

The analysis was limited to data from 16 subjects, with a focus on the initial 50 steps
for each subject. SW were structured into a matrix comprising 16 rows (denoted by j,
representing the subjects) and 50 columns (denoted by i representing the sequential step
numbers). Therefore, the SW matrix had 800 elements. Four matrices were acquired in each
of the four gait conditions U, U-PVT, P and P-PVT (sw}fj, sng*PVT, sw}fj, swfijVT).

The reference gait condition for each of the j subjects was computed as the arithmetic
mean of 50 columns, as follows:

50 u
—u Lz SWi;
Wi="s @

Normalized step widths sw; ; have been defined by dividing swl SWiuj_P VT, swP

j,]‘r 1,]'/
and SWf3 ;P YT by the average SW in unperturbed conditions SWY, as follows:

SwWH
swi = — [%] (2)
SW]-
WU-PvT
Swl%[j_PVT = SILT [(70] (3)
j
SwP
P L] o
SWi; = ——7 [%] (4)
SW
UP-PVT
P—PVT _ ij o
SW;j ; T Tl [%] ©®)
j

For every subject, both the mean SW; and sw; values were calculated in each of the
four gait conditions. These values were then subjected to one-way ANOVA tests to assess
the impact of the gait condition on the average step width. If the effect was deemed
insignificant, additional one-way ANOVA tests were conducted on the single step values
SW;j and sw; ; data. In instances in which significance was observed, Tukey’s post hoc test
was employed for further analysis.

3. Results

The Ryan—Joiner test resulted in a normal distribution for weight and height with R]
coefficients equal to 0.99 for both parameters.

3.1. PVT Results

The results of the PVT analysis are presented as bar plots in Figure 3. The mean and
the standard deviation for all the vigilance metrics are reported, including mean RT, fastest
RT, slowest RT, and lapses.



Vibration 2024, 7

380

400 400
— 276 + 55 271 + 40 278 + 48 3 I
E.300 250+ 38 E. 300

'_

E @ 203 +26 198 + 27 205 +30
c @ 183 + 22 192 + 16
$ 200 £ 200 I
= i

100 100

B 14 w w+Vv P B 1% w W+Vv P
(b)

(@)

n
o

3+£15 12.0 28+85
3413

oy 2:12 10.0
15 2+10 —_
= 3+9 ’ 24 +60
[ 2, 80
[hd [%]
2 10 E‘é_ 60 o, 2130
! 542

é 5 9 40 T 1123

. [ n 00

B 14 W W+V P B v wo W+ P

(© (d)

Figure 3. Mean and standard deviation for the PVT trial conditions (B: baseline, V: vibration, W:
walking, W+V: walking with vibration, P: post-test) of all the PVT metrics: (a) mean RT, (b) fastest RT,
(c) slowest RT, and (d) lapses.

3.1.1. Comparison of Metrics in Static and Dynamic Trials

The mean RT metric (Figure 3a) measured in dynamic trials (V, W, and W+V) is larger
than that of the static trials (B and P), and the values fall below this mean. Notably, the
baseline trial exhibits the minimum mean RT, whereas the W+V trial demonstrates the
maximum. The results of the repeated measures ANOVA are shown in Table 1.

Table 1. Effect of PVT trial on vigilance metrics. Results of repeated measures ANOVAs are presented
as F value and p-value (significance level « = 0.05) and effect size (n?). The degrees of freedom
between and within are in parentheses after the F value.

Effect of Trial Mean RT Fastest RT Slowest RT Lapses
F 5.68 (4, 99) 6.97 (4,99) 0.70 (4, 99) 0.89 (4, 99)
P <0.001 * <0.001 * 0.6 0.5
n? 0.05 0.10 0.30 0.01

* p-value < 0.05.

There is a statistically significant difference in mean RT between at least two trials.
However, the post hoc test showed that only the mean RT of the baseline and the other con-
ditions were significantly different (difference less than 20 ms, p < 0.04, 95% C.I. = [8, 46]).
Indeed, the baseline value showed a difference of 26 ms for V, 21 ms for W, 28 ms for W+V,
and 13 ms (5%) for P trials.

Analyses conducted on the remaining vigilance metrics showed that there was a
significant difference in the fastest RT between at least two trials (F(4, 99) = 6.97, p = 0.0001,
Table 1), and the post hoc analysis revealed that there is a difference in the mean fastest RT
between baseline and W+V, V and W (22 ms (p = 0.001, 95% C.I. = [9, 36]), 21 ms (p = 0.001,
95% C.I. = [7, 34]), and 16 ms (p = 0.014, 95% C.I. = [2, 30]), respectively). No significant
differences were found when looking at the slowest reaction times or the number of lapses
across the different conditions.

3.1.2. Effect of Time

The effect of fatigue and adaptation was quantified by analyzing the dependence of
RT over time (Figure 4). The results evidenced a significant effect of the time only for W
and W+V trials.
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Figure 4. Mean, standard deviation, and regression line of RTs for each minute in all the PVT trials:
(a) B: baseline, (b) V: vibration, (c) W: walking, (d) W+V: walking with vibration, and (e) P: post-test.

The one-way measure ANOVA was carried out, and the results are reported in Table 2.

Table 2. Effect of time on RTs during each trial (B: baseline, V: vibration, W: walking, W+V: walking
with vibration, P: post-test). The results of the one-way ANOVAs are presented as F value and p-value
(significance level « = 0.05) and effect size n?. The degrees of freedom between and within are in

parentheses after the F value.

Effect of Time B 1% %% W+V P
F 2.13 (4,993) 1.66 (4,991)  5.40 (4, 994) 5.19 (4, 993) 0.95 (4, 995)
P 0.075 0.158 0.003 * 0.001 * 0.435
n? 0.001 0.01 0.02 0.02 0.001

* p-value < 0.05.

The post hoc test for walking showed that the mean value of RTs is significantly
different between minute 4 and minutes 1, 2, and 3, with a mean difference ranging
between 22 and 30 ms (p < 0.03, 95% C.I. = [1, 51] for the three comparisons).

For the W+V trial, the post hoc test showed that the mean value of RTs was significantly
different between minute 4 and minutes 2 and 3, as well as between minutes 5 and 2, with
a mean difference of 23-28 ms (p < 0.024, C.I. = [2, 48]).

Finally, for a comprehensive evaluation, the interaction of trial conditions and time on
RTs was also tested with a two-way ANOVA, but no significant effects were observed.
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3.2. Step Width Results

Table 3 and Figure 5 shows the mean and standard deviation of the step with (SW)
and of the normalized step width (sw) in each gait condition.

Table 3. Mean and standard deviation (SD) of the step width for each gait condition.

u P Uu-rPvr P-PVT
SW [cm] 16.9 17.3 17.4 17.9
SD [cm] 2.7 2.7 3.2 3.3
sw [%] 100 104.2 103.1 108.2
SD [%] 13.6 26.9 16.4 29.3
160
108.2
17.3 17.4 179 140 104.2 031 ¥
I ' 120 100 ]
]
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T | |
S 8o J
=
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P U-PVT P-PVT U P U-PVT P-PVT

Gait Condition Gait Condition

(a) (b)

Figure 5. SW (a) and sw (b) as a function of the gait condition (U: unperturbed, P: perturbed, U-PVT:
unperturbed with PVT, P-PVT: perturbed with PVT).

sw increased in each condition compared to the unperturbed gait; the increase was
4.2% in presence of vibration (P), 3.1% with PVT without the vibration (U-PVT), and 8.2%
in presence of vibration while performing the PVT.

To verify the effect of the gait conditions on the average step width of each subject,
the one-way ANOVA test was performed on the mean values of SW and sw. The tests
showed that there was no significant effect of the gait condition on the mean values of
SW (p-value = 0.795, F = 0.34 (3, 63), n? = 0.02) and mean values of the sw (p-value = 0.728,
F =0.32(2,47), 1% = 0.14).

Instead, the ANOVA tests performed on the raw data (single steps) showed signifi-
cance both for SW (p-value =< 0.001, F =9.96 (3, 3199), 12 =0.01) and the sw (p-value =< 0.001,
F = 1751 (3, 3199), n? = 0.02). The results of the Tukey post hoc analysis are shown in
Table 4 for the SW and sw.

Table 4. Effect on SW: Tukey pairwise comparisons between all types of gait trials.

Gait Gait SW (1) — SW (2) [mm] sw (1) — sw (2) [%]
Condition 1 Condition 2 (95% Confidence Interval) (95% Confidence Interval)

P u 40(-1.1,9.0) 42(1.2,7.1)*
U-PVT u 5.1(0.0,10.1) * 3.1(0.1,6.0) *
P-PVT u 10.6 (5.6, 15.6) * 82(5.2,11.1)*
U-PVT P 1.1(=3.9,6.1) 1.1(—1.8,4.0)
P-PVT P 6.6 (1.6,11.7) * 4.0(1.1,6.9)*
P-PVT U-pvr 5.5(0.5,10.6) * 5.1(2.2,8.0)*

* Differences of means statistically significant.
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The mean differences on the SW and sw showed that there is a significant increase
in the step width in the case of the PVT execution (by comparing U with U-PVT and P
with P-PVT) and vibration exposure (by comparing U with P and U-PVT with P-PVT). No
significant difference emerged between P (walking with vibration) compared to U-PVT
(normal walking while performing PVT).

4. Discussion
4.1. Findings

The findings presented in this paper indicate that exposure to foot-transmitted vi-
bration (FTV) may lead to impairment in cognitive performance and variations in step
width.

4.2. Cognitive Effects

The study evidenced that the average reaction times in PVT tests were generally slower
when walking and/or in the presence of vibration compared to resting conditions (statical
trials). However, the RT slowdown was relatively small, only about 10% on average (28 ms)
compared to the baseline reaction time. This pattern was seen also for the fastest reaction
time; in W+V, there was an increase of 23 ms compared to resting condition.

Even though the W+V led to the biggest slowdown in reaction time, this difference
was not large enough to be statistically significant compared to walking with vibration or
just walking. This suggests that walking with or without vibration has similar effects on a
person’s ability to stay focused and react quickly to visual stimuli.

The study evidenced that the average reaction time (mean RT) was slower (13 ms) in
the final portion of the test compared to the resting condition (both baseline and post-test),
although this difference was not statistically significant. Fastest RT, on average, increased
with time, while lapses decreased from 1.5% to 1.1% in the final part of the tests. In our
interpretation, participants were slower to respond to the stimulus at the end of the session
but were not affected by the loss of vigilance, probably due to the training in the PVT
execution.

Our findings differ from those reported by Azizan and colleagues [10,30], who ob-
served an increase in lapses after 20 min of random whole-body vibration (WBV) exposure
ranging from 1 to 15 Hz, with respect to the baseline condition. In contrast, our study did
not find a statistically significant effect of FTV on lapses.

When considering the effect of time, only the V, W, and W+W tests showed a significant
effect with an increasing trend in RTs over time. On the other hand, for the static trials,
the reaction times over time remained almost unchanged or even decreased over time,
underlining that in the absence of vibration and locomotion, there is no fatigue effect;
however, on the contrary, there may be an adaptation to such a simple cognitive task.
Further experiments with PVT of longer duration and higher complexity could evaluate
the observed increasing trends.

Vigilance could be similarly affected in the presence of vibration or during locomotion,
probably because both conditions require an additional musculoskeletal effort (walking or
balancing with vibration). Then, although the effect of time is not significant, in general, the
mean RT generally shows an increasing trend. These results are in line with the literature,
which also shows cognitive delays during various cognitive and motor tasks [31,32].

4.3. Step Width

In terms of gait performance, the statistical analysis conducted on the mean values
of SW and sw showed no significance, meaning that the gait condition did not affect the
average step width due to the intersubject variability (the mean step width can vary up to
about 14 cm between subjects). On the contrary, the ANOVA test conducted on the raw
data that take into account each subject showed that the gait condition factor affected the
distance between the feet in case of SW and the normalized sw.
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For each gait condition, the Tukey post hoc test with a 95% confidence interval per-
formed on all the raw data evidenced that there is a difference of the means of about 6 mm
in case of the addition of the PVT execution. In addition, the exposure to FTV determines a
widening of the support base compared to analogous conditions in the absence of vibration
(difference of the means of about 5 mm), as also reported in the literature [16-19].

The greatest difference between the step width mean values was found when compar-
ing unperturbed gait (U) and perturbed gait with PVT (P-PVT), with a mean increase in
the second case of 10.6 mm (around +8%). This indicates that the simultaneous action of
the cognitive task and the vibration leads to an increase in step width that is almost twice
the size compared to the presence of only one of the two disturbances (U-PVT: +3% and
P: +40/0).

Instead by comparing U-PVT and P, it emerged that vibration or PVT alone have the
same effect on gait performance.

In other words, a greater base of support is required when walking, either in the case
of disturbance caused by increased cognitive demand for attention or being exposed to
vibration. In the case of both disturbances, there is a combined effect, and the subject has to
make a greater effort to remain stable to avoid falling, thus increasing the distance between
the feet.

4.4. Limitations

The main limitation of this work is the limited number of participants. Additional
data collection is needed to verify whether the results can be extended to a population that
includes females and older subjects.

Another limitation derives from the application of a single harmonic excitation in the
mediolateral direction. Due to the uneven movement of vehicles, which can vibrate and
jolt in various directions, passengers may experience sudden loss of balance, and to regain
stability, they may need to use handrails or other kinds of supports (train and airplane
seats or lateral walls). While this study used a simple vibration pattern, it showed that
vibration can generally make it harder to stay focused; the changes we observed in reaction
times and step width might not apply to other types of vibration. More research is needed
to understand how different vibration frequencies, amplitudes, and patterns (time history
modulations) affect focus and balance.

Although the step width results increased in the presence of perturbation, in the
present study, a narrow treadmill (43 cm) was used, and this may not have allowed the
subject to walk in full mobility. In addition, it was demonstrated that gait is controlled
differently during overground and treadmill dual-task walking, with different cognitive
load depending also on the selected speed [33-35]. Despite acknowledging the inherent
limitations linked to utilizing treadmills, it remained the only viable choice, considering
practical considerations, including the need for controlled experimental conditions and the
possibility of reliable gait analysis.

Another limitation derives from the camera system; the calculation of the step width
that we used is not in compliance with the standardized modality that considers the
mediolateral distance between two consecutive strikes of the right and left heels. The
patches were positioned on the toes, and it was not possible to detect the exact position of
the heels. For this reason, the SW values could have been influenced by the physiological
extra-rotation of the feet in the coronal plane and by the mediolateral oscillation of the
treadmill. Although this system proved to be advantageous due to the reduced setup
preparation and data processing time, it is necessary to conduct further studies with a
standard optoelectronic system for a comprehensive evaluation. This would allow for
detailed kinematic analysis, including measurements of joint angles and spatiotemporal
parameters. Finally, a more realistic environment (i.e., immersive reality) with a wider
treadmill and more difficult cognitive and motor tasks might help to obtain results closer
to real working conditions.
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5. Conclusions

This study examined how sinusoidal mediolateral FTV (1.25 Hz and 1 m/ s?) affects
cognitive performances and the walking pattern during walking. Reaction times (mean
RT, slowest RT, fastest RT) and lapses (longer responses) from the PVT served as measures
of vigilance, while step width was measured during each walking condition to assess gait
performance.

Compared to baseline, all dynamic conditions (walking alone, FIV only, walking
with FTV) showed decreased vigilance (slower reaction times), with some worsening over
time. However, there were no significant differences between the dynamic conditions
themselves. Step width increased during FTV exposure and/or while performing cognitive
tasks during walking, suggesting a possible strategy to improve stability by widening the
base of support compared to normal walking.

These findings imply that real-world work environments with multidirectional, ran-
dom vibrations and shocks might negatively impact worker vigilance and increase the risk
of musculoskeletal discomfort. Future research should investigate the effects of different
vibration characteristics and employ more comprehensive gait analysis techniques.
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