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Abstract

Wearable technology for EDAmonitoring has gained significant attention, yet validation

studies remain inconclusive. This preliminary study assessed the EmbracePlus wristband's

validity using a VR protocol and explored the effects of dynamic factors and temperature

among 21 participants aged 18–32 with a BIOPAC system as the reference. Our findings

challenged previous assumptions regarding the detection capabilities of wrist-worn EDA

devices for significant stressors. While the EmbracePlus wristband demonstrated limitations

in capturing EDA signals, parameters, and event-related effects compared to the reference

device, it provided valuable insights into the sensitivity of wrist EDA to different stressors.

Palm EDA exhibited greater responsiveness to both the VR stressor and dynamic factors,

suggesting a synergistic effect. Wrist EDA, however, appeared less sensitive to both,

highlighting the need for further research to understand the impact of stressor type on wrist

EDA. Future research could focus on validating wearable devices across diverse stressors,

incorporating advanced thermoregulatory indicators, and conducting long-term studies in

real-world settings to optimize wearable technology for stress monitoring.

Keywords: wearable, validation, electrodermal activity (EDA), skin conductance level

(SCL), skin conductance responses (SCRs), total amplitude, detrended cross-correlation

analysis (DCCA), Bland–Altman plot, error bar plot, detrended partial cross-correlation

analysis (DPCCA), Empatica EmbracePlus wristband, BIOPAC systems.
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Stress management has grown in importance for individuals and organizations due to

the proven negative impact of chronic stress on health (Morrison & Bennett, 2022). Studies

have shown that prolonged exposure to stressors are associated with a wide range of mental

and physical health outcomes, including unhealthy coping behaviour and cardiovascular

problems (Morrison & Bennett). The estimated annual cost of work-related stress in the

Netherlands was €4 billion (Blatter et al., 2005). A modern approach for ambulatory stress

management involves the real-time monitoring of physiological processes and providing

personal feedback. This approach is known as ambulatory biofeedback or biocueing, and is

seen as a promising way for empowering individuals to gain control over their stress

responses, potentially leading to improved stress management (Neupane et al., 2024; Sanches

et al., 2010; Sehrt et al., 2024; Ter Harmsel et al., 2021).

Many commercial wearables have introduced biofeedback notifications indicating

potential stress (Neupane et al., 2024). However, this technology is still in the infancy stage.

Due to the novel nature, there is a growth in validation studies comparing the signals from

wearable devices to that from more established reference tools. With this context in mind, the

goal of this study is to compare physiological signals from two sources: the Empatica

EmbracePlus wristband, newly designed for both commercial and research purposes

(Empatica Inc., 2019, n.d.-a), and the extensively validated laboratory-grade system, the

BioNomadix wireless system (BIOPAC Systems Inc., n.d.). This study focuses on the single

physiological process of electrodermal activity (EDA), which shows potential to predict

stress status (Zhu et al., 2022).

Additionally, this study adopted Van Lier et al. (2020)’s standardized validation
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protocol to bolster the comparability of validation outcomes. Moreover, recognizing that the

intended applications of the wristband span real-life scenarios or semi-naturalistic laboratory

settings, this study extends the traditional laboratory design by incorporating Virtual Reality

(VR) technology to simulate ecological environments and evoke strong stress responses

under controlled conditions. AVR high-altitude stressor, standing on a plank 80 floors high,

was chosen based on its proven effectiveness in triggering significant stress responses

(Aspiotis et al., 2022; Boccignone et al., 2021). Incorporating VR not only broadens the

scope of investigation but also enhances the feasibility of Van Lier et al.'s protocol in

conducting validations in an immersive environment.

Current Validations

The EmbracePlus wristband by Empatica represents a new advancement in smart

sensor technology for EDA acquisition, having been applied in various scientific

investigations across multiple domains (Böttcher et al., 2022; Firouz 2023; Grasser et al.,

2023). This device is considered an upgrade over the previous Empatica E4 wristband

(Empatica Inc., n.d.-c). However, existing published validations of EmbracePlus rarely focus

on EDA (Gerboni et al., 2023; Sinichi et al., 2024), leaving a gap in understanding the

validity of EDA data obtained from the EmbracePlus.

Previous assessments of the Empatica E4 model have yielded mixed results regarding

EDA data. For instance, Ronca et al. (2023) found a significant correlation between E4 and a

gold-standard SCL measurement in resting conditions. In contrast, several studies have

reported negative findings. Borrego et al. (2019) observed none to moderate correlations

between E4 and a laboratory-grade device during picture viewing in resting and
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temperature-controlled conditions. Costantini et al. (2023) concluded E4 failed to produce

reliable data in video-simulated stressful driving. Milstein and Gordon (2020) did not find a

correlation between the mean SCL obtained by the E4 and by a well-validated mobile device

during a dyadic conversation, with 73% of E4 data deemed noise. Hu et al. (2024) reported

high reliability but unacceptable validity for E4-derived parameters in both laboratory and

ambulatory settings. Menghini et al. (2019) found no visual resemblance and only weak

correlations between E4 and finger electrode signals under various laboratory and ecological

conditions. Similarly, two other studies also observed no visual resemblance in EDA signals

between the E4 and traditional reference devices. However, they provided new insights into

wrist-specific advantages. Ollander et al. (2016) suggested that the wrist might have unique

benefits for stress detection, while Van Lier et al. (2020) demonstrated the E4's feasibility in

capturing physiological stress responses to a sustained, high-intensity social stressor.

The different patterns between wrist and palm signals were frequently discussed in

these studies, in line with previous works described by Dawson et al. (2016, p. 217–243).

Factors contributing to extent differences include sweat gland density (i.e., 108 glands/cm2 on

the forearm vs. 600 to 700 glands/cm2 on the palm), electrode materials (i.e., stainless steel

vs. Ag/AgCl), and electrode size (i.e., around .5 vs. 1.1 cm in diameter). Higher gland density,

the use of Ag/AgCl, and larger areas of contact can increase EDA parameters (Fowles et al.,

1981; Freedman et al., 1994; Van Dooren & Janssen, 2012). Additionally, testing only one

wrist may provide a partial understanding of arousal responses to stressors. Previous studies

supporting the theory of multiple arousals illustrated that reactions from both wrists exhibited

significant asymmetry to a classical mental arithmetic stressor (Payne et al., 2016). When
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participants perceived the stressor as threatening rather than positively arousing, testing only

the nondominant wrist could underestimate emotional arousal (Picard et al., 2016).

Prior validations have primarily attributed the distinct nature of EDA signals from

different body sites to thermoregulatory influences (Menghini et al., 2019; Van Lier et al.,

2020). Research indicates that palmar and plantar sweating are largely independent of

thermoregulatory processes (Boucsein, 2012; Boucsein et al., 2012; Kerassidis, 1994; Turpin

et al., 1983). For example, Kerassidis observed minimal sweating on the palms and soles in

the absence of emotional arousal, even under high environmental temperatures. Other studies

(e.g., Ollander et al., 2016; Van Lier et al., 2020) have highlighted the correlation between

wrist-measured EDA and mental strain, emphasizing the wrist's sensitivity to both

psychological and thermoregulatory changes.

The Role of Thermoregulation in EDA

The dual sensitivity of wrist EDA suggests that a stressor inducing significant

thermoregulatory and psychological responses is likely to provoke sweating on both the wrist

and palm. Conversely, a stressor that primarily elicits thermoregulatory responses may

predominantly affect wrist sweating. Amind map (Figure 1) visually illustrates the proposed

relationships among the stimulus, the psychological or thermoregulatory responses it provoke,

and the subsequent EDA responses at the palm and wrist. Based on this model, exploring how

thermoregulation impacts wrist EDA could provide further insight into potential

discrepancies between palm- and wrist-worn devices.

Figure 1

A Possible EDA Response Model across Wrist and Palm
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Thermoregulation, however, is a complex interactive system involving both internal

heat transfer and external heat exchange. In laboratory settings, ambient temperature

fluctuations are typically minimal due to the slow pace of natural temperature changes and

controlled conditions. Whereas, psychological stimuli can trigger thermoregulatory responses

as well. For instance, unpredictable stressors like psychological stress can elevate core body

temperature while simultaneously decreasing skin temperature (Rimm-Kaufman & Kagan,

1996). Perceived negative emotions during rest can halt the rise in skin temperature

(McFarland, 1985). If palm sweating is indeed unaffected by thermoregulation directly, either

ambiently or psychologically induced thermoregulatory changes could exert a more

pronounced influence on wrist sweating compared to palm sweating. However, the

measurement of thermoregulatory changes remains challenging.

While several models estimate sweating rates using equations, their accuracy across

different environments remains under investigation, and the measurement process can be

complex. For example, the multi-node dynamic UTCI–Fiala model (Fiala et al., 2012)

identifies sweating as one of four essential thermoregulatory responses managed by the

central nervous system. Estimating sweating rates within this model requires measuring local
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skin temperature, weighted mean skin temperature, and hypothalamus temperature.

Conducting such complex measurements for thermoregulation indicators was beyond the

scope of this master’s thesis project. Instead, we focused on exploring the influence of

ambient and local peripheral temperatures, as they are direct and easily obtainable indicators.

Moreover, the stress detection capabilities of wrist EDA observed in two social

stressor studies (Ollander et al., 2016; Van Lier et al., 2020) may be partly attributed to

influences of social interactions and physical activity—factors inherently linked to

thermoregulation (Davies, 1979; IJzerman et al., 2017). To address the limited understanding

of these influences, the stressor design in this study deliberately separated the interaction and

movement components from the stressor. This approach allowed us to observe the impact of a

relatively "pure" psychological stimulus on wrist and palm EDA responses, while also

investigating the differential effects of interaction and movement on these two sites. Below,

we briefly summarize relevant information to provide more background and rationale for this

validation study.

Challenges of Validations

De Geus and Gevonden (2024) summarized that the validation of wrist-placed dry

electrode measurements against gold-standard wet electrode measures remains limited. While

validation results have not always been promising, they emphasized the scarcity of

large-scale validation studies for ambulatory EDA. They also highlighted the need for further

research to identify optimal signals, study designs, and analytical approaches (De Geus &

Gevonden, 2024).

To address the lack of standardization in validation results, Van Lier et al. (2020)
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introduced a standardized validity assessment protocol to foster consensus in data analysis.

This protocol systematically compares signals, parameters, and event effects across devices

using established criteria, while prioritizing efficiency and replicability in the rapidly

evolving wearable technology landscape. To ensure outcomes’ comparability, this validation

adopted Van Lier et al.'s protocol.

The protocol encompasses three levels of evaluation with corresponding standards.

The first level, signal comparison, uses detrended cross-correlation analysis (DCCA) to

compare the whole time series. Threshold of DCCA coefficients is set as .8. The second level,

parameter comparison, involves analysing differences between two methods using the

Bland–Altman plot. The main result of this step is to identify if potential systematic biases

exist, as suggested by Giavarina (2015). For example, as shown in Figure 2, method A

systematically gives lower values than method B, and the differences seem to be larger after

the mean is higher than 100. The third level, event detection comparison, includes several

steps. First, respectively plotting two signals means and standard errors within each task to

observe the effect of event detected by two methods. When the error bars of baseline and task

totally not overlap with each other, a significant event effect is identified. As can be seen in

Figure 3, the error bars of preparing singing and singing are both not overlapping with the

baseline’s error bar. So that a significant event effect is identified by the RD. If both methods

detected effect, then, plotting the differences between two methods within each task to

explore the agreement. If the error bar for a task cross the zero axis, then, observing the error

bars and boundaries (difference between the baseline and the task measured by the RD is set

as the boundary size). If the difference mean and corresponding standard error lie between the
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priori defined boundaries, the devices show agreement for the task. This protocol

comprehensively inspect the alignment between devices.

Figure 2

An Example of the Bland–Altman Plot (Giavarina, 2015)

Figure 3

An Example of the Error Bar Plot (Van Lier et al., 2020)

Involved Parameters

The EDA comprises tonic and phasic components (Figure 4). Skin conductance level

(SCL), the most common measure of the tonic component, reflects the slower baseline skin
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conductance. Changes in SCL are associated with gradual shifts in autonomic nervous system

activity. The phasic component, represented by skin conductance responses (SCRs),

encompasses rapid fluctuations in skin conductance. SCRs can be elicited by external stimuli

or occur spontaneously. Individual SCRs typically last several seconds, while SCRs as a

parameter often refers to their frequency per minute. SCR amplitude, calculated as the

difference between response onset and peak (Figure 5), is another key measure.

Figure 4

EDA Data Visualization: Raw Data, Tonic, and Phasic Components (Posada-Quintero &

Chon, 2020)

Figure 5

Graphical Representation of Principal EDA Components of a Single SCR (Dawson et al.,

2016)
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The typical values of electrodermal measures among healthy young adults are listed in

the handbook of psychophysiology (Dawson et al., 2016). The SCL ranges from 2 to 20

μSiemens (μS). The frequency of SCRs in absence of identifiable eliciting stimulus usually

ranges between 1 and 3 per minute (over 20 /min in high arousal situations (Boucsein, 2012)).

The size of an elicited SCR amplitude typically ranges between .2 and 1 µS. However, it’s

common to consider a minimum amplitude that varies from .01 to .05μS, especially in the

case of wrist-worn sensors. According to Van Lier et al.'s protocol, this study focuses on three

parameters: SCL and SCRs and SCRs total amplitude (AMPL). The AMPL is the sum of the

SCR amplitudes per minute, a combination of both the frequency and amplitude of the SCRs.

Biologically plausible values for AMPL are between 0 and 3 μS and on average .3–1.3 μS

(Braithwaite et al., 2013).

Application of VR in Stress Research

This study integrated VR technology into the laboratory validation process to

introduce elements of ambulatory and naturalistic conditions. This approach was motivated

by the demand for ambulatory validation of wearable devices and the consideration of the

reference devices’ limited portability in ambulatory settings (Hu et al., 2024). Previous
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research has established the significant impact of VR exposure on EDA in stress research

(Van Dammen et al., 2022). However, the use of VR to simulate intense stressors for

wearable device validation has been unexplored. This innovative approach offers ecologically

valid conditions while maintaining experimental control, mitigating ethical concerns

associated with real-world stressors. By integrating VR technology, this study expands the

applicability of Van Lier et al.'s (2020) protocol to simulated naturalistic environments,

providing insights into device and protocol performance in more ecologically relevant

contexts.

Selection of Reference Device and Electrode Placement

The choice of BioNomadix system as the reference device is grounded in its extensive

use in research and the consensus in prior studies that wet electrodes offer more accurate

EDAmeasurements for short-term applications. Wet electrodes, which employ electrolyte

paste to enhance skin contact, provide superior data accuracy for measurements lasting less

than two hours compared to dry electrodes (electrolyte-free) used in wearables (Boucsein,

2012). The BioNomadix was placed on the palm area, a traditional gold-standard site for

EDA acquisition. The laboratory validity of EDA responses to various stimuli has been

largely established on the palm site (Dawson et al., 2016; Egger et al., 2019; Rohrbaugh,

2016), making it reliable for accurate EDAmeasurements.

Research Questions

The primary objective of this study is to evaluate the concordance between EDA data

generated by EmbracePlus and an RD using Van Lier et al. (2020)'s protocol. The research

questions (RQs) aligned with the protocol are:
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RQ1: On the signal level, what is the level of agreement between raw EDA signals

from EmbracePlus and the RD, as indicated by the optimal detrended cross-correlation

coefficients, with a threshold of >.8?

RQ2: On the parameter level, are there systematic biases evident in SCL, SCRs, or

AMPL values between EmbracePlus and the RD, as assessed through Bland-Altman plots?

RQ3: On the parameter level, do the 95% limits of agreement (LoA) for SCL, SCRs,

and AMPL fall within the predefined boundaries of ±1.6 μS, ±2.5, and ±.6 μS, respectively?

RQ4: On the event level, do both EmbracePlus and the RD detect significant effects

of the stressor, and if so, do these effects align? Significance will be determined by

non-overlapping error bars, while agreement will be assessed by within-effect-size difference

error bars.

The secondary objective is to investigate the role of thermoregulation-related factors

in EDAmeasurements. This involves examining both environmental and physiological

influences. Specifically, the effects of movement and social interaction—factors known to be

linked to thermoregulation—are examined by comparing EDA data during dynamic and static

periods. Additionally, the study explores the impact of ambient and local peripheral

temperatures as direct and accessible indicators of thermoregulation. The following

secondary research questions (SRQs) aim to provide additional insights:

SRQ1: Are there significant differences in EDA signals between dynamic periods

(with natural interactions and movements) and static periods (with minimal interactions and

movements)? It is hypothesized that dynamic periods will exert a more pronounced influence

on wrist EDA compared to palm EDA.



15

SRQ2 (secondary goal): What is the correlation between EDA signals and ambient

and local peripheral temperature? It is hypothesized that the correlation between these

temperature measures and wrist EDAwill be stronger than that with palm EDA.

Method

Participants

According to Van Lier et al. (2020)’s sample estimation calculated through a detailed

power analysis, a final sample of 55 is sufficient for validating physiological wearables in a

lab study using their standardised protocol. However, due to the scope of this master thesis

study, an intended final sample size 20 was decided, where other master students might

continue to sample more participants in follow-up thesis projects. Prior to the formal

experiment, the researchers practiced data acquisition on themselves and conducted testing

experiments with five cases (one researcher and four friends). Considering a 40% attrition

rate observed in this pilot (Appendix 1.4) and a 20% nonresponse rate noted in Van Lier et

al.'s research, the sample size for data acquisition was set at 50.

Participants were informed that the study was a validity assessment for the

EmbracePlus wristband, without mentioning that tasks were related to stress. Exclusion

criteria included use of medication affecting the SNS, obesity, and certain diseases (e.g.,

cardiovascular disease, high blood pressure, epilepsy). Due to time constraints and

recruitment challenges, pre-screening was not conducted, and eligibility was assessed by a

questionnaire during the experiment. Data collection occurred in the BMS lab on campus

from May 17 to May 29, June 10, June 11, and June 21 to June 28.

Participants were recruited from the University of Twente (UT) student and staff
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populations, as well as healthy adults from the researchers' contacts. Recruitment methods

included self-selection through the campus SONA subject platform, convenience sampling

via invitations sent to contacts, and selective sampling by inviting people on campus.

Participants visited the lab, read the information sheet (Appendix 1.1), and signed informed

consent forms (Appendix 1.2) before enrolling in the experiment formally. After the

experiment, participants received a debriefing and could request an explanation of their

personal signal graph, with the option to photograph it. Bachelor students participating

through the SONA platform received course credits. No other incentives were provided.

Informed consent was obtained from all 29 participants, and the study was approved by the

University’s Ethical Committee and Personal Data Protection Code (Ethics Code: 240530).

Design

This validation study employed a prospective, non-randomized, partially blind,

within-subjects design. The experiment, as illustrated in Figure 6, comprised five main

standing sessions: two baseline recordings (“baseline1”, “baseline2”), one stress task

(“plank”), and two recovery recordings (“recovery1”, “recovery2”), each lasting three

minutes. Eight dynamic sessions bridged these main sessions, involving physical movements

and interactions between the researcher and participants, with durations ranging from under a

minute to several minutes.

Figure 6

Experiment Design
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The stress task involved a strong and sustained VR-simulated environmental stressor

using Richie’s Plank Experience (Toast Interactive, 2016), where participants stood on a

virtual plank 80 stories high as shown in Figure 7. This VR game had previously been used to

simulate intensive real-world stressors for assessing stress indicators, such as

electroencephalography (EEG) (Aspiotis et al., 2022), heart rate, and EDA (Boccignone et al.,

2021). It had also been used for exploring exposure therapy or performance training (Hu et al.,

2018; Osborne et al., 2022; Ramdhani et al., 2019).

Figure 7

Game Effect Display (Toast Interactive, n.d.)

At the start of the experiment, participants were guided through the procedure and

instructed to perform three squats and jumps. During the first static session, participants stood

in the lab for baseline recording. They then wore the head-mounted display (HMD) device
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with the assistance of the researcher, and acknowledged the game's terms by pressing the “I

Agree” button in VR and pulling the button under the controller. The second baseline

recording was done while they stood on a VR street. Participants then entered a virtual

elevator, pressed the “Plank” button, ascended to the plank floor, and walked to the end of the

virtual plank. During the third static session, they stood on the plank above a cityscape.

Afterward, they returned to the elevator, descended to the ground floor, walked back to the

street, and completed the final two static sessions: standing on the VR street and then in the

lab without the VR headset.

Given previous negative results regarding the E4’s EDA validity, this study aimed to

assess the EmbracePlus’s EDA validity conservatively. Past studies have emphasized the

influence of physical activity intensity when evaluating the accuracy of wearable devices (Hu

et al., 2024; Menghini et al., 2019; Milstein & Gordon, 2020). Hence, this study used simple

standing tasks similar to the active orthostatic test in Menghini et al.'s protocol, but without

the stand up process. Each session lasted three minutes, aligning with Menghini et al.'s

protocol and considering potential adverse effects of prolonged VR height exposure for

participants with potential acrophobia or basophobia. Additionally, the three-minute duration

was deemed acceptable based on the five-case pre-experiment (Appendix 1.4).

Before the experiment, participants completed a "Stairs" task designed to enhance

EDA data collection on the wrist, as suggested by Picard et al. (2016). This task, which

involved walking up and down one floor three times at a normal pace (different from Picard

et al.'s original setting), extended the wearing time and introduced moderate physical activity

before the main experiment. Previous studies have indicated that longer recording durations
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and physical activity can improve EDA signals for non-responders (Kleckner et al., 2021;

Menghini et al., 2019). Additionally, participants performed a "Squats and Jumps" task at

both the beginning and end of the experiment to assess the feasibility of using accelerometer

data to synchronize EDA signals. This task involved three squats followed by three hops,

with arms naturally hanging slightly away from the body. This physical activity at the

beginning further enhanced the wrist signals.

Materials

Devices and Software

The real-world high-altitude scenario was simulated using a VR game, Richie’s Plank

Experience (Toast Interactive, 2016), running on different VR headsets: Oculus Quest

(Facebook Inc., 2019) for participants 1–16, Meta Quest 2 (Meta Platforms, Inc., 2020) for

participant 17, and Varjo VR3 (Varjo HQ, n.d.) for participants 18–29. These changes were

necessitated by compatibility issues following software updates. In half the cases (details in

Appendix 2.2), a wooden plank matching the virtual one was placed on the floor to enhance

the immersive experience, as done in previous studies (Aspiotis et al., 2022; Boccignone et

al., 2021). This setup aimed to explore the feasibility of using a real plank, though subgroup

analyses are not reported in this study. EDA data was recorded using three different systems,

which will be detailed later, and processed using Python. Questionnaire surveys were

administered through the Qualtrics platform on an iPad.

The Empatica EmbracePlus is a research-grade wearable device designed for

continuous physiological monitoring, including EDA, with a 3-axis accelerometer. It is

classified as a medical device under the European Union Medical Device Directive (EU
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MDD) 93/42/EEC (Empatica Inc., n.d.-b). The EDA data is collected by two stainless steel

(SUS 316L) electrodes on the ventral side of the band (Figure 8a). The device should be worn

a finger’s width from the wrist bone on the non-dominant wrist (Figure 8b). Data

synchronization occurs via Bluetooth between the sensor and a smartphone, and through

Wi-Fi between the Empatica Care Lab App on the smartphone, the Empatica cloud service,

and the Care portal on a computer (Figure 8c). The raw EDA data is sampled at 4 Hz, with a

range of .01 to 100 μS and a resolution of 55 pSiemens.

Figure 8

EmbracePlus Wristband’s Features

Note. a. EDA sensors; b. correct placement; c. data synchronization. Pictures are from

Empatica Inc. (2024).

BioNomadix wireless system is a research-oriented EDA data acquisition solution and

is in use in laboratories around the world (BIOPAC Systems, Inc., n.d.-a). It allows

high-frequency EDA recordings. The components of this system are shown in Figure 9a. As

shown in Figure 9b, the data collected from wet electrodes is transferred through leads to the
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BioNomadix–PPGED transmitter, then wirelessly transferred to the BioNomadix–PPGED

receiver and MP 160 module, and synchronized with the computer, then shown in

Acqknowledge 5.0 software as real-time visualization. The clip-shaped electrode leads and

the recommended placement can be seen in Figure 9c. The EDA data collected by

BioNomadix is raw data without algorithms, with a sampling rate of 2000 Hz.

Figure 9

BioNomadix System’s Features

Note. a. Components; b. Data synchronization; c. Recommended placement and electrode
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leads. Pictures are from BIOPAC Systems, Inc. (n.d.-b).

The Vrije Universiteit Ambulatory Monitoring System (VU-AMS) (version 5.0)

developed at Vrije University, Amsterdam, is a research-oriented device for stress study. It is

a gold standard device garnered peer approvals for EDAmeasuring (De Geus & Gevonden,

2024). This study evaluated the feasibility of incorporating this device, though its data was

not analysed.

Data Collection

The three devices used in this study featured different electrodes and leads. The

EmbracePlus wristband employed dry electrodes, while the BioNomadix system used

EL507A disposable wet electrodes with BN-EDA25-LEAD2 leads. The VU-AMS system

also utilized EL507A electrodes with its proprietary wiring. The EmbracePlus wristband and

BioNomadix transmitter collected EDA data from the non-dominant hand, whereas the

VU-AMS collected data from the dominant hand (details on the distribution of

dominant-hand samples are provided in Appendix 2.2). Figure 10 illustrates how the devices

were positioned. To ensure consistent contact between the skin and electrodes, a harmless

isotonic gel (TD-246 Skin Conductance Electrode Paste) was applied for both the

BioNomadix and VU-AMS systems (Figure 11). All data was stored on a secured cloud drive

at UT.

Figure 10

The Wearing of devices
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Note. This figure shows the wearing of devices for left-hand-dominant participants using

eminence placement. The BioNomadix transmitter and EmbracePlus were worn on the right

wrist. BIOPAC and VU-AMS electrodes were attached to both hands. The VU-AMS main

module and the BIOPAC accelerometer TPS2G were fastened to the left hip using waist belts.

Figure 11

Electrolyte Application

While the distal phalanges of the index and middle fingers are often recommended for

optimal EDA acquisition (Boucsein, 2012; Dawson et al.,2016), this study employed two

electrode placements (Figure 12) due to experimental constraints. Participants used one hand
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to operate a controller, requiring finger movement. Eminence placement allowed for

unrestricted finger use but shortened the distance between two pairs of electrodes to

approximately 9 cm (calculated based on average hand length; Agnihotri et al., 2005),

potentially introducing interference. Finger placement doubled this distance but heightened

the risk of movement artifacts. To address these challenges, both placements were evaluated

for feasibility (details in Appendix 2.2).

Figure 12

Finger and Eminence Electrode Placements

a. b.

Note. a. BIOPAC electrode leads with eminence placement; b. VU-AMS electrode leads with

finger placement.

Boucsein (2012) recommended controlling room temperature around 23°C and

keeping humidity constant to avoid environmental influence on SCL. He also suggested

controlling diurnal rhythms across experimental conditions due to their effects on EDA.

Although this study did not rigorously control these environmental factors, ambient

temperature, humidity, and time of day were recorded to supplement the interpretation of

results (Appendix 2.4). The lab settings are shown below.

Figure 13
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Lab Settings

a. b.

Note. a. lab before relocation; b. lab after relocation.

Surveys

A pre-experiment questionnaire (Q1–Q14) was used to confirm participant eligibility

and collect demographic information. After the experiment, the Perceived Stress Scale (PSS),

a widely used instrument (Cohen et al., 1994), measured the perception of stress over the past

month (Q18–Q27). The PSS is a 10-item questionnaire assessing stress frequency. Three

additional questions (Q15–Q17) asked participants to rate their stress on a scale of 0-100 after

baseline1 and at the end of the experiment. Three post-experiment questions (Q28–Q30)

investigated prior experience with similar games, fear of heights, and related diagnoses. The

survey was answered on Qualtrics. The content is available in Appendix 1.3.

Procedures

Participants were not required to wash their hands beforehand, due to the noted fall in

conductance following the use of soap and water (Venables & Christie, 1973) and the

abrasion involved in drying hands. At the beginning of the experiment, participants were

seated in front of an iPad and informed they would be attached to sensors and experience a

naturalistic scenario in a VR game. Then, the researcher applied the wristband to the

participant's non-dominant hand and guided them through a three-round stair-walking task

with giving explanation and receiving participants’ permission. Participants were then asked
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to read an information sheet and sign an informed consent form if they chose to participate.

After enrolment, the two laboratory devices were attached. Participants then completed the

first part of survey (Q1–Q14). Following this, the researcher checked the signals in real-time

on the computer and conducted a breathing calibration for the BIOPAC and VU-AMS

systems. This involved asking participants to take a deep breath, hold it for two seconds, and

then exhale while observing the signal. They then were reminded to minimize movement and

talking during the main experiment to avoid noise in the collected signals. In cases involving

a real plank, participants were reminded of its presence for safety and told that the researcher

would guide them to avoid it during the VR session.

Participants were informed that total five standing sessions were involved, each

session would last three minutes, data would be processed anonymously, and that

participation was voluntary, with the option to stop the experiment at any time. The

researcher then marked the start of the experiment with the first event marker start (eleven

event markers were used in total: “start”, “baseline1”, “baseline2”, “going up”, “door open”,

“plank”, “going down”, “door open”, “recovery1”, “recovery2”, and “end”). During standing

sessions, the researcher monitored the signals on the computer and VR images and made

notes sometimes, without disturbing the participant unless necessary. Participants were

instructed to stand upright naturally, keep their hands naturally at their sides, minimize

movement, and avoid pressing the electrodes during standing sessions.

Participants performed three slight squats and jumps before the first session began.

When they were ready, the researcher made a three-minute timer and marked baseline1

simultaneously in event palette of Acqknowledge. After the first baseline recording,
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participants rated their subjective stress level at that moment in survey (Q15) and donned a

VR HMD device with the researcher’s assistance. Then, the volume of sound effect was

confirmed with participants.

When participants were ready, the researcher made another three-minute timer and

event marker baseline2. Following the second baseline recording, participants were guided to

avoid wires (and a plank) in reality and enter the virtual elevator. The researcher handed a

controller to the participant for pressing the elevator button, and then took it back once the

participant finished pressing. The researcher made the event marker going up when hearing

the sound effect of door closing, and marker door open when hearing the sound effect of door

opening. After arrival at plank floor, the researcher reiterated the option of reporting the

feeling of uncomfortable or the decision of withdrawing at any time. Then, participants

walked on to the plank and tried to achieve the end (not all participants stood at the end of the

plank, some stood in the middle, some stood inside the elevator depending on acceptability).

When participants were ready, the researcher made the third timer and event marker plank.

Following completion of the plank task, participants were guided to return the

elevator, take the controller, and press the ground floor button. The researcher made the event

marker going down when hearing the sound effect of door closing, and marker door open

when hearing the sound effect of door opening. After arrival at ground floor, the researcher

took away the controller and navigated participants walking back to the street. When

participants were ready, the researcher made the fourth timer and event marker recovery1.

Following this, participants removed the HMD device with the help of the researcher, and

started the final standing session. The researcher made the fifth timer and event marker
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recovery2. After completion of the second recovery recording, participants rated their

subjective stress level during the plank task and at that moment in survey (Q16&17). After

participants completing the rest of the questionnaire (Q18–Q30), the researcher removed the

electrodes, debriefed the participants, and thanked them for their participation. The detailed

instructions and experiment protocol are attached in the appendix 2.1 and 2.3.

Time Synchronization

BioNomadix and VU-AMS systems record data based on the computer's time, while

the EmbracePlus system uses the smartphone's time. Since the time servers and

synchronizing timings for the computer and smartphone are different, this can cause time

drifts between the devices. Before each experiment, the researcher ensured that the time

zones were correctly set on both the computer and the smartphone. Additionally, the

VU-AMS system’s time was synchronized by a click on "Set Device Time to Computer

Time" button in VU-DAMS software prior to every experiment.

All three systems included an accelerometer. The BIOPAC system used the TPS 2g

accelerometer, while EmbracePlus and VU-AMS had built-in accelerometers. The

EmbracePlus wristband featured a three-axis microelectromechanical accelerometer with a

±16g range, a sampling frequency of 64 Hz, and a resolution of 16 bits. The BIOPAC

system’s accelerometer, designed to detect subtle movements, operated on a smaller scale.

This study explored the feasibility of using accelerometer data for time synchronization,

though the findings were not reported in this thesis.

Thermoregulation

To investigate the SRQs, room and skin temperatures were collected. Ambient
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temperature was recorded by a SwitchBot, a commercial thermometer with a resolution

of .2 °C and a sampling rate of 1 sample per minute. Peripheral skin temperature was

measured using a Texas Instruments TMP117M digital temperature sensor embedded in the

EmbracePlus wristband, which has a resolution of .01 °C and a sampling rate of 4 Hz. The

SwitchBot thermometer was typically placed on a position of the computer desk near the VR

game play zone.

Data analysis

Data Quality Assessment

Following the recommendations of Van Lier et al. (2020), two researchers conducted

a visual inspection of the EDA data to identify and filter out failed measurements. Signals

without any SCRs were considered as missing data or zero responses. If either researcher

classified the data as non-responding, the entire dataset was excluded. The exclusion criteria

were set as follows, based on previous studies (Braithwaite et al., 2013; Van Der Mee et al.,

2021; Van Lier et al., 2020): SCL lower than .5 μS, SCR amplitude lower than .01 μS, and

visual plot shown a flat line. Obvious artifacts appeared in the data visualization were

removed using the AcqKnowledge “Connect Endpoints” function, which performed a linear

interpolation between the left and right edges of selected area (BIOPAC Systems, Inc., 2020).

Participants who signed the informed consent but did not complete the experiment were

classified as withdrawers.

Signal Comparison—Detrended Cross-Correlation Analysis

Following Van Lier et al. (2020)’s standardized validation protocol, the first step

involved signal comparison using the cross-correlation function. In this study, detrended
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cross-correlation analysis (DCCA) was applied to test the correlation between two signals

over time (Podobnik & Stanley, 2008; Shen, 2015). Within the DCCA functions, the data was

normalized using mean centering and detrended using linear polynomial fitting to ensure the

data was stationary and comparable. Data from the BioNomadix and EmbracePlus systems

were first resampled to 16 Hz. Boucsein (2012) noted that downsampling EDA data to

frequencies higher than 10 Hz does not enhance data quality. The choice of 16 Hz was due to

it being a multiple of 4 and a factor of 2000 more than 10, ensuring adequate resampling.

The two signals were then aligned and inputted into the Python “DCCA” library with

a detrending scale of 2880 and a time lag setting of (-8, 8) to compare correlation at multiple

lags, aiming to find the optimal cross-correlation with the corresponding lag (Python scripts

are attached in appendix 3.5). The time lag range was decided based on the time estimation of

nerve conduction through the distance from wrist to finger (Van Lier et al., 2020). The

selection of the detrending scale at 2880 (the sample number of three minutes) was a

considered decision based on multiple factors. The detrending scale was chosen based on

visual fluctuation patterns, as a time scale set too short would insufficiently remove larger

trends. For EDA signals in an interval-related experimental design, obvious fluctuations are

typically related to task duration. Therefore, the most direct fluctuations can be observed

from session to session. Each static session lasted three minutes, while the dynamic sessions

(interspersing between each pair of static sessions) had non-fixed durations. The researcher

experimented with detrending scales of 3, 3.5, and 4 minutes and observed minimal

differences between them. Thus, a duration of one standing session seemed sufficient for

capturing the most significant fluctuations. Ultimately, a detrending scale of 3 minutes was
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chosen for the analysis.

Parameter Comparison—The Bland–Altman Plot

The second step involves parameter comparison using the Bland–Altman plot, a

widely used analysis method in validation studies (Giavarina, 2015). The Bland–Altman plot

visually represents the agreement between two devices on a particular parameter over the

averages and differences of measurements. Prior to plotting, the raw signals was resampled

and aligned as in the signal comparison, then decomposed into three parameters.

This study used the Python “Neurokit2” library (Makowski et al., 2021) with its

default smoothing, decomposing, and finding peaks settings to process the raw signals.

Retrieved parameters included the mean SCL, the SCRs per minute, and the AMPL per

minute. Normality were visually checked. Amount of missing data was verified. The

Shapiro–Wilk test (Shapiro & Wilk, 1965) was conducted to calculate the statistical

confidence to reject the normality assumption. If the data was not normal, a log

transformation was applied. For the Bland–Altman plot, the mean of the two measurements

was plotted on the x-axis, and the difference between the two values on the y-axis. The

acceptable boundaries suggested by Van Lier et al. (2020) are 10 percent of the parameter’s

empirical range (±1.6 μS for SCL, ±2.5 for SCRs, ±.6 μS for AMPL).

Event Detection Comparison—Error Bar Plots

The event detection comparison involved an error bar plot, which visualizes the mean

effect and its confidence interval. The study focused on a self-designed environmental

stimulus lasting three minutes, where a significant difference from the baseline in AMPL was

expected. Data was resampled and aligned similarly to the signal comparison. Tonic and
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phasic EDA parameters were extracted using the Neurokit2 library, as in the parameter

comparison. AMPL was calculated by summing the amplitudes of SCRs every minute for

static sessions and combined dynamic sessions, excluding the last group if it was shorter than

a minute. For each dynamic session, the AMPL was estimated by multiplying the amplitude

per sample by the sample number per minute (an arithmetic estimation). This approach was

necessary because some dynamic periods were shorter than a minute. However, since AMPL

is not evenly distributed over time, direct comparison between each dynamic session and

static session is not valid. Therefore, the results within each calculation were examined

separately to ensure meaningful analysis.

Normality was visually checked, and log transformations were applied if necessary,

similar to the parameter comparison. Two line plots with means and errors were created, each

representing a device, to visualize the effect captured by the two devices. If both plots

showed non-overlapping error bars between the stress task and baseline, a plot with the

means and errors of differences between the two devices would be created with predefined

boundaries (difference between the stress task and baseline recording from the BioNomadix).

If both devices captured the event effect significantly and all error bars in the difference event

plot overlapped with the zero axis, a Bland–Altman-like analysis with predefined boundaries

would be conducted to investigate the wearable's capability to distinguish between the

baseline and the stressor.

Explorations and Post Hoc Tests

Since the method of signal comparison is applicable exclusively to whole time series,

the differences between dynamic and static periods were investigated on the rest two levels
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concurrently when analyzing the main research questions. A post hoc test using the detrended

partial cross-correlation analysis (DPCCA) was conducted to explore the influence of

temperature. DPCCA, derived from DCCA, allows for the investigation of multiple

non-stationary time series in complex systems and reveals intrinsic relations between the

considered signals (Yuan et al., 2015). The codes for conducting DPCCA were sourced from

the study by Ide et al. (2017).

Results

Data Quality Assessment

Of the 31 participants, 2 (6.5%) withdrew from the study—one due to dizziness and

the other due to technical issues. The data from the remaining 29 participants were visually

inspected. During this process, 8 participants (27.6%) were identified as non-responders by

two coders who reached a consensus. These non-responders were removed from the dataset,

resulting in a final sample of 21 participants (achieved the planned final sample size) for the

research. Figure 14 illustrates an example of excluded signals, showing visual presentations

from three devices (VU-AMS signals were visually inspected but not further analysed). In

this example, the EmbracePlus signal displayed a flat line very close to the x-axis and

parameter values under the predefined thresholds, indicating a non-response.

Figure 14

An Example of a Non-responder’s Signals.
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a.

b.

c.

Note. a. Raw signals on the same scale; b. Tonic signals with specific scales; c. Phasic signals

with specific scales.

During the visual inspection, signals with missing values or parameters outside the

empirical range were checked. No missing values were found in the raw signals. However,

three participants had missing values in their wearable-retrieved amplitudes, with a missing
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rate averaging 1.7% (.7%–3.1%), while another two participants had missing amplitudes in

RD signals, both around .6%. For the wearable, on average 17.3% (0%– 87.5%) of

amplitudes are lower than .01 μS, all within the empirical range (0–3 μS). For the RD, on

average 3.4% (0%–35.4%) of amplitudes are lower than .01 μS, 10.0% (0%–49.5%) higher

than the empirical range (0–3 μS). No zero amplitudes were found. Missing values were

ignored in further analysis.

The SCRs were all in the empirical range of (0–25 per minute), 29.3% (0–81.8%) of

wearable retrieved SCRs and 5.7% (0–22.2%) of RD retrieved SCRs were zero. There was no

missing values for SCRs. All the SCL values of wearable device were in the empirical range

of (0–16 μS). 59.1% (0–100%) of the reference retrieved SCL values were higher than the

range. No zero or missing values were found for SCL.

After excluding non-responsive participants, four participants’ signals were identified

with significant artifacts (visible sudden drops in raw signals or abnormal troughs in phasic

signals). These artifacts were removed. Figure 15 illustrates the four signal sets with artifacts.

Figure 15

Four Sets of Signals With Visible Artifacts.

a. e.



36

b. f.

c. g.

d. h.

Note. Each row of pictures represents a signal set from a participant. Left column of pictures

(Figure 15.a., b., c., d.): raw signals’ comparison; Right column of pictures (Figure 15.e., f.,

g., h.): phasic signals’ comparison.

aThe first row (Figure 15.a., e.) showed artifacts in RD’s raw and phasic signal. bThe second

row (Figure 15.b., f.) showed an artifact in EmbracePlus phasic signal. cThe third row (Figure

15.c., g.) showed an artifact in EmbracePlus raw signal. dThe fourth row (Figure 15.d., h.)

showed artifacts in EmbracePlus raw and phasic signal.

Signal Comparison: DCCAs

For the majority (76.2%) of participants, the correlations were considered low (i.e.,

below .4), with two participants' signals showing a very weak negative correlation (.05, .005).

For 23.8% of participants, the correlation coefficients were moderate (between .4 and .6) (see

Figure 16). On average, the cross-correlation was .27, ranging from -.05 to .54. Similar to



37

Van Lier et al. (2020)'s findings, the optimal correlations were at different lags across

participants (Appendix 3.3). Visual inspection of the accelerometer signals showed that the

time drifts for each participant did not follow identical trends as well.

Figure 16

Distribution of the Optimal DCCAs at the Time Scale of 2880

Note. The coefficients for each participant presented in the figure were determined on the

basis of the optimal lag.

Parameter Comparison: Bland–Altman Plots

Bland–Altman plots for the mean SCL, number of SCRs, and AMPL of the entire

EDA signal are shown in Figure 17. SCL and AMPL were log-transformed to achieve

normality (with a small constant of 1e-8 added to handle zero values). The number of SCRs

was plotted without normalization. The plots show that 47.62% of SCRs and their mean line

lie within the pre-set boundaries. For SCL and AMPL, the percentages are 0% and 4.76%,

respectively. Mean biases are found in SCL and AMPL, as all differences are above zero,
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even the lower LoA lie above the higher boundary. It seems the wearable systematically

underestimated SCL and AMPL. Additionally, an ascending trend is presented in the plots for

SCL and AMPL, indicating that the signals’ differences tend to expand when their means are

higher.

Figure 17

Bland–Altman Plots across Parameters

a.

b.

c.
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Note. a. SCL plot; b. SCR plot; c. AMPL plot. Each dot represents one participant. The

difference between and the average of the two measures are represented on the y-axis and the

x-axis, respectively. The blue line shows the mean bias. The green lines represent the priori

chosen acceptable boundaries, whereas the red lines (also marked with upper bound and

lower bound) represent the actually found 95% LoA. At the bottom of each figure, the

percentage of values within the proposed boundaries is given. SCL, skin conductance level;

SCRs, number of skin conductance responses per minute; AMPL, total amplitude of the skin

conductance responses per minute.

Event Detection Comparison: Error Bar Plots

The main stress task used to determine stress reactions was the third static session or

plank session, where participants stood on a virtual plank 80 stories high. Figure 18

graphically represents the five static sessions for EmbracePlus and RD, respectively. The RD

showed the expected increase in AMPL during the stress task, with approximate increases of

70% compared to the baseline in reality, 60% to the baseline in VR, 50% to the recovery in

VR, and 40% to the recovery in reality. In contrast, much lower changes were observed for

the EmbracePlus wearable, that were 20%, 30%, 20%, 3%.

Figure 18

Error Bar Plots of Static Sessions



40

a.

b.

Note. Error bar plot for static sessions including the plank task, measured with the RD and

EmbracePlus wearable, with AMPL as the parameter of interest. a. Plot of EmbracePlus. b.

Plot of the RD. the means are plotted in blue, and its error bars are plotted in red. The AMPL

was log transformed due to rejection of normality. The first two static sessions are neutral

baselines, the third static session is the VR stress task, and the fourth and last static sessions

are recovery recordings (considered also as baselines).

Figure 18 shows obvious overlap between the error bars for all standing sessions in

the wearable's data, while non-overlapping error bars between the stress task and baseline

were observed in the RD's data. This indicates that the wearable did not detect the stressor

effectively, whereas the RD did. As a result, further analysis on this level was not conducted.

Error bar plots of SCL were inspected due to observed bimodality in visual inspection for

distributions (Appendix 3.7), whereas no significant effects were found (Appendix 3.2),
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reinforcing Van Lier et al. (2020)'s decision to prioritize AMPL as the event-level indicator.

Comparison Between Static and Dynamic Sessions

At the parameter level, no significant differences were observed between the whole

signal, signals within static sessions, and signals within dynamic sessions, as shown in

Appendix 3.1. Further exploration was conducted at the event detection level. Figure 19

illustrates the exact time points used to divide the static and dynamic sessions. Figure 20

provides a graphical representation of the five static sessions, the combined dynamic sessions,

and the separate dynamic sessions for both devices.

Figure 19

Time Points for Dividing the Static and Dynamic Sessions

Note. Words in quotations represent event markers. Markers are made upon either the

beginning or the end of a session.

Figure 20

Error Bar Plots for All Sessions
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a.

b.

Note. Error bar plot for all sessions, measured with the RD and EmbracePlus wearable, with

AMPL as the parameter of interest. a. Plot of EmbracePlus. b. Plot of the RD. The means are

plotted in blue, and its error bars are plotted in red. The AMPL was log transformed due to

rejection of normality. The shaded areas show error bars of AMPL’s arithmetic estimations

for each dynamic period. The error bar of combined dynamic session is added to the

non-transparent side of the plot.

In the half-transparent area of Figure 20, the arithmetic estimation of AMPL per

dynamic period shows similar patterns to the static sessions. For the RD’s data, the error bar

for Dynamic 4 (from the door opening to the start of plank standing, involving the height

stressor but also conversations and movements) does not overlap with the error bars of the

other dynamic periods, indicating a distinct response. In contrast, the error bars for each
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dynamic period overlap in the EmbracePlus data, indicating a lack of detectable effect of the

stressor.

The combined dynamic session was compared with static sessions based on the same

calculation method for AMPL. For the entire dynamic period, the error bar for RD’s data does

not overlap with baselines (Static 1, 2, 4, 5), suggesting a detectable difference between

dynamic and static baselines. However, for EmbracePlus data, the error bar overlaps with all

sessions, providing little information about the difference between the dynamic periods and

static baselines.

Temperature’s Influence

Due to technical issues of the thermometer, ambient temperature recording was

completed for only 14 participants (details in Appendix 2.2). The mean DPCCA between two

EDA signals (.27, with 64.3% below .4) was similar with the mean of DCCA coefficients

(.27). The correlation between RD signal and the occurrence of stressor also showed a weak

correlation (average .32, with 64.3% below .4). The correlation between RD signal and the

occurrence of static sessions showed a negative weak correlation (-.39, with 50% below .4).

The DPCCA coefficients between each pair of six variables were listed in Appendix 3.4.

Figure 21 illustrates that the estimated correlation range for V1–2 (two EDA signals), V2–5

(RD signal and stressor) and V2–6 (RD signal and static session) overlap less with the rest.

Figure 21

The Error Bar Plot of DPCCAs across Six Pairs of Variables
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Note. V1 = Raw signals from EmbracePlus. V2 = Raw signals from the RD. V3 = Wrist

temperature. V4 = Ambient temperature. V5 = Dummy variable of stressor. V6 = Dummy

variable of static periods.

Sample Composition

As shown in Table 1, data from 21 participants (13 male, 8 female; mean age: 23

years, SD = 4.1) were analysed. Twelve participants (57.14%) with removing overlap did not

meet the ideal eligibility criteria due to factors like medication intake, coffee consumption, or

inadequate sleep. Two participants had incomplete data for the second recovery recording

(Static session 5), one due to dizziness and the other due to experimenter error. Considering

the small sample size, these participants were included in the analysis. The current study

solely described the sample composition without conducting further analysis due to the small

scale of groups. Visual inspections (Appendix 2.5) and descriptive statistic comparisons

(Table 1) revealed no significant differences between subgroups. Inferential statistical

comparisons (Shapiro-Wilk, Levene's, independent t-tests, Mann-Whitney U tests) could be
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conducted for in-depth analysis with larger samples in future.

Table 1

Sample Composition According to Features and Conditions

Features
Statistics

n % M SD
Gender
 Female 8 38.1 .27 .21
 Male 13 61.9 .26 .16
Race
 Black or Africa
 Asian
 White
 Other (Persian, Croatian)

0
4
14
2

0
19.1
66.7
9.5

 None 1 4.8
Follicular phase(% of females) 4 50
Medication intake 3 14.3
Drank coffee prior 4 19.1
Slept less than 6 hours last night 4 19.1
Without VR experience 3 14.3
Rating similar stress levels for the plank,
baseline, and recovery sessions

2 9.5

Rating higher stress levels for the baseline
than for the plank session

3 14.3

Played the game or other similar games
prior

5 23.8

Diagnosed with acrophobia/basophobia) 0 0

Features (unit, range; actual range)
Statistics

M SD
Age (year, -; 18–32) 23 4.1
Fear of the height (score, 0–100; 5–85) 33.6 24.5
Perceived Stress Scale (score, 0–40;
2–27)

16.4 6.7

Conditions
Statistics

n % M SD
Real plank
 Yes 10 47.6 .33 .16
 No 11 52.4 .21 .18
Dominant hand
 Right 15 71.4 .27 .18
 Left 6 28.6 .23 .18
Placement of reference devices
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 Finger placement 11 52.4 .28 .20
 Eminence placement 10 47.6 .25 .16

Note. N = 21. n = count; % = percent; M = mean of correlations; SD = standard deviation of

correlations. When the subgroup size was smaller than 5, the M and SD were not reported.

Discussion

Wearable technology offers new opportunities for stress management in daily life.

Palmar or plantar areas were preferred for laboratory EDAmeasurement due to their

sensitivity to psychophysiological stimuli. However, these sites are impractical for wearable

applications due to their interference with daily activities. Consequently, the wrist has

emerged as a more viable option. This study aimed to assess the validity of the EmbracePlus

wristband for measuring EDA responses to a VR stressor by comparing it to an RD using a

standardized protocol. The goal was to establish the wristband's suitability for real-world

stress assessment, where stationary equipment is infeasible. To provide insights into the main

results, the experiment incorporated dynamic and static conditions, as well as temperature

measurements to examine the impact of movement, interaction, and temperature on EDA.

Primary Goals: Findings Across Three Levels of the Protocol

RQ1: Signal Comparison

Findings from this preliminary study involving approximately 20 participants suggest

that the EmbracePlus wristband does not capture EDA signals equivalent to those from an RD

using a self-designed VR stressor. Raw signals exhibited consistently low correlations across

all participants, falling below the accepted validity threshold of .8, aligning with Hu et al.

(2024) and Van Lier et al. (2020) regarding the nonsignificant cross-correlation between E4

and RDs. This is consistent with other previous E4 validation studies that reported negative
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results, despite using different correlation types or testing parameter correlations (Borrego et

al., 2019; Costantini et al., 2023; Menghini et al., 2019; Milstein & Gordon, 2020). While

some participants’ signals showed visual similarities (Appendix 3.6), these instances were

rare, aligning with Menghini et al., Ollander et al. (2016), and Van Lier et al.’s findings of

none or weak visual resemblance. The observed low correlation is likely due to several

factors: distinct sweating patterns between wrist and palm, variations in gland density,

asymmetry between the two wrists, and differences in electrode materials and sizes, as

previously discussed.

RQ2: Parameter Comparison: Systematic Biases

Based on the protocol's criteria, the EmbracePlus wristband may be unsuitable for

capturing EDA parameters in a VR lab task. Most participants exhibited significant and

consistent lower wrist SCL and AMPL values compared to palm measurements, similar to

Costantini et al. (2023) and Hu et al. (2024)’s findings of a systematic underestimation of

SCL by E4. While no consistent difference in SCRs between devices was observed, the

majority of wrist-based SCRs were smaller than those recorded by the reference device,

similar to Hu et al. and Van Lier et al. (2020)’s reports. This suggests that SCRs are more

stable across different stressors, possibly tracking SNS activity independent of

thermoregulatory needs, replicating prior findings (Dementienko et al., 2000; Hu et al., 2024;

Menghini et al., 2019; Van Der Mee et al., 2021).

The observed systematic bias, where differences in SCL and AMPL tended to increase

with their mean values, aligns with Hu et al. (2024) 's findings for SCL but contrasts with Van

Lier et al. (2020) 's findings of no systematic biases. This discrepancy may be attributed to



48

the task type and exposure duration. Both this study and Hu et al.'s validation used tasks with

minimal social pressure, while Van Lier et al. employed an intensive social stressor,

sing-a-song stress test (SSST). Wrist EDAmay exhibit a proportionally weaker response

compared to palm EDAwhen transitioning from social stressors to tasks with minimal social

challenges. Additionally, the longer task durations (>2 min in this study and Hu et al.'s study)

compared to SSST’s one-minute exposure may have enabled the detection of this systematic

bias.

RQ3: Parameter Comparison: LoA and Boundaries

Ideally, LoA values should fall within predefined boundaries as per protocol

guidelines. However, in this study, the LoA for SCL and AMPL were wide and did not

overlap with the boundaries, similar to the findings of Van Lier et al. (2020) and Costantini et

al. (2023). The stringent 10% difference boundary, adopted from heart rate equipment

standards, might be overly restrictive for EDA data, as suggested by Van Lier et al. In

contrast, the LoA for SCRs overlapped with the acceptable range, again reflecting the relative

stability of SCRs compared to SCL and AMPL and aligning with previous studies (Hu et al.,

2024; Menghini et al., 2019; Van Der Mee et al., 2021).

RQ4: Event Detection Comparison

The EmbracePlus wristband demonstrated limited ability to reliably detect stress

responses to a sustained, intensive VR task minimizing movement and interaction, unlike the

RD. This contradicts previous social stressor research suggesting wrist EDA's sensitivity to

high-intensity stressors (Ollander et al., 2016; Van Lier et al., 2020). As discussed in RQ2, the

varying levels of social pressure involved in these studies may explain this discrepancy.
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Secondary Goals: the Influence of Thermoregulatory Factors

SRQ1: Dynamic Factors

The wrist device did not detect significant EDA differences between dynamic and

static periods, suggesting reduced sensitivity to dynamic conditions. Contrary to the initial

hypothesis, these dynamic conditions showed more pronounced impacts on palm EDA than

wrist EDA. This indicates that natural interactions and movements can augment

palm-retrieved EDA responses to stressors involving these factors. This finding aligns with

and may provide insight into previous research highlighting lower wearable validity in

dynamic tasks (Hu et al., 2024; Menghini et al., 2019; Milstein & Gordon, 2020). Palm

devices appear to benefit from a synergistic effect between dynamic factors and other

components of stressors on EDA, outperforming wrist devices.

SRQ2: Temperature

The anticipated significant difference in temperature's influence on the two signals

was not observed in the post hoc test. While the weak impact on palm signals aligned with

expectations, the lack of a significant effect on wrist EDAmay be attributed to insufficient

temperature fluctuations and the limited ability of the temperature indicators to accurately

reflect thermoregulatory changes, as discussed in the “Current Validations” section. It's

possible that the temperature changes induced by either the VR stressor or dynamic factors

were insufficient to trigger noticeable wrist EDA changes.

In summary, the low validity of EmbracePlus found in this study largely aligns with

previous E4 validation results. However, the cross-device differences cannot be solely

attributed to device performance. Physiological characteristics of the sensor placement (wrist
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vs. palm) also play a significant role. If we consider the earlier proposed EDA response

model (Figure 1), some interesting inferences can be drawn.

Synthesizing the outcomes of RQ2-4, SRQ1-2, and mentioned previous studies, while

VR stressors and social stressors both caused detectable reactions in palm EDA, social

stressors appeared more influential on wrist EDA. Social stressors are known to effectively

elicit acute psychosocial stress. The VR-based stressor used in this study, while involving a

high-altitude threat, minimized social challenges, interaction, movement, and facial exposure.

If the proposed model is correct, palm EDA is primarily caused by psychological changes.

Both stressors likely induced significant psychological responses. However, the weak wrist

EDA response to the VR stressor suggests a limited stimulation of psychological changes on

the wrist. Therefore, thermoregulatory changes may have been the primary driver of wrist

EDA.

The effects of psychological and thermoregulatory changes are dynamic and can

interact in complex ways, potentially neutralizing each other when they move in opposite

directions and have similar magnitudes. If social stressors consistently produce noticeable

changes in wrist EDA, this suggests that they may have induced significant thermoregulatory

changes that overshadow the psychological effects on wrist EDA. These inferences imply that

social pressure might lead to more substantial thermoregulatory changes, resulting in

significant wrist EDA alterations. Conversely, artificial high-altitude stress may not generate

sufficient thermoregulatory responses to elicit robust wrist EDA. This inference also extends

to dynamic factors. However, these ideas cannot be supported as the current study did not

find direct evidence for significant effects of thermoregulation on the wrist.
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Data Quality and Experiment Feasibility

The wearable device exhibited a non-responder rate of 27.6% (8/29), between the

22% rate reported by Van Lier et al. (2020) and the 73% rate reported by Milstein and

Gordon (2020) using the same criterion. Implementing preliminary physical activity tasks

(stairs, squats, jumps) and a 15-minute wear-in period may have contributed to the relatively

low non-responder rate. While these measures effectively lowered the rate, they did not

entirely eliminate non-responders. It could potentially explained by Picard et al. (2016)’s

finding on response latency (30–120 min) for a wearable device.

This study examined the sample composition and assessed the feasibility of different

palm placements, dominant hand involvements, and real plank settings. The current sample

size restricted the ability to conduct inferential analyses on subgroup differences. However,

the collection of demographic data and the implementation of different experimental

conditions were carried out smoothly, providing reference for future relevant studies.

The RD signals demonstrate the feasibility of the VR-simulated height-based stressor

for EDA, further supporting VR’s potential as a promising approach to recapitulate traditional

standardized stressors (Van Dammen et al., 2022). Furthermore, accelerometer signals

effectively captured time drifts across devices for most participants. Visual inspection

indicated that the use of an additional reference device and accelerometer did not interfere

with the main experiment.

However, several issues require attention. First, switching VR devices midway

through the experiment introduced complications and extended the duration. This was

primarily due to differences in controllers, helmets, and sound output. Second, real-time
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event markers required additional personnel and coordination, with synchronous wire

management and computer marking proving challenging. Seeking participants’ cooperation to

make event markers on portable devices could be a viable alternative. At last, despite

instructions, some participants exhibited unintentional movements and electrode presses.

Surprisingly, some unexpected activities did not create artifacts, as confirmed by visual

inspections.

Strength and Limitations

This preliminary study introduced a novel height-based VR stressor, demonstrating its

feasibility for validation studies. The stressor's design was tailored to specific research

questions, allowing for a focused investigation of how both immersive static stressors and

dynamic factors influence signals from two different devices. Notably, it suggested a

synergistic effect between dynamic factors and other stressor components, potentially

explaining previously observed lower validity in wearable devices during dynamic task (Hu

et al., 2024; Menghini et al., 2019; Milstein & Gordon, 2020).

Employing a standardized protocol ensured comparable results across experiments. It

also enhanced methodological rigor and statistical validity of this study, facilitating the

identification of distinct EDA response patterns from different skin sites when exposed to

different stressors. The replication of the majority of results from Van Lier et al. (2020)’s

validation demonstrates the protocol's feasibility across contexts.

There are also a few limitations of our study that need to be taken into account while

interpreting our results. First, some sampling issues might have restricted the generalizability

of the findings. The participant pool, primarily consisting of university students and
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employees, may not adequately represent the broader population. Additionally, the small

sample size (N = 21) fell short of the protocol's recommended sample size (55) and the

average size of previous eight E4 validations (36). Furthermore, the inclusion of participants

with suboptimal eligibility might have introduced unique features into the sample.

Second, The thermoregulation indicators used in this study, particularly the single

local temperature, may be less relevant than some others recommended by current research

(e.g., Fiala et al., 2012; Rubinstein & Sessler, 1990). This could potentially limit the

reliability of the results. Ambient temperature varies slowly, and a single local temperature

measurement may not accurately reflect body temperature changes under stress (Vinkers et al.

2013). Caution should be exercised when interpreting the findings based on these indicators.

Third, the statistical methods used for SRQs were subject to peer review. While

focusing on the comparison of ranges rather than specific values helped mitigate the impact

of the arithmetical estimation of AMPL of each dynamic session, the risk of

misrepresentation still existed. Moreover, the accuracy of DPCCA for post hoc tests with

dummy variables remains uncertain. Consequently, the error bar plot based on DPCCA

should be interpreted cautiously.

Finaly, there were some limitations related to instruments. The reliance on an

unvalidated stressor, despite providing some evidence of its validity, limits the strength of the

study's conclusions. Additionally, the use of three simple rating questions instead of

standardized instruments to assess perceived stress levels during the experiment may have

resulted in a less precise and consistent understanding of subjective arousal. A similar

concern applies to the simple inquiry about the dominant hand, which lacked the rigor of a
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standardized assessment. In addition, the accuracy of the commercial thermometer used to

measure ambient temperature is uncertain, as the experimenter observed discrepancies when

comparing it with another commercial thermometer in daily life.

Recommendations for Future Research

Moving forward, understanding wrist EDA's sensitivity to different stressors,

including those encountered in daily life, is crucial for optimizing wearable technology.

Future research could explore how validation results vary based on stressor type and severity,

identify stress scenarios more detectable by wrist-worn devices, and test these wearables in

everyday environments, where data quantity might compensate for data quality (Geus &

Gevonden, 2024).

Additionally, developing gold standards, stressors, and protocols for wrist-site EDA

measurement using wet electrodes in both laboratory and ambulatory settings could be a

promising approach. This would enable more accurate comparisons of wrist-worn devices

against a wrist reference, accounting for site-specific physiological differences. When

comparing wrist devices to palm references, it's crucial to consider the influence of

thermoregulation during validation. A deeper understanding of thermoregulation's role in

wrist EDA can contribute to the development of more effective and reliable wearable devices

for stress monitoring. To further investigate the potential correlation, future research could

incorporate more precise indicators of thermoregulation, such as the sweating rate calculated

from the UTCI–Fiala model equations (Fiala et al., 2012), or the skin-surface temperature

gradients from forearm to fingertip (Rubinstein & Sessler, 1990). Infrared thermography

offers another non-invasive option for continuous temperature monitoring.
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Conclusion

While the EmbracePlus wristband offers a promising tool for real-time EDA

monitoring, this study highlights its significant limitations in accurately capturing EDA

signals and detecting stress responses during a height-based VR task that requires minimal

movement and interaction. The observed synergistic effect of interaction and movement on

palm EDA, rather than wrist EDA, provides an explanation for the previously noted lower

reliability of wrist devices in dynamic tasks. Given the growing importance of effective stress

management and the potential of ambulatory biofeedback, further research is needed to

validate the EmbracePlus across various stressors, develop wrist-specific gold standards, and

investigate the role of thermoregulation in EDA responses. Additionally, assessing the

device's performance in naturalistic settings is crucial for its practical application in

real-world stress management.
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Appendices
1. Supportive materials
1.1 Information Sheet

Project Title: Validaton Study of the Empatica EmbracePlus Wristband for Measuring
Electrodermal Activity Utilizing a Virtual Reality Protocol
Ethics Code: 240530

You are being invited to take part in a research study. Before you decide it is important for you to
understand why the research is being done and what it will involve. Please take time to read the
following information carefully and discuss it with others if you wish. Ask us if there is anything that
is not clear or if you would like more information. Take time to decide whether or not you wish to
take part.

Purpose of the research
Wearable devices are increasingly used to measure our physiology, but it remains unclear how well
they do that. This study uses a Virtual Reality simulation to assess the validity of signals from a
wearable device compared with reference devices. The signals reflect the change of sweat level on the
skin in response to a VR stimuli.

Procedure
During the main task, participants will wear three wearable devices: a medical wristband and two
research-grade devices. Additionally, participants will engage in a VR simulation resembling real-life
scenarios. A set of short surveys will be completed before and after the main task. The data collected
from devices will be used to compare signal differences and will be analysed anonymously.

Devices involved
BioNomadix sensor, VU-AMS sensor, and EmbracePlus wristband; Oculus VR system.

Benefits of participating
This research project has been reviewed and approved by the BMS Ethics Committee. On the benefit
side, participants will experience the innovative experiment procedure in VR environment. As
participants, you will have the pleasure of knowing that you have made a contribution to our
understanding of the relationship between signals from two types of devices. If you wish you can take
a picture or a screenshot of your signals, which will also be explained to you after the study is
completed. There will be no other direct benefits from being involved in the study.

Risks of participating
On the risk side, there would be tripping risk for the participants. As participants enter the task
wearing a VR helmet and there is a plank on the floor, a researcher will accompany and navigate you
to ensure your safety when it is in need.
The devices utilized in this study adhere to the standard methodology commonly employed by most
wearables available in the market. This methodology typically involves applying an imperceptible
microcurrent to the fingers or wrist. The safety of this approach is well-established, supported by
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numerous research studies and successful implementations over recent decades.
The stressor or stimuli utilized in this experiment is a normal acute stressor, resulting in an acute
response that typically resolves within several minutes. While for most participants this experience is
not harmful, it's important to acknowledge that a small percentage of individuals may find the task
overly stressful. Therefore, we want to emphasize to each participant that you are free to withdraw
from the experiment at any time. This information will be reiterated in the instructions given to
participants immediately before the onset of the stressor.

Procedures for withdrawal from the study
You can inform the experimenter about the withdrawal at any time before, during or after the
participation by email or oral words. Please note, the possibility to withdraw data is no longer possible
if published or data have been anonymized.

What happens at the end of the study?
You will get debriefed on the details of the purpose of the study and your physiological reaction will
be explained to you. You are free to take a picture of the signal collected and ask any questions you
might have about the procedure you underwent or the study overall. Your data is then stored securely
and anonymously for subsequent processing.

Personal data
All the personal data will be anonymized. You will be assigned an appointment number and your
demographic information as well as all the data gathered during the experiment will be stored and
analysed under that number. Informed consent forms containing personal information (signatures) will
be stored securely within the UT infrastructure.

Confidentiality and anonymisation
No identifiable information will be collected for analysis purposes and all other personal information
(e.g., medical history) will be anonymized and treated as confidential. An individual's responses
would not be used in any way that would allow for their identification.

Retention period for the research data
Ten years

Contact details .
Qu, Y. (y.qu-3@student.utwente.nl)
If you have questions about your rights as a research participant, or wish to obtain information, ask
questions, or discuss any concerns about this study with someone other than the researcher(s), please
contact the Secretary of the Ethics Committee/domain Humanities & Social Sciences of the Faculty of
Behavioural, Management and Social Sciences at the University of Twente by
ethicscommittee-hss@utwente.nl
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1.2 Consent Form

Consent Form for [Validaton Study of the Empatica EmbracePlus Wristband for Measuring
Electrodermal Activity Utilizing a Virtual Reality Protocol]
YOUWILL BE GIVEN A COPY OF THIS INFORMED CONSENT FORM

Please tick the appropriate boxes Yes No

Taking part in the study

I have read and understood the study information dated
[DD/MM/YYYY], or it has been read to me. I have been able to ask
questions about the study and my questions have been answered to
my satisfaction.

□ □

I consent voluntarily to be a participant in this study and understand
that I can refuse to answer questions and I can withdraw from the
study at any time, without having to give a reason.

□ □

Risks associated with participating in the study

I understand that taking part in the study involves wearing three
wearable devices, completing a VR task, and responding to a set of
short surveys.

□ □

I understand that taking part in the study involves the following risks:
tripping risk due to wearing a VR helmet when moving around in the
lab; discomfort of a short and acute stressful experience caused by
the stimuli generated by VR; motion sickness from wearing a VR
helmet.

□ □

Use of the information in the study

I understand that information I provide will be anonymously
processed for the research purpose of a master’s thesis as well as for
subsequent analysis for a future research project.

□ □

I understand that personal information collected about me that can
identify me, such as [e.g. my name], will not be shared beyond the
study team.

□ □

Future use and reuse of the information by others

I give permission for the data that I provide to be archived in Areda,
the UT Archive for Research Data, so it can be used for future research
and learning, excluding commercial use.

□ □

Signatures

_____________________
_____________________
Name of participant [printed] Date
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I have accurately read out the information sheet to the potential
participant and, to the best of my ability, ensured that the participant
understands to what they are freely consenting.

________________________ __________________
________

Researcher name [printed] Signature
Date

Study contact details for further information:

Qu, Y.

y.qu-3@student.utwente.nl

Contact Information for Questions about Your Rights as a Research
Participant

If you have questions about your rights as a research participant, or
wish to obtain information, ask questions, or discuss any concerns
about this study with someone other than the researcher(s), please
contact the Secretary of the Ethics Committee/domain Humanities &
Social Sciences of the Faculty of Behavioural, Management and Social
Sciences at the University of Twente by
ethicscommittee-hss@utwente.nl

mailto:ethicscommittee-hss@utwente.nl
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1.3 Questionnaire
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1.4 Pilot report
Participant Overview

1. Participant A

Myopia: 500 degrees

Condition: Did not wear glasses under the VR helmet due to incompatibility.

Experience: Reported unclear vision in the game, yet still felt a significant sense of fear.

2. Participant B

Myopia: 200 degrees

Condition: Participated in the VR experience without corrective lenses.

Experience: Reported that the vision was adequate despite not wearing glasses.

3. Participant C

Condition: No specific visual impairments or issues reported.

Experience: Successfully completed the experiment without any complications.

4. Participant D (Withdrawal)

Myopia: 500 degrees

Condition: Wore small-sized glasses during the experiment.

Experience: Having experienced the game previously, reported feelings of boredom and intentionally jumped off the plank.

5. Participant E (Withdrawal)

Condition: No visual impairments reported.

Experience: Initially showed interest in the challenge, but upon exposure to the simulated high altitude, withdrew

immediately after refusing to step out of the elevator.

In summary, Participants E experienced fear or discomfort, leading to withdrawal from the experiment. Participant D's prior

experience with the game and perceived boredom led to early withdrawal. The attrition rate is 40% (2/5).
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2. Experiment materials
2.1 Instruction

“Welcome to my study on the validation of a wristband. During this experiment, your sweat levels on the skin of your

hands and wrists in response to a VR task will be recorded using three measurement devices, as displayed on the table.

During the experiment, you will wear an VR helmet on your head, two wearable devices on your non-dominant hand, and

two portable devices on your dominant hand and waist. Then, you will experience a naturalistic scenario in a VR game. Now,

I will apply the devices. Before we begin, please remove any jewelry from your hands or wrists to ensure data quality.

Could you tell me which hand is your dominant hand? (If the answer is the right hand:) I will apply this sensor

(EmbracePlus) on your left wrist. Could you help me tighten the wristband? Is it secure enough? Are you comfortable with

the tightness? Okay, now you will first engage in a warm up task to ensure signal quality. Please come with me to the stairs.

Please walk down and up one floor three times. I will wait here and count for you. Well done! Let’s go back to the lab.

Please take a seat here. First, please read through this information sheet. If you decide to participate in this

experiment, please sign both copies of the informed consent form. One copy is for you. I will now apply the second sensor

(BioNomadix) to your left wrist and fingers. First, I will attach two electrodes to your index and middle fingers (if finger

placement). This isotonic and harmless gel is used to fill the gap between the skin and sensors to guarantee the quality of

the signals. Please show me your left palm with your fingers spread apart. Please turn your palm over; I will apply this belt

around your wrist and connect the electrodes. Is the tightness comfortable? Okay, I will now apply the third sensor

(VU-AMS). Please show me your right palm. Thanks! I’m going to use the paper tape to stabilize all the sensors. I will apply

this strap around your waist. Please help me press this device on your left hip. Is the tightness comfortable? Okay, now let’s

check the signal and make sure it works. Please take a deep breath, hold 2 seconds, and out. Thanks. Again, please take a

deep breath, hold 2 seconds, and out. Thanks. Before the experiment, please fill out this short questionnaire. When you

reach the last question of this page, please inform me, and do not click on the “next” button for now. Thanks!

We are ready to start the experiment. Please stand here. During the experiment, please try to talk less and move less.

First, please do three squats and three jumps with your arms slightly away from your body, like this. Now, please stand

upright with your arms beside you, without moving or talking, for three minutes. Slight movements and observing the

environment are acceptable, just please try to avoid hand movements and pressing electrodes. I will make a timer and let

you know when this condition ends. Are you comfortable? Okay, let’s start. The time is up. Please rate your stress level at

this moment. I’m going to help you wear the VR device. Is the tightness comfortable? Is the sound volume alright? Here is a

right-hand controller. Are you on the street now? Please stretch your right hand to the “I Agree” button and press it. Okay,

now please turn right. Can you see the tree across the street? Please face the tree and stand for three minutes. I will let you

know when this condition ends. Turning upper body to observe the environment is okay, just please try to avoid strong

movements, especially hand movements. Are you comfortable? Okay, let’s start. The time is up. Thank you. Please turn

around. Can you see the elevator? Please walk into the elevator. (if real plank: I’m going to navigate you slowly to the

elevator; please watch out to avoid the plank in reality.) Now please take a look at the buttons on the right and press the

highest ‘Plank’ button. I’m removing the controller for you. You have arrived at the plank floor. Please remember it is okay

to report discomfort or withdraw at any time. If it’s possible, please walk out to the plank and slowly approach the edge

(but not too close to the edge). Now please stand for three minutes. Now, please slowly walk back to the elevator and press

the lowest button to the ground floor. I’m removing the controller for you. Please walk back to the street. (I’m going to

navigate you again to avoid the plank on the floor.) Now please stand in the street for another three minutes. I’m going to

help you remove the VR helmet. Now please stand for the final three minutes. Now, please do three squats and jumps

again. Please rate your stress level during the plank session and at this moment. Congratulations! You have finished the



82

experiment. I’m now going to help you remove all the remaining devices. Please help by filling out the last few questions.

Thank you for your participation. This experiment was designed to test the validity of EDA signals from the wristband

compared to reference devices. Debriefing is as following:

1. Before the experiment, you were asked to walk up and down three times because the wristband’s function depends

on sweat on the skin. This task ensures that every participant has some sweat on their wrist when attending the main

sessions.

2. At the beginning and end of the experiment, you were asked to do three squats and jumps. This task is for data

synchronization using movement trackers.

3. EDA signals are easily affected by breathing and movement, which is why you were asked to move and talk less

during the experiment.

4. The stimuli, which induce stress, were not specified at the beginning of the experiment because disclosing them

could reduce their effect and create an expectation effect.

5. The questionnaire includes three parts. Ten questions from the Perceived Stress Scale measure your perception of

stress during the last month. Three stress rating questions are for subjective appraisal of stress during the experiment.

Both add to the interpretation of the objective stress indicators, the physiological signals obtained with the wearable

devices. The rest of the questionnaire collects demographic and medical information to understand the sample

composition.

6. The monitoring target in this study is electrodermal activity (EDA), which measures sweat gland activity using

electrical methods. For simplicity, I have used the term "sweat level" to refer to the targeted biomarker.

You can inform me about the registration of the study report, a change of decision, or other questions through the

email address provided in the consent form. Feel free to contact me. Have a good day.”
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2.2 Allocation of four settings

Participant R_Plank D_Hand Placement Temperature

1 Yes Right Eminence No
3 No Left Eminence No
4 No Right Eminence No
5 No Right Eminence No
6 Yes Right Eminence Yes
7 No Left Eminence Yes
9 No Right Eminence Yes
12 Yes Right Finger Yes
13 Yes Right Finger Yes
15 No Right Finger Yes
16 Yes Right Finger Yes
17 No Right Finger Yes
18 Yes Right Finger Yes
19 Yes Left Finger Yes
21 Yes Right Finger Yes
22 Yes Right Finger Yes
24 Yes Left Finger Yes
25 No Left Eminence No
26 No Right Eminence No
27 No Right Eminence Yes
28 No Left Finger Yes

aR_Plank: setting with or without a real plank (Yes vs. No). bD_Hand: dominant hand
(Right vs. Left). cPlacement: electrode placement of reference devices (Finger vs.
Eminence). dTemperature: recording of the ambient temperature (Yes vs. No).
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2.3 Protocol

Phases
Estimated

Duration
Desicription

Check list

N Steps Items Check

Preparation

(researcher)
10 minutes

Check time zone and time server on computer and cell phone. Refresh the time
synchronization by clicking Date & time settings > Additional settings > Sync now. 1 Time

time zone

time server

Check the connection between thermometer and the cell phone. Put thermometer
on the desk where is close to the playing area of the VR game. 2 Temperature

connection

position

Take out Biopac main module, EDA transmitter and receiver, accelerometer, and
electrode, and electrolyte paste out of the storage boxes. Connect the power and
Ethernet wires for the main module. Connect accelerometer with the main module.

3 Biopac
power supply

accelerometer

Turn on power. Launch Acqknowledge. Set configuration. Calibrate the accelerometer. 4 Acqknowledge configuration

Sign in the Care Lab app on cell phone with one of the five ready generated login
identities for participants. 5 Care app login

Check left battery and connection with the cell phone app.
6 EmbracePlus

battery

connection

Assemble batteries and the flash card for VU-AMS with noting the power on sound
effect. 7 VU-AMS

battery

power-on sound

Set the VR device and game’s environment factors including elevator direction, floor
level, and playing area. Set the position of real plank for half of the participants. Turn
off the computer sound.

8 VR

elevator direction

floor calibration

playing area

(set real plank)

sound off

Before the

experiment
30 minutes

Welcome the participants, introduce the project, and provide the informed consent
forms.

1 Opening

welcoming

introduction

consent form

After enrolled, the participants wears EmbracePlus and completes ‘Stairs’ task, then
wears the rest devices assisted by the researcher. 2 Set up

EmbracePlus wearing

stair task
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BioNomadix wearing

VU-AMS wearing

The researcher confirms the signal conditions in Acqknowledge, Care Lab, and
VU-DAMS. Deep breathing test used to check signal collection is about asking the
participant to take a deep breath, hold two seconds, and exhale when observing the
real time signals in Acqknowledge and VU-DAMS respectively. For VU-DAMS, the
researcher checks configurations and set time to the computer time before starting
the recording. Then the researcher checks both Care Lab app and the interface of the
EmbracePlus to confirm the connection state.

3 Check signals

Acqknoledge

Care Lab app

VU-DAMS

Then, a randomization app is provided for participants to generate a 6 digit identity
number to fill in the survey, or participants from SONA subject pool could use their
appointment number. Next, the researcher guides them to fill in a short
questionnaire for demographics collection. Then participants answer the 14 items on
the first page.

4 Survey Q1–Q14

Experiment 20 minutes

The researcher introduces the main sessions and guides the participant to move and
talk less during the experiment. Upon the researcher makes the first event marker
‘start’ with the instruction ‘Experiment starts’, first, the participant is required to
squat and jump three times following the researcher’s demonstration.

1 Dynamic1
event_marker_start

squats and hops

Then, the participant is engaged in the first standing session.The experimenter makes
the event marker ‘baseline1’and a 3-min timer, and then observes and makes notes
when necessary during the session and informs the end of session when the time is
up.

2 Baseline_1
event_marker_baseline1

timer

After the first session, a rating question is offered for them to rate the perceived
stress level at that moment.Then, the researcher helps them wear the HMD device
and confirms the sound volume. 3 Dynamic2

survey (Q15)

HMD wearing

sound volume

Then, the participants were required to stand on the street in VR for another 3
minutes. The experimenter makes the event marker ‘baseline2’and another 3-min
timer, and then observes and makes notes when necessary during the session and
informs the end of session when the time is up.

4 Baseline_2
event_marker_baseline2

timer

After that, the researcher passes the controller to the participant again, and guides
them to walk into the elevator and navigate them to avoid the plank on the floor.
Then the participant is guided to press the floor button and go up to the plank floor.
The experimenter makes event marker ‘going up’ when hearing the door-close sound
effect, then remove the controller.

5 Dynamic3

passing controller

navigation assistance

event_marker_going_up
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door-close sound
The researcher makes event marker ‘door open’ when hearing the sound effect of
door’s opening, and guides participants to walk out the elevator and approach to the
edge of the plank.

6 Dynamic4
event_marker_door_open

door-open sound

Participants then stand there for another 3 minutes. The researcher makes event
marker ‘plank’ and another 3-min timer, and then observes and makes notes when
necessary during the session and informs the end of session when the time is up.

7 Plank
event_marker_plank

timer

Next, the participants are guided to walk back into the lift. The researcher passes the
controller to them. 8 Dynamic5

navigation assistance

passing controller

Then they press the floor button and go down. The researcher makes event marker
‘going down’ when hearing the door-close sound effect and then takes the controller
away. The researcher makes event marker ‘door open’ when hearing the sound
effect of door’s opening, and guides participants to walk out the elevator and back to
the street.

9 Dynamic6

event_marker_going_dow

n

door-close sound

event_marker_door_open

door open sound

Participants stand on the street for another 3 minutes. The researcher makes event
marker ‘recovery1’ and another 3-min timer, and then observes and makes notes
when necessary during the session and informs the end of session when the time is
up.

10 Recovery_1

event_marker_recovery1

timer

Then, the researcher helps the participant to remove the HMD device. 11 Dynamic7 HDM removal

Participants stand in the lab for another 3 minutes. The researcher makes event
marker ‘recovery2’ and another 3-min timer, and then observes and makes notes
when necessary during the session and informs the end of session when the time is
up.

12 Recovery_2
event_marker_recovery2

timer

After that, another two rating question are offered for participants to rate the
perceived stress level during the plank session and at that moment. At last, the
participant is required to do three squats and jumps again. Then the experiment
ends with the researcher making the last marker ‘end’. In total, the researcher makes
11 event markers as shown in the check list.

13 Dynamic8

survey (Q17&18)

squats and hops

event_marker_end

After the

experiment
10 minutes

After the main sessions, the participant answers the rest of the

questionnaire. The researcher debriefs and help participants remove

devices. If desired, the signal will be explained. Participants who are

interested in the study report register for receiving it after its

1 Survey Q19-Q30

2 Closure
debriefing

removal of devices
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completion. (graph explanation)

result report

Close up

(researcher)
60 minutes

Log out the EmbracePlus account in Care Lab app, export data from all

devices, using software including Acqknowledge, VU-DAMS,and Cyberduck.

1 Export data

Acqknowledge

VU-DAMS

Care Lab logout

Cyberduck

Save raw data and a back-up compressed file in university secured cloud

drive. Keep informed consent forms appropriately. 2 Save data
secured cloud drive

consent forms

Write logs for data documentation, recording details like date, time,

temperature, and so on.
3 Log experiment details

Put all devices back to places, delete data from lab devices, shut down

the computer, and tidy and close the lab.
4 Cleaning up

delete data

devices storage

close the lab
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2.4 Log
Experiment Log 1 (reported by Yin Qu) Participant1
Login ID index 1 Temperature 21.8℃ 11:30
Appointment 11:30-12:30 Humidity 56% 11:30
Placement Eminence Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 11:11:45
Data documentation:
Compressed file: -.zip (size: 34.2 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01.acq (25233KB); Part01_ (5FS file 17412KB); EmbracePlus_folder
(9.80MB).

Experiment Log 3 (reported by Yin Qu) Participant3
Login ID index 1 Temperature 22.5℃ 10:05
Appointment 10:05-11:05 Humidity 47% 10:05
Placement Eminence Real plank No
Dominant hand: Left hand writer (right controller), applied on left hand.
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 09:53:39
Data documentation:
Compressed file: -.zip (size: 63.1 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 34089KB); Part01_ (5FS file 13073KB); Part01_ (edf file 287KB);
EmbracePlus_folder (17.3MB).

Experiment Log 4 (reported by Yin Qu) Participant4
Login ID index 2 Temperature 23.3℃ 11:30
Appointment 11:30-12:30 Humidity 47% 11:30
Placement Eminence Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 09:53:39
Data documentation:
Compressed file: -.zip (size: 63.1 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part02 (acq file 34155KB); Part02_ (5FS file 14481KB); Part02_ (edf file 318KB);
EmbracePlus_folder (17.3MB).

Experiment Log 5 (reported by Yin Qu) Participant5
Login ID index 3 Temperature 24.2℃ 16:00
Appointment 16:00-17:10 Humidity 50% 16:00
Placement Eminence Real plank No
Dominant hand: Right

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 09:53:39
Data documentation:
Compressed file: -.zip (size: 63.1 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part03 (acq file 33850KB); Part03_ (5FS file 13961KB); Part03_ (edf file 307KB);
EmbracePlus_ folder (17.3MB).

Experiment Log 6 (reported by Yin Qu) Participant6
Login ID index 1 Temperature 20.6℃ 15:50
Appointment 15:50-16:50 Humidity 57% 15:50
Placement Eminence Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: -
Data documentation:
Compressed file: -.zip (size: 20.4 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 36911KB); Part01_ (5FS file 15883KB); Part01_ (edf file 349KB);
EmbracePlus_folder (4.63MB)

Experiment Log 7 (reported by Yin Qu) Participant7
Login ID index 1 Temperature 20.8℃ 10:20
Appointment 09:50-10:50 Humidity 57% 10:20
Placement Eminence Real plank No
Dominant hand: Left hand (left controller), applied on right hand.
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 10:08:35
Data documentation:
Compressed file: -.zip (size: 52.5 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 28812KB); Part01_ (5FS file 13101KB); EmbracePlus_folder
(8.86MB).

Experiment Log 9 (reported by Yin Qu) Participant9
Login ID index 3 Temperature 20.8℃ 15:00
Appointment 15:00-16:00 Humidity 64% 15:00
Placement Eminence Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 10:08:35
Data documentation:
Compressed file: -.zip (size: 52.5 MB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part03 (acq file 32551KB); Part03_ (5FS file 17816KB); EmbracePlus_folder
(8.86MB).

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Experiment Log 12 (reported by Yin Qu) Participant12
Login ID index 3 Temperature 22.6℃ 15:00
Appointment 15:00-16:00 Humidity 48% 15:00
Placement Finger Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: -
Data documentation:
Compressed file: -.zip (size: 89363KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part03 (acq file 50543KB); Part03_ (5FS file 19929KB); EmbracePlus_folder
(233MB).

Experiment Log 13 (reported by Yin Qu) Participant13
Login ID index 4 Temperature 22.8℃ 16:40
Appointment 16:40-17:40 Humidity 46% 16:40
Placement Finger Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: -
Data documentation:
Compressed file: -.zip (size: 89363KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part04 (acq file 29490KB); Part04_ (5FS file 12410KB); EmbracePlus_folder
(233MB).

Experiment Log 15 (reported by Yin Qu) Participant15
Login ID index 2 Temperature 22.8℃ 13:30
Appointment 13:30-14:30 Humidity 46% 13:30
Placement Finger Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 11:14:54
Data documentation:
Compressed file: -.zip (size: 29633KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files:Part02 (acq file 30050KB);Part02_ (5FS file 12349KB); Part02_ (edf file 271KB);
EmbracePlus_folder (5.39MB).

Experiment Log 16 (reported by Yin Qu) Participant16
Login ID index 1 Temperature 20.8℃ 15:00
Appointment 15:00-16:00

(extended to 16:35)
Humidity 53% 15:00

Placement Finger Real plank Yes
Dominant hand:Right

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Date and time:
-iPhone time zone: Amsterdam,Netherlands,-
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 15:26:04
Data documentation:
Compressed file: -.zip (size: 26676KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 41186KB); Part01_ (5FS file 834KB); Part01_ (5FS file 9661KB);
Part01_ (5FS file 32311KB); EmbracePlus_folder (5.7MB).

Experiment Log 17 (reported by Yin Qu) Participant17
Login ID index 1 Temperature 19.7℃ 11:10
Appointment 11:10-12:10

(extended to 13:10)
Humidity 47% 11:10

Placement Finger Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 11:01:11
Data documentation:
Compressed file: -.zip (size: 35062KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 31054KB); Part01_ (5FS file 17543KB); Part01_ (5FS file
12176KB); EmbracePlus_folder (4.42MB).

Experiment Log 20 (reported by Yin Qu) Participant18
Login ID index 1 Temperature 20.9℃ 10:10
Appointment 10:10-11:10

(extended to 11:30)
Humidity 64% 10:10

Placement Finger Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 11:01:11
Data documentation:
Compressed file: -.zip (size: 38695KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 27078KB); Part01_ (5FS file 11345KB); EmbracePlus_folder
(8.84MB).

Experiment Log 21 (reported by Yin Qu) Participant19
Login ID index 2 Temperature 20.6℃ 13:30
Appointment 13:30-14:30

(extended to 14:40)
Humidity 69% 13:30

Placement Finger Real plank Yes
Dominant hand: Left hand writer (right controller), applied on right hand.

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Date and time:
-iPhone time zone: Amsterdam,Netherlands,-
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 11:01:11
Data documentation:
Compressed file: -.zip (size: 38695KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part02 (acq file 41498KB); Part02_(5FS file 16306KB); EmbracePlus_folder
(8.84MB).

Experiment Log 24 (reported by Yin Qu) Participant21
Login ID index 1 Temperature 25.7℃ 10:00
Appointment 10:00-11:00 Humidity 53% 10:00
Placement Finger Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 10:24:26
Data documentation:
Compressed file: -.zip (size: 59381KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 32696KB); Part01_ (5FS file 13508KB); EmbracePlus_folder (153
MB).

Experiment Log 25 (reported by Yin Qu) Participant22
Login ID index 3 Temperature 21.1℃ 13:10
Appointment 13:10-14:10 Humidity 59% 13:10
Placement Finger Real plank Yes
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 10:24:26
Data documentation:
Compressed file: -.zip (size: 59381KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part02 (acq file 36523KB); Part02_ (5FS file 13905KB); EmbracePlus_folder (153
MB).

Experiment Log 28 (reported by Yin Qu) Participant24
Login ID index 1 Temperature 21.4℃ 12:35
Appointment 12:35-13:35 Humidity 65% 12:35
Placement Finger Real plank Yes
Dominant hand: Left hand writer (right controller), applied on right hand.
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 13:05:02
Data documentation:
Compressed file: -.zip (size: 19349KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 34244KB); Part01_ (5FS file 13686KB); EmbracePlus_folder (3.35
MB).

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Experiment Log 29 (reported by Yin Qu) Participant25
Login ID index 1 Temperature Forgot setting up
Appointment 11:10-12:10 Humidity Forgot setting up
Placement Eminence Real plank No
Dominant hand: Left hand writer (left controller), applied on right hand.
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 09:45:07
Data documentation:
Compressed file: -.zip (size: 35346KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 30392KB); Part01_ (5FS file 13465KB); EmbracePlus_folder (34.5
MB).

Experiment Log 30 (reported by Yin Qu) Participant26
Login ID index 2 Temperature Forgot setting up
Appointment 15:30-16:50 Humidity Forgot setting up
Placement Eminence Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands,-
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 09:45:07
Data documentation:
Compressed file: -.zip (size: 35346KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part02 (acq file 31985KB); Part02_ (5FS file 13754KB); EmbracePlus_folder (34.5
MB).

Experiment Log 31 (reported by Yin Qu) Participant27
Login ID index 1 Temperature 21℃ 12:00
Appointment 12:00-13:00 Humidity 53% 12:00
Placement Eminence Real plank No
Dominant hand: Right
Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 12:08:45
Data documentation:
Compressed file: -.zip (size: 55573KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part01 (acq file 31837KB); Part01_ (5FS file 13349KB); EmbracePlus_folder (10.6
MB).

Experiment Log 32 (reported by Yin Qu) Participant28
Login ID index 2 Temperature 21.8℃ 15:00
Appointment 14:00-15:00 Humidity 47% 15:00
Placement Finger Real plank No
Dominant hand: left-dominant, right-writer. Embraceplus applied on left hand. Because participant
said he applies his smartwatch on left hand.

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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Date and time:
-iPhone time zone: Amsterdam,Netherlands, -
-Computer time zone: UTC+01:00 Amsterdam,Berlin,Bern,Rome,Stockholm,Vienna
Time server: time.windows.com
Synchronized at: 12:08:45
Data documentation:
Compressed file: .zip (size: 55573KB)
Save in: \\ad.utwente.nl\BMS\bmslab\Projects\Validation_Study
Included files: Part02 (acq file 32496KB); Part02_ (5FS file 12233KB); EmbracePlus_folder (10.6
MB).

file://///ad.utwente.nl/BMS/bmslab/Projects/Validation_Study
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2.5 Visual inspection of tonic and phasic components
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3. Data analysis materials

3.1 Bland–Altman plots of three parameter in whole signals, signals within static sessions, and signals within dynamic sessions
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3.2 Event detection plots of SCL
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3.3 Time lagged DCCA of each participant
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3.4 DPCCA coefficients among six variables

Particip

ant
V1-V2 V1-V3 V1-V4 V1-V5 V1-V6 V2-V3 V2-V4 V2-V5 V2-V6 V3-V4 V3-V5 V3-V6 V4-V5 V4-V6 V5-V6

1 0.44 -0.54 -0.44 0.13 -0.27 0.42 0.16 0.38 -0.06 0.03 0.06 -0.48 0.09 -0.11 0.27

2 0.03 -0.47 0.18 -0.01 -0.13 -0.10 0.02 -0.14 -0.68 -0.24 0.04 -0.02 0.04 0.15 -0.14

3 0.37 0.17 0.04 -0.01 0.08 0.02 0.02 0.57 -0.21 0.48 0.00 -0.20 -0.05 -0.15 0.21

4 0.66 0.49 0.54 -0.30 0.26 -0.43 -0.22 0.57 -0.61 -0.31 0.26 -0.08 0.06 0.05 0.48

5 0.07 0.69 0.11 0.09 0.09 0.34 -0.36 0.45 -0.75 0.29 -0.22 0.14 0.14 -0.22 0.44

6 0.28 -0.39 -0.04 -0.31 -0.15 0.24 0.09 0.72 -0.22 -0.23 -0.20 -0.37 -0.07 0.05 0.17

7 0.24 -0.24 -0.03 0.29 -0.06 0.24 -0.12 0.21 -0.49 0.04 0.20 -0.06 0.32 0.15 0.16

8 0.45 0.30 0.23 -0.25 0.19 0.02 0.04 0.28 -0.41 -0.21 0.12 0.21 -0.11 0.02 0.17

9 0.43 0.31 -0.14 0.56 0.08 -0.07 -0.17 0.03 -0.16 -0.15 -0.33 -0.37 0.05 0.09 -0.05

10 0.17 -0.08 0.11 0.23 -0.04 0.08 0.01 0.01 -0.53 0.45 -0.22 -0.19 0.44 0.05 0.11

11 0.53 0.21 0.31 -0.27 0.21 -0.15 -0.38 0.31 -0.32 0.30 -0.20 -0.65 0.20 0.27 0.04

12 -0.15 -0.64 -0.23 0.35 0.03 -0.36 -0.12 0.71 -0.22 -0.19 0.52 -0.14 0.14 0.05 0.17

13 0.04 -0.14 0.10 -0.07 -0.12 -0.23 0.03 0.37 -0.33 -0.53 0.22 0.28 0.27 0.46 0.04

14 0.25 0.28 0.04 0.17 0.16 0.37 0.40 0.03 -0.50 -0.22 -0.23 -0.08 0.56 0.27 -0.04

Mean 0.27 0.00 0.06 0.04 0.02 0.03 -0.04 0.32 -0.39 -0.04 0.00 -0.14 0.15 0.08 0.15

Min -0.15 -0.64 -0.44 -0.31 -0.27 -0.43 -0.38 -0.14 -0.75 -0.53 -0.33 -0.65 -0.11 -0.22 -0.14

Max 0.66 0.69 0.54 0.56 0.26 0.42 0.40 0.72 -0.06 0.48 0.52 0.28 0.56 0.46 0.48

Note. V1 = Raw signals from EmbracePlus. V2 = Raw signals from Biopac. V3 = Wrist temperature. V4 = Ambient temperature. V5 = Dummy

variable of stressor. V6 = Dummy variable of static periods.
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3.5 Python scripts for data analysis

<p>import pandas as pd
import neurokit2 as nk
from scipy.io import loadmat
from dcca import detrended_correlation
import matplotlib.pyplot as plt
import numpy as np
from plotnine import *
import seaborn as sns
import matplotlib.pyplot as plt
import plotly.graph_objects as go
from scipy.stats import shapiro</p>
<h1>Define the sampling rates</h1>
<p>sampling_rate_embrace_eda = 4 # Hz
sampling_rate_biopac = 2000
#-------------------STEP 1-------------------------</p>
<h1>Step 1: Import Processed EmbracePlus and Biopac EDA data</h1>
<h1><s><s><s>EmbracePlus</s></s></s></h1>
<p>embrace_data = pd.read_csv(f&quot;{file_path}&quot;)
embrace_data.set_index('timestamp', inplace=True)
embrace_data.index = pd.to_datetime(embrace_data.index)
Start_time_embrace = embrace_data.index[0]</p>
<h1><s><s><s>Biopac</s></s></s></h1>
<p>eda_mat_file = f&quot;{file_path}&quot;
mat_data_eda = loadmat(eda_mat_file)
biopac_eda_data = mat_data_eda['EDA_biopac'].squeeze()
start_timestamp_bio = mat_data_eda['start_time'].squeeze()
Start_time_biopac = pd.to_datetime(start_timestamp_bio)
biopac_index = pd.date_range(start=Start_time_biopac, periods=len(biopac_eda_data),
freq=f&quot;{1/sampling_rate_biopac}S&quot;)
biopac_data = pd.DataFrame({'EDA': biopac_eda_data}, index=biopac_index)
#2 Read the processed event timestamps file
input_file = f&quot;{file_path}&quot;
with open(input_file, 'r') as file:
lines = file.readlines()
event_timestamps_filtered = pd.to_datetime([line.strip() for line in lines])
#-------------------STEP 2-------------------------
#STEP 2: Resample to 16 Hz
common_sampling_rate = 16
#---------Function---------</p>
<h1>Resamples the EDA signal to the specified sampling frequency and recreates the timestamps based
on the starting time and the new sampling frequency.</h1>
<p>def resample_with_timestamps(df, column_name, device_name, starting_time,
original_sampling_freq, desired_sampling_freq):
#Resample the EDA signal using NeuroKit
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resampled_signal = nk.signal_resample(df[column_name], sampling_rate=original_sampling_freq,
desired_sampling_rate=desired_sampling_freq)
#Recreate the timestamps based on the starting time and the new sampling frequency
new_timestamps = pd.date_range(start=starting_time, periods=len(resampled_signal),
freq=f&quot;{1/desired_sampling_freq}s&quot;)
#Create a new DataFrame with the resampled signal and the new timestamps
resampled_df = pd.DataFrame({f'EDA_{device_name}': resampled_signal}, index=new_timestamps)
resampled_df.rename(columns={column_name:f'EDA_{device_name}'}, inplace=True )
return resampled_df</p>
<h1><s><s><s>EmbracePlus</s></s></s></h1>
<p>resampled_embrace = resample_with_timestamps(embrace_data, &quot;eda&quot;,
&quot;embrace_plus&quot;, Start_time_embrace, sampling_rate_embrace_eda,
common_sampling_rate)</p>
<h1><s><s><s>Biopac</s></s></s></h1>
<p>resampled_biopac = resample_with_timestamps(biopac_data, &quot;EDA&quot;, &quot;biopac&quot;,
Start_time_biopac, sampling_rate_biopac, common_sampling_rate)
#-------------------STEP 3-------------------------
#STEP 3: Align the signals by generating a common index
start_time = max(resampled_embrace.index.min(), resampled_biopac.index.min())
end_time = min(resampled_embrace.index.max(), resampled_biopac.index.max())
#Reindexing before merging the signals into one dataframe (since all timestamps are different)
exp_data_embrace = resampled_embrace.loc[start_time:end_time]
exp_data_biopac = resampled_biopac.loc[start_time:end_time]</p>
<h1>Generate a common index</h1>
<p>common_index = pd.date_range(start=start_time, periods=len(exp_data_embrace),
freq='62.5ms')#for frequency 16Hz
exp_data_embrace = exp_data_embrace.reset_index()
exp_data_biopac = exp_data_biopac.reset_index()
exp_data_embrace = exp_data_embrace.drop(columns=[&quot;index&quot;])
exp_data_biopac = exp_data_biopac.drop(columns=[&quot;index&quot;])
data_aligned = pd.concat([exp_data_embrace, exp_data_biopac], axis=1)
data_aligned.index = common_index
data_aligned_cut = data_aligned[event_timestamps_filtered[0]:event_timestamps_filtered[10]]
#-------------------STEP 4-------------------------</p>
<h1>DCCA (Signal comparison)</h1>
<p>def detrended_correlation_for_a_range_of_lags(x, y, time_scale, time_lag_range):
correlations = []
time_lags = []
for time_lag in range(time_lag_range[0], time_lag_range[1] + 1):
corr = detrended_correlation(x, y, time_scale, time_lag)
correlations.append(corr)
time_lags.append(time_lag)
return correlations, time_lags</p>
<p>def combine_and_sort_dccas(dccas1, lags1, dccas2, lags2):</p>
<h1>Combine lags and dccas</h1>
<p>lags = np.concatenate((lags1, -np.array(lags2)))
dccas = np.concatenate((dccas1, dccas2))</p>
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<h1>Create DataFrame</h1>
<p>df = pd.DataFrame({'lag': lags, 'dcca': dccas})</p>
<h1>Sort by lag</h1>
<p>df = df.sort_values(by='lag')
return df</p>
<h1>Prepare two arrays for calculation</h1>
<p>column_embrace = data_aligned_cut['EDA_embrace_plus']
embrace_array = column_embrace.to_numpy()
column_biopac = data_aligned_cut['EDA_biopac']
biopac_array = column_biopac.to_numpy()
time_scale = 2880 # 16<em>60</em>3 = sample number of 3 minutes
time_lag_range1 = (0,8)
dccas1, lags1 = detrended_correlation_for_a_range_of_lags(biopac_array, embrace_array, time_scale,
time_lag_range1)
time_lag_range2 = (1,8)
dccas2, lags2 = detrended_correlation_for_a_range_of_lags(embrace_array, biopac_array, time_scale,
time_lag_range2)
combined_df = combine_and_sort_dccas(dccas1, lags1, dccas2, lags2)</p>
<h1>Plot the Detrended Cross-Correlation Coefficients</h1>
<p>plt.plot(combined_df['lag'], combined_df['dcca'])
plt.xlabel(&quot;Time Lag&quot;)
plt.ylabel(&quot;Detrended Cross-Correlation Coefficient&quot;)
plt.title(f&quot;DCCA within Sessions and Dynamics (Time Scale: {time_scale})&quot;)
plt.show()
max_index = combined_df['dcca'].idxmax()
max_dcca = combined_df.loc[max_index, 'dcca']
max_dcca_lag = combined_df.loc[max_index, 'lag']
#-------------------STEP 5-------------------------</p>
<h1>Function for Bland-Altman plots (Parameter comparison)</h1>
<p>def bland_altman_plot_symmetriclog(df, data_name, accep_limit):
def symmetric_log_transform(x):
epsilon = 1e-8
return np.sign(x) * np.log1p(np.abs(x) + epsilon)</p>
<pre><code>df['mean_log'] = df['mean'].apply(symmetric_log_transform)
df['diff_log'] = df['diff'].apply(symmetric_log_transform)
accep_limit_log =symmetric_log_transform(accep_limit)
sd_diff = df['diff_log'].std()
mean_diff = df['diff_log'].mean()
plt.figure(figsize=(10, 6))
sns.scatterplot(x=df['mean_log'], y=df['diff_log'], data=df, s=100, alpha=0.5)
plt.axhline(mean_diff, color='blue', linestyle='--')
plt.axhline(mean_diff + 1.96 * sd_diff, color='red', linestyle='--')
plt.axhline(mean_diff - 1.96 * sd_diff, color='red', linestyle='--')
plt.axhline(accep_limit_log, color='green', linestyle='--')
plt.axhline(-accep_limit_log, color='green', linestyle='--')
plt.text(df['mean_log'].min(), mean_diff + 1.96 * sