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Passive translational acceleration (PTA) has been demonstrated to induce the stress response and
regulation of autonomic balance in healthy individuals. Electrodermal activity (EDA) and heart rate
variability (HRV) measurements are reliable indicators of the autonomic nervous system (ANS) and
can be used to assess stress levels. The objective of this study was to investigate the potential of
combining EDA and HRV measurements in assessing the physiological stress response induced by
PTA. Fourteen healthy subjects were randomly assigned to two groups of equal size. The experimental
group underwent five trials of elevator rides, while the control group received a sham treatment. EDA
and HRV indices were obtained via ultra-short-term analysis and compared between the two groups to
track changes in the ANS. In addition, the complexity of the EDA time series was compared between
the 4 s before and the 2-6 s after the onset of PTA to assess changes in the subjects’ stress levels in

the experimental group. The results revealed a significant increase in the skin conductance response
(SCR) frequency and a decrease in the root mean square of successive differences (RMSSD) and high
frequency (HF) components of HRV. In terms of stress assessment, the results showed an increase in
the complexity of the EDA time series 2-6 s after the onset of PTA. These results indicate an elevation
in sympathetic tone when healthy subjects were exposed to a translational transport scenario.
Furthermore, evidence was provided for the ability of EDA complexity to differentiate stress states in
individual trials of translational acceleration.

Keywords Translational acceleration, Heart rate variability, Electrodermal activity, Acceleration perception,
Stress

Individuals are frequently exposed to a wide variety of transport scenarios in their daily lives, which are often
associated with various forms of passive translational acceleration (PTA). These environmental stimuli can
influence psychological stress responses and potentially affect passenger comfort?. Therefore, it is essential
to investigate the patterns of psychological regulation influenced by stress during PTA and to identify relevant
biomarkers associated with these responses.

The otolith organs, namely the utricle and the saccule, play a crucial role in the vestibular system as they
enable the detection of passive body translations. The experience of stress involves a neurological process that is
closely connected to two primary vestibular pathways®. The first pathway is associated with the limbic system,
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specifically the hypothalamus-pituitary-adrenal axis. The second pathway involves the sympathetic component
of the autonomic nervous system (ANS). Consequently, PTA has a simultaneous effect on both the individual’s
stress level and the activation of the ANS*.

The term “stress” is used in psychology to describe an emotional state characterized by negative valence
and heightened arousal, as outlined in the circumplex model of affect’. The psychological processes associated
with stress are involuntary, and the autonomic response associated with the presence of a stressor is highly
time-dependent®. Biosignal characteristics can serve as reliable biomarkers for analyzing such involuntary and
time-dependent psychological activity’.

The interaction between vestibular input and autonomic nerve activity enables the measurement and assess-
ment of physiological processes mediated by the vestibular system. Electrodermal activity (EDA) serves as a
measure of the skin’s electrical conductivity, specifically reflecting the activity of sweat glands®. The activity of
sweat glands is exclusively controlled by the sympathetic nervous system (SNS), making EDA a useful indicator
during psychophysiological arousal®'®. The skin conductance response (SCR) represents the phasic component
of EDA. Previous research has demonstrated an increase in the frequency (SCRg,) of SCR in stressful situations''.
In our analysis, we consider event-related SCR (ER-SCR) information and the complex dynamics of EDA signals,
which may provide insights into relevant EDA features in response to an acceleration stimulus on a single trial
basis, as well as stress assessment'2.

It is important to note that skin conductance may not always accurately reflect an individual’s subjective
experience of stress'®. The exclusive reliance on EDA data for analysis may result in inconclusive outcomes,
underscoring the necessity of integrating multimodal measurements to substantiate the presence of sympa-
thetic dominance. A substantial body of research has been conducted investigating autonomic regulation and
stress recognition using EDA and heart rate variability (HRV) signals in a variety of application settings'*'°.
Consequently, we have integrated a combination of EDA and HRV measurements, incorporating both time and
frequency domain indices, to fully characterize the physiological stress response!®.

A randomized controlled trial was conducted to investigate the changes in autonomic nerve activity in healthy
adults using measurements of EDA and HRV during exposure to PTA. Subsequently, the extracted EDA and
HRYV data from the experiments were subjected to an ultra-short-term analysis. In order to assess the stress
induced by PTA, an analysis of the complex dynamics of event-related electrodermal activity was conducted at
a single trial level.

Results
A total of fourteen healthy adults (5 females and 9 males) with a mean age of 23.98 + 4.15(mean + standard
deviation) years met the inclusion criteria and were randomly assigned to the experimental group and the
control group. The demographic characteristics of the total sample and each group are presented in Table 1.
A comparison of the demographic characteristics between the two groups was conducted, with the following
characteristics included: age and sex (female/male). There was no statistically significant difference in terms of
demographic characteristics between the two groups. Both groups underwent two stages of physiological data
collection: a baseline stage and an intervention stage. In the baseline stage, all subjects stood on a flat surface
for a period of 3 min. In the intervention stage, the experimental group underwent five elevator rides, while
the control group received a sham treatment. The duration of each trial of the elevator ride in the experimental
group lasted approximately 36 s. The intervention stage lasted for 3 min.

EDA and electrocardiogram (ECG) data were collected and analyzed in both stages of the study. The PTA
data was only collected in the intervention stage.

Physiological effect of PTA via ultra-short-term analysis

The study applied HRV indices, such as the standard deviation of the interbeat interval of normal sinus beats
(SDNN), the root mean square of successive differences between normal heartbeats (RMSSD), the low-frequency
band power (LFE, 0.04-0.15 Hz), the high-frequency band power (HF, 0.15-0.4 Hz) and the ratio of LF-to-HF
absolute power (LF/HF). The EDA index employed in the study was the SCRg..

A summary of the comparative and descriptive statistics of HRV and EDA measures for the experimental and
control groups in the baseline and intervention stages is presented in Tables 2 and 3. A one-sample ¢-test dem-
onstrated statistically significant differences in the changes of HRV indices RMSSD, HE, and EDA index SCRg,
between the two groups. However, no significant differences were found in the SDNN, LF, and LF/HF indices.

A statistically significant decrease in RMSSD and HF, along with a significant increase in SCRg,, was observed
within the experimental group in the subsequent within-group analysis using the paired sample t-test (see
Table 3). The values of RMSSD in the experimental group decreased from 24.664 + 7.717 ms at baseline to

Total sample Experimental group Control group p-value
Number of participants 14 7 7 -
Age (years) 23.98+4.15 23.86+3.27 24.29+4.4 ns
Sex (female/male) 5/9 3/4 2/5 ns

Table 1. Demographic characteristics (mean + standard deviation). The number of participants, the age range
of the individuals, as well as the number of females and males in each group and overall, are shown. The results
of the chi-square test applied to the characteristics between the two groups are shown in terms of the p-value.
ns p-value >0.05.
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HRYV and EDA indices Experimental group Control group p-value
ASDNN, ms —3.118+3.499 —2.62+3.984 ns
ARMSSD, ms —4.442+2.385 —1.042+2.233 *

AHF, ms? —183.970+187.033 —7.783+£36.104 *

ALE, ms? —-34.306+117.27 —96.653+174.193 ns
ALF/HF 0.771+1.1 0.15+0.866 ns
ASCRg,, nSCR/s 0.085+0.056 0.011:+0.024 *

Table 2. Change-from-baseline values of EDA and HRV indices (mean + standard deviation) for the
experimental and control groups, along with the corresponding p-values for the differences between the two
groups. A change from baseline, ns p-value >0.05, * p-value <0.05.

Experimental group Control group
HRYV and EDA indices baseline intervention p-value | baseline intervention p-value
SDNN, ms 26.508 +6.425 22.311+3.964 ns 21.25+5.423 18.757 £7.549 ns
RMSSD, ms 24.664+7.717 20.222+6.063 bl 17.501£6.372 16.593£8.293 ns
HE, ms? 387.388+307.348 | 200.561+147.107 | * 216.333+£235.049 | 209.078+251.273 |ns
LE, ms? 291.624+75.872 257.319+78.754 ns 248.843+179.915 | 153.178+115.903 |ns
LF/HF 1.555+1.183 2.327+1.675 ns 1.118+0.501 1.268+£0.59 ns
SCRg,, nSCR/s 0.12+0.034 0.205+0.088 * 0.088+0.048 0.1+0.043 ns

Table 3. EDA and HRV measures (mean + standard deviation) taken during the baseline and intervention
stages for both the experimental and control groups. The p-values were obtained from the paired samples ¢-test
comparing the two stages. ns p-value >0.05, *p-value <0.05, **p-value < 0.01.

20.222 + 6.063 ms in the intervention stage, and from 387.388 + 307.348 ms? to 200.561 + 147.107 ms? for HE.
The SCRg, increased from a baseline value of 0.12 + 0.034 nSCR/s to 0.205 + 0.088 nSCR/s in the intervention
stage. However, the other indices of the experimental group as well as all indices of the control group did not
show any statistically significant differences between the two stages.

Analysis of the event-related electrodermal response to PTA

The acceleration process of a single elevator ride is comprised of two phases: acceleration and deceleration.
The direction of acceleration was used to categorize each trial of the PTA as either upward or downward (see
Fig. 1). The maximum intensity of the upward acceleration was 1.068 +0.005 g, while the minimum intensity of
the downward acceleration was 0.935+0.002 g. The duration of each PTA trial was determined, with the aver-
age upward acceleration lasting 4.055+0.089 s and the average downward acceleration lasting 3.906 +0.208 s.
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Figure 1. Mean *standard deviation time series of the vertical upward (red) and downward (blue) acceleration.
Data from the elevator over the course of the vertical acceleration are shown. The dashed lines indicate the event
time stamp used for event-related electrodermal analysis.
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The ER-SCR evoked by the upward acceleration was characterized by an amplitude of 0.352+0.574 pS (95%
confidence interval[CI] 0.098-0.607 pS), with a latency of 3.328 £2.027 s (95% CI 2.429-4.227 s) and a rise time
0f0.475+0.369 s (95% CI 0.337-0.612 s). Of the 35 SCR time series related to the vertical upward acceleration
events, three did not meet the response criteria, resulting in a 91.4% response rate. For the ER-SCR evoked by the
vertical of the downward acceleration, the amplitude was 0.364 +0.413 pS (95% CI 0.204-0.524 pS), the latency
was 3.461+1.755 s (95% CI 2.779-4.141 s) and the rise time was 0.434+0.410 s (95% CI 0.252-0.615 s). The
response rate was 97.1%, as one of the downward acceleration stimulus elicited no electrodermal response. The
descriptive statistics of ER-SCR features excluded data from trials without event-related electrodermal responses
(see Fig. 2 and Table 4).

While it is possible to measure SCR, to quantify emotional arousal, which represents the strength of a percep-
tion, it does not reflect the qualitative aspects of affect or which emotion is present'”. The complex dynamics of
EDA (ComEDA) is an algorithm that demonstrates significant differences in values between stressors and resting
states in previous studies'®. In this study, the EDA data within the event time window will be fed into the Com-
EDA algorithm for stress assessment, given the highly time-dependent nature of the electrodermal responses.

During a single elevator ride, three intervals of EDA signals were identified in accordance with the onset tim-
ing of vertical acceleration and the features of the ER-SCR summarized in the study. The first interval (period I)
was established as a baseline, occurring 4 s prior to the onset of vertical acceleration. The second (period II) and
third (period III) intervals ranged from 2 to 6 s after the onset of upward and downward acceleration, respectively.
A total of 105 intervals were obtained from 35 elevator rides conducted by 7 subjects in the experimental group.
ComEDA values were calculated for each interval.

The results of the independent samples ¢-test indicated an increase in period II and period III compared
to the baseline period I (see Table 5). The mean ComEDA values of the EDA signals were 0.098 +0.052 (mean
+ standard deviation, 95% CI 0.079-0.117) for period I, 0.145+0.069 (95% CI 0.121-0.17) for period II, and
0.143+£0.056 (95% CI 0.123-0.163) for period III.
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Figure 2. Trial time course of ER-SCR data. The average SCR data was presented from subjects of the
experimental group in response to upward (red, n=32) and downward (blue, n=34) acceleration. The time
interval of 1-6 s following the onset of vertical acceleration was utilized as the SCR time window for subsequent
analysis, as indicated by the dashed lines.

Upward acceleration Downward acceleration
ER-SCR features Mean = SD 95% CI Mean +SD 95% CI
Latency, s 3.328+2.027 2.429-4.227 3.461+1.755 2.779-4.141
SCR amplitude, uS 0.352+0.574 0.098-0.607 0.364+0.413 0.204-0.524
Rise time, s 0.475+0.369 0.337-0.612 0.434+0.410 0.252-0.615

Table 4. Measures of ER-SCR (mean + standard deviation and 95% confidence interval) from subjects of the
experimental group in response to upward (n=32) and downward (n=34) acceleration. The latency is the
interval between the onset of an acceleration stimulus and the first significant deviation in the SCR signal. The
SCR amplitude refers to the magnitude of SCR. The rise time is the time taken from SCR onset to reach peak
amplitude within the SCR. SD standard deviation, CI confidence interval.
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Period mean = SD 95% CI p-value

I 0.098+0.052 0.079-0.117 -
ComEDA value 1I 0.145+0.069 0.121-0.17 b

I 0.143+0.056 0.123-0.163 b

Table 5. ComEDA values (mean + standard deviation and 95% confidence interval) of the EDA time series in
the three periods, along with the results of p-values obtained from the independent samples ¢-test comparing
the ComEDA value of period II and period III, respectively, with those of period I. SD standard deviation, CI
confidence interval, **p-values <0.01.

Discussion

The results showed a significant increase in SCRg, and a decrease in RMSSD and HF when subjects were exposed
to vertical accelerations during the intervention stage. The findings demonstrated the expected arousal of the
sympathetic tone and inhibition of the vagal tone, providing evidence of autonomic response patterns during
elevator rides*. Furthermore, our study presented a method for determining the duration of accelerated motion.
The ComEDA algorithm was applied to the EDA signals obtained from each predefined period, thereby confirm-
ing the discriminative power of the complexity of EDA signals between resting states and the intervention of
PTA. This methodological approach has the potential to enhance the implementation of physiological measure-
ments in transportation scenarios, with a focus on optimizing the detection of passenger stress in translational
transportation scenarios.

The psychophysiological response to PTA is mediated by the extensive projection of the vestibular system to
the autonomic network, limbic system, insula, the cingulate gyre, the hippocampus, and the parabrachial nucleus,
via cerebellar, brainstem, diencephalic centers, and amygdale cells’®-2!, The main theoretical foundation that has
guided our study is the principle that the perception of PTA, as a otolithic input, exerts a direct influence on the
autonomic function and stress states®.

To achieve a reliable measure of the sympathovagal balance, we combined EDA and HRV measures related
to sympathetic and vagal activity. The measurements enabled us to gain insight into the activation of the SNS
with inhibition of the vagal nervous system, providing an indicator of our main hypothesis that the acceleration
stimuli can result in sympathetic arousal®. To elaborate further, a notable elevation in the SCRg, and a reduction
in RMSSD and HF power indicates a shift towards sympathetic dominance within the ANS?. This indicates the
complementary and antagonistic role of the vagal nerve in relation to sympathetic arousal. However, despite some
studies showing contradictory results indicating a decrease in SDNN*%, no significant changes were reported
during the stimuli in our study. This can be attributed to the fact that RMSSD and HF were more statistically
robust and sensitive to heart rate changes in 3-min excerpts compared to SDNN?. Furthermore, it’s possible
that the absence of statistical significance for the SDNN may be attributed to the joint modulation of the index
by both branches of the ANS. This analytical interpretation also applies to LF power, which is highly correlated
with SDNN.

The onset of the acceleration signals was localized to ensure that the collected EDA data accurately reflected
the physiological impact caused by single trial PTA. It should be noted that although we presented the electro-
dermal responses following the onsets of vertical acceleration, these onset marks did not precisely align with
the perceived timing of PTA. Our findings were consistent with the view regarding a vestibular perceptual delay,
as they showed an average latency of approximately 3.4 s, which was longer than the typical latency reported in
previous studies?®?. The limitations of noise caused by spontaneous neuron firing and the perceptual thresholds
below which vestibular stimuli cannot be perceived within the human otolith system can be employed to explain
this phenomenon®. These thresholds are not precise and vary due to personal factors, exhibiting a gradual transi-
tion from 0 to 100% probability of detection across a range of values®'. However, additional research is required
to investigate the latency of ER-SCR in response to natural otolith stimuli. The response rate of ER-SCR did not
reach 100% in our study. In a previous attempt, we observed even lower response rates of 80% for vertical upward
acceleration and 77.5% for downward acceleration. This was achieved by conducting 10 sets of elevator rides with
a sample size of 4 subjects. Similar issues arise in the study of response habituation, where the response typically
diminishes over a series of stimulus trials*>. Previous research has demonstrated that vestibular thalamocortical
neurons exhibit significantly reduced responses to body orienting movements as a result of contrast gain control
adaptation®>**. This implies that the influence of vestibular sensory adaptation or habituation may have been
crucial in this natural stimulation sequence.

In order to assess the stress induced by vertical acceleration at a single trial level, the EDA signals were
segmented into three regions (period I, IT and III). These regions correspond to the occurrence of the ER-SCR
(ER-SCR latency and rise time). The ComEDA algorithm was then applied. A statistically significant p-value
was obtained, indicating an elevated ComEDA value within period II and III when compared to the period
immediately preceding the acceleration onset (period I). The study conducted by Nardelli et al.!”'¥, demon-
strated a significant increase in ComEDA values during mentally stressful tasks. Our findings suggest that our
perceptual experiment, which mainly involves the processing and attention to vestibular sensory information,
could be considered a potential cause of mental stress. To the best of our knowledge, there has not yet been a
study investigating the utility of EDA complexity measurement in response to PTA at the level of individual trials.

Despite the efficacy of our measurements, certain limitations remain. The perception of PTA is a highly
interconnected phenomenon within the natural context, involving various sensory systems. Consequently, it
is probable that the evoked responses outlined in this paper are not solely attributed to the otolith apparatus
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but can potentially be influenced by proprioception. The pervasive acknowledgment of this limitation and its
extensive discussion in various sources are common knowledge®*. Another potential limitation of this study lies
in the relatively small sample size. A further examination with a larger sample size may be performed for verifi-
cation. Future studies investigating the potential causes of stress induced by PTA could use neurophysiological
measurements to gain further insights into the mechanisms involved in vestibular processing and multisensory
integration. Incorporating more sophisticated physiological metrics also helps to develop improved objective
measures of acceleration induced stress.

Methods

Ethical approval

All subjects gave written informed consent to participate in the study. The study was carried out in compliance
with the declaration of the Helsinki Declaration and was approved by the Ethics Committee of China Jiliang
University (Grant no. 2023008).

Subjects

Fourteen healthy subjects (5 females and 9 males) were recruited. Exclusion criteria included any history of
neurological or cardiovascular disease, as well as the use of any medications. All subjects were instructed to
refrain from consuming caffeine or alcohol, and from experiencing elevator rides on the day of their participa-
tion in the experiment. Three additional subjects were excluded from the research sample due to electrodermal
non-responding.

Acceleration data acquisition and analysis

The experiment was conducted in a traction elevator (ca. 5.4 m?, 22.9 +0.8 ‘C ambient temperature, 64.6 +4.7%
relative humidity) located in the elevator test tower of Xizi Elevator Co., Ltd., Hangzhou, Zhejiang, China. The
elevator has a rated speed of 1.5 m/s and a rated load of 1000 kg. An attitude sensor (WT9011G4K, WitMotion
Shenzhen Co., Ltd.) was used to obtain the 3-axis accelerations of the elevator car. The sensor was fixed at the
central position of the elevator car platform. The estimation of accelerations (range: 16 g, resolution: 0.0005 g/
LSB), gyrations (range: +4000°/s, resolution: 0.061 (°/s)/LSB), and magnetism (range: +2 Gauss, resolution:
0.0667 mGauss/LSB) was achieved through the utilization of a dynamic Kalman filter integrated within the sen-
sor. The signals underwent 16-bit analog-to-digital conversion and were sampled at 1 kHz before being down-
sampled to a frequency of 250 Hz. A trigonometric coordinate transformation was then applied to transform the
acceleration data into a horizontal-vertical coordinate system using the known gyro data.

Acceleration event timings
In order to distinguish between the accelerating and non-accelerating states of the elevator, we collected accel-
eration data while the elevator was stationary for 1 min. After preprocessing the acceleration data, we applied a
two-tailed one-sample t-test with a=0.05 to obtain the rejection region. The accelerating state of the elevator was
determined by the presence of more than 0.5 s of continuous vertical acceleration data within the rejection region.
A one-sample t-test (two-tailed, a=0.05) was conducted to determine if there was any significant difference
in acceleration in the horizontal axis parallel to the ground between the elevator in a stationary state and its
moving state. The acceleration of the horizontal axis is the Euclidean norm for both the X-axis and Y-axis. The
results showed no significant difference between the two states (p-value>0.05). All the onset and end timestamps
of PTA were subject to manual inspection.

Physiological data acquisition and analysis

The BIOPAC MP150 system was used to record the ECG and EDA at a sampling rate of 1 kHz. Data analysis
was performed using Acqnowledge 5.0 software. All electrode placements were made using disposable Ag/AgCl
electrodes (EL504, Biopac Systems Inc., Goleta CA, USA) filled with electrode paste.

A 0.5-40 Hz bandpass filter was applied to process the ECG data. The ECG data was then downsampled to
250 Hz. The electrodes were placed for signal recording with the positive electrode on the left upper limb, the
negative electrode on the right upper limb, and the ground reference on the right lower limb. The HRV was
calculated based on the R-R interval extracted from the ECG signals. The frequency domain analysis of HRV
was conducted using Fast Fourier Transformation.

Following the recommendations of Fowles et al.’®, we measured EDA using two electrodes attached to the
distal phalanges of the index and middle fingers on the non-dominant hand. The raw EDA data underwent pre-
processing using a lowpass filter with a cut-oft frequency of 35 Hz and were then down-sampled to 250 Hz. As a
step in the data filtration process, we visually inspected the graphed EDA data to identify and eliminate motion
artifacts throughout the entire experiment. The analysis of EDA typically involves two components: the SCR and
the skin conductance level. The SCR is the phasic component, which indicates a rapid and smooth increase in
dermal activity in response to stimuli. To obtain the SCR signals, the preprocessed EDA data was filtered using
a 0.05 Hz highpass filter and a minimum criterion of 0.05 pS for the SCR amplitude®”. The number of SCR per
minute was used to measure the SCR frequency during each stage of the experiment. The ER-SCR was defined
as the response occurring within 1-6 s after the onset of each acceleration trial. Furthermore, we categorized the
ER-SCR based on the direction of the acceleration.
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Figure. 3. Experimental flowchart. All participants were randomly allocated to two equal-sized groups:
the experimental group and the control group. ECG and EDA data were recorded during both the baseline
and intervention stages, with each stage comprising a three-minute session. During the intervention stage,
participants in the experimental group were exposed to five elevator rides, while participants in the control
group received a sham treatment. The attitude sensor, positioned at the center of the elevator, recorded the
elevator’ attitude data during the intervention stage.

Data synchronization and alignment

A virtual button was programmed to send timestamps to both the attitude sensor and BIOPAC system, enabling
precise synchronization of the raw acceleration and physiological data streams. The timestamps were automati-
cally sent at one-minute intervals upon activation of the button. This alignment of the two data streams was
made possible due to their shared sampling rate. To reduce alignment errors caused by dropped frames, we used
MATLAB’s ’interpl’ function to interpolate each 1-min segment of the raw data to 60,000 time points.

Experimental protocol

The study involved randomizing all subjects into two equal-sized groups: the experimental group and the control
group. Throughout the experiment, environmental noise was minimized using noise-canceling headphones
(SONY WH-XB910N).

Both groups participated in two stages of data collection: a baseline stage and an intervention stage. The
participants’ EDA and ECG data were recorded in both stages. In the intervention stage, in addition to the
aforementioned data, the attitude data of the elevator car were also recorded.

During the baseline stage, all subjects stood on a flat surface with bare feet and closed eyes for 3 min in a
resting state. The experimental group differed from the control group in that they were exposed to five elevator
rides during the intervention stage, while the control group remained stationary. The experimental elevator rides
were initiated irregularly by the recording personnel and completed within approximately 36 s. The intervention
stage lasted for 3 min. Figure 3 presents an outline of the experimental procedure.

Statistical analysis

The study’s full set of indices includes SDNN, RMSSD, HE LF, LF/HEF, SCRg,, and ComEDA values. All statisti-
cal tests were performed using SPSS software (IBM SPSS Statistics, Version 26.0), and results were considered
statistically significant at p < 0.05. The HRV and GSR indices were found to be normally distributed based on the
Kolmogorov-Smirnov test and visual inspection of the normal QQ plot, and all met the normality criteria. An
independent samples ¢-test was conducted to examine whether the measured changes of responses evoked by
acceleration stimuli in the experimental group, on the aforementioned indices (excluding ComEDA), were equal
to those in the control group. The statistically significant indices identified in the independent samples ¢-test will
be further compared between the intervention stage and the baseline stage within both groups using the paired
samples t-test. For the ComEDA value, we conducted an independent samples ¢-test to compare period II and
period I, and simultaneously, to compare period IIT and period I.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request. Data requests can be made via email (yuxiaoru@cjlu.edu.cn).

Received: 22 February 2024; Accepted: 8 May 2024
Published online: 18 May 2024

Scientific Reports |

(2024) 14:11349 | https://doi.org/10.1038/s41598-024-61656-5 nature portfolio



www.nature.com/scientificreports/

References

1.

Affanni, A., Bernardini, R., Piras, A., Rinaldo, R. & Zontone, P. Driver’ stress detection using Skin Potential Response signals.
Measurement 122, 264-274. https://doi.org/10.1016/j.measurement.2018.03.040 (2018).

2. Koohestani, A. et al. A knowledge discovery in motion sickness: A comprehensive literature review. IEEE Access 7, 85755-85770.
https://doi.org/10.1109/access.2019.2922993 (2019).

3. Ulrich-Lai, Y. M. & Herman, J. P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 10,397-409.
https://doi.org/10.1038/nrn2647 (2009).

4. Nagai, M., Scheper, V., Lenarz, T. & Forster, C. Y. The insular cortex as a vestibular area in relation to autonomic function. Clin.
Auton. Res. 31, 179-185. https://doi.org/10.1007/s10286-020-00744-8 (2021).

5. Russell, J. A. A circumplex model of affect. J. Personal. Soc. Psychol. 39, 1161-1178. https://doi.org/10.1037/h0077714 (1980).

6. Dedovic, K., D’Aguiar, C. & Pruessner, J. C. What stress does to your brain: A review of neuroimaging studies. Can. J. Psychiatry
54, 6-15. https://doi.org/10.1177/070674370905400104 (2009).

7. Ernst, H. et al. Assessment of the human response to acute mental stress—an overview and a multimodal study. PLOS ONE18,
€0294069. https://doi.org/10.1371/journal.pone.0294069 (2023).

8. Tronstad, C., Amini, M., Bach, D. R. & Martinsen, @. G. Current trends and opportunities in the methodology of electrodermal
activity measurement. Physiol. Meas. 43, 02TRO1. https://doi.org/10.1088/1361-6579/ac5007 (2022).

9. Posada-Quintero, H. F. & Chon, K. H. Innovations in electrodermal activity data collection and signal processing: A systematic
review. Sensors 20, 479 (2020).

10. Amin, M. R. & Faghih, R. T. Identification of sympathetic nervous system activation from skin conductance: Asparse decomposi-
tion approach with physiological priors. IEEE Transactions on Biomed. Eng. 68, 1726-1736. https://doi.org/10.1109/TBME.2020.
3034632 (2021).

11. Caruelle, D, Gustafsson, A., Shams, P. & Lervik-Olsen, L. The use of electrodermal activity (EDA) measurement to understand
consumer emotions—A literature review and a call for action. J. Bus. Res. 104, 146-160. https://doi.org/10.1016/j.jbusres.2019.
06.041 (2019).

12. Visnovcova, Z., Mestanik, M., Gala, M., Mestanikova, A. & Tonhajzerova, I. The complexity of electrodermal activity is altered in
mental cognitive stressors. Comput. Biol. Med. 79, 123-129. https://doi.org/10.1016/j.compbiomed.2016.10.014 (2016).

13. Cosoli, G., Poli, A., Scalise, L. & Spinsante, S. Measurement of multimodal physiological signals for stimulation detection by wear-
able devices. Measurement 184, 109966. https://doi.org/10.1016/j.measurement.2021.109966 (2021).

14. Shu, L. et al. A review of emotion recognition using physiological signals. Sensors (Basel) 18, 2074. https://doi.org/10.3390/s1807
2074 (2018).

15. Lin, W. & Li, C. Review of studies on emotion recognition and judgment based on physiological signals. Appl. Sci. 13, https://doi.
org/10.3390/app13042573 (2023).

16. Giannakakis, G. et al. Review on psychological stress detection using biosignals. IEEE Trans. Affect. Comput. 13, 440-460. https://
doi.org/10.1109/TAFFC.2019.2927337 (2022).

17. Shukla, J., Barreda-Angeles, M., Oliver, J., Nandi, G. C. & Puig, D. Feature extraction and selection for emotion recognition from
electrodermal activity. IEEE Trans. Affect. Comput. 12, 857-869. https://doi.org/10.1109/TAFFC.2019.2901673 (2021).

18. Nardelli, M., Greco, A., Sebastiani, L. & Scilingo, E. P. Comeda: A new tool for stress assessment based on electrodermal activity.
Comput. Biol. Medicine 150, https://doi.org/10.1016/j.compbiomed.2022.106144 (2022).

19. Ulrich-Lai, Y. M. & Herman, J. P. Neural regulation of endocrine and autonomic stress responses. Nat. Rev. Neurosci. 10,397-409.
https://doi.org/10.1038/nrn2647 (2009).

20. Lopez, C. & Cullen, K. E. Electrical stimulation of the peripheral and central vestibular system. Curr. Opin. Neurol. 37,40-51.
https://doi.org/10.1097/WCO.0000000000001228 (2024).

21. Cauzzo, S. et al. Functional connectome of brainstem nuclei involved in autonomic, limbic, pain and sensory processing in living
humans from 7 Tesla resting state fMRI. Neurolmage 250, 118925. https://doi.org/10.1016/j.neuroimage.2022.118925 (2022).

22. Ferre, E. R. & Haggard, P. Vestibular cognition: State-of-the-art and future directions. Cogn. Neuropsychol. 37, 413-420. https://
doi.org/10.1080/02643294.2020.1736018 (2020).

23. Lamotte, G., Shouman, K. & Benarroch, E. E. Stress and central autonomic network. Auton. Neurosci. 235, 102870. https://doi.
org/10.1016/j.autneu.2021.102870 (2021).

24. Ahmed, T., Qassem, M. & Kyriacou, P. A. Physiological monitoring of stress and major depression: A review of thecurrent moni-
toring techniques and considerations for the future. Biomed. Signal Process. Control. 75, 103591. https://doi.org/10.1016/j.bspc.
2022.103591 (2022).

25. Attar, E. T., Balasubramanian, V., Subasi, E. & Kaya, M. Stress analysis based on simultaneous heart rate variability andeeg moni-
toring. IEEE J. Transl. Eng. Heal. Medicine 9, 1-7. https://doi.org/10.1109/JTEHM.2021.3106803 (2021).

26. Castaldo, R. et al. Acute mental stress assessment via short term hrv analysis in healthy adults: A systematic review withmeta-
analysis. Biomed. Signal Process. Control. 18, 370-377. https://doi.org/10.1016/j.bspc.2015.02.012 (2015).

27. Pham, T, Lau, Z.]., Chen, S. H. A. & Makowski, D. Heart rate variability in psychology: A review of HRV indices and an analysis
tutorial. Sensors 21, 3998. https://doi.org/10.3390/s21123998 (2021).

28. Sjouwerman, R. & Lonsdorf, T. B. Latency of skin conductance responses across stimulus modalities. Psychophysiology 56, e13307.
https://doi.org/10.1111/psyp.13307 (2018).

29. Fitze, D. C., Mast, E W. & Ertl, M. Human vestibular perceptual thresholds—A systematic review of passive motion perception.
Gait Posture 107, 83-95. https://doi.org/10.1016/j.gaitpost.2023.09.011 (2024).

30. de Winkel, K. N., Soyka, E & Biilthoff, H. H. The role of acceleration and jerk in perception of above-threshold surge motion. Exp.
Brain Res. 238, 699-711. https://doi.org/10.1007/s00221-020-05745-7 (2020).

31. Nash, C. ], Cole, D. ]. & Bigler, R. S. A review of human sensory dynamics for application to models of driver steering and speed
control. Biol. Cybern. 110, 91-116. https://doi.org/10.1007/s00422-016-0682-x (2016).

32. Levinson, D. E & Edelberg, R. Scoring criteria for response latency and habituation in electrodermal research: A critique. Psycho-
Pphysiology 22, 417-426. https://doi.org/10.1111/].1469-8986.1985.tb01626.x (2007).

33. Dale, A. & Cullen, K. E. The ventral posterior lateral thalamus preferentially encodes externally applied versus active movement:
Implications for self-motion perception. Cereb. Cortex 29, 305-318. https://doi.org/10.1093/cercor/bhx325 (2019).

34. Carriot, J. et al. Sensory adaptation mediates efficient and unambiguous encoding of natural stimuli by vestibular thalamocortical
pathways. Nat. Commun. 13, 2612. https://doi.org/10.1038/s41467-022-30348-x (2022).

35. Nakul, E., Bartolomei, F. & Lopez, C. Vestibular-evoked cerebral potentials. Front. Neurol. 12, 674100 (2021).

36. Fowles, D. C. et al. Publication recommendations for electrodermal measurements. Psychophysiology 18, 232-239. https://doi.org/
10.1111/7.1469-8986.1981.tb03024.x (2007).

37. Society for Psychophysiological Research Ad Hoc Committee on Electrodermal, M. Publication recommendations for electroder-
mal measurements. Psychophysiology 49, 1017-1034, https://doi.org/10.1111/.1469-8986.2012.01384.x (2012).

Acknowledgements

This work is supported in part by the “Pioneer” and “Leading Goose” R&D Program of Zhejiang Province China
under Grant No. 2023C01022 and No. 2023C01215.

Scientific Reports |  (2024) 14:11349 | https://doi.org/10.1038/s41598-024-61656-5 nature portfolio


https://doi.org/10.1016/j.measurement.2018.03.040
https://doi.org/10.1109/access.2019.2922993
https://doi.org/10.1038/nrn2647
https://doi.org/10.1007/s10286-020-00744-8
https://doi.org/10.1037/h0077714
https://doi.org/10.1177/070674370905400104
https://doi.org/10.1371/journal.pone.0294069
https://doi.org/10.1088/1361-6579/ac5007
https://doi.org/10.1109/TBME.2020.3034632
https://doi.org/10.1109/TBME.2020.3034632
https://doi.org/10.1016/j.jbusres.2019.06.041
https://doi.org/10.1016/j.jbusres.2019.06.041
https://doi.org/10.1016/j.compbiomed.2016.10.014
https://doi.org/10.1016/j.measurement.2021.109966
https://doi.org/10.3390/s18072074
https://doi.org/10.3390/s18072074
https://doi.org/10.3390/app13042573
https://doi.org/10.3390/app13042573
https://doi.org/10.1109/TAFFC.2019.2927337
https://doi.org/10.1109/TAFFC.2019.2927337
https://doi.org/10.1109/TAFFC.2019.2901673
https://doi.org/10.1016/j.compbiomed.2022.106144
https://doi.org/10.1038/nrn2647
https://doi.org/10.1097/WCO.0000000000001228
https://doi.org/10.1016/j.neuroimage.2022.118925
https://doi.org/10.1080/02643294.2020.1736018
https://doi.org/10.1080/02643294.2020.1736018
https://doi.org/10.1016/j.autneu.2021.102870
https://doi.org/10.1016/j.autneu.2021.102870
https://doi.org/10.1016/j.bspc.2022.103591
https://doi.org/10.1016/j.bspc.2022.103591
https://doi.org/10.1109/JTEHM.2021.3106803
https://doi.org/10.1016/j.bspc.2015.02.012
https://doi.org/10.3390/s21123998
https://doi.org/10.1111/psyp.13307
https://doi.org/10.1016/j.gaitpost.2023.09.011
https://doi.org/10.1007/s00221-020-05745-7
https://doi.org/10.1007/s00422-016-0682-x
https://doi.org/10.1111/j.1469-8986.1985.tb01626.x
https://doi.org/10.1093/cercor/bhx325
https://doi.org/10.1038/s41467-022-30348-x
https://doi.org/10.1111/j.1469-8986.1981.tb03024.x
https://doi.org/10.1111/j.1469-8986.1981.tb03024.x
https://doi.org/10.1111/j.1469-8986.2012.01384.x

www.nature.com/scientificreports/

Author contributions
X.Y. and G.X. conceived the project. W.L., J.L. and Z.C. carried out the experiment. X.Y. wrote and reviewed
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to G.X.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:11349 | https://doi.org/10.1038/s41598-024-61656-5 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Exploring physiological stress response evoked by passive translational acceleration in healthy adults: a pilot study utilizing electrodermal activity and heart rate variability measurements
	Results
	Physiological effect of PTA via ultra-short-term analysis
	Analysis of the event-related electrodermal response to PTA

	Discussion
	Methods
	Ethical approval
	Subjects
	Acceleration data acquisition and analysis
	Acceleration event timings
	Physiological data acquisition and analysis
	Data synchronization and alignment
	Experimental protocol
	Statistical analysis

	References
	Acknowledgements


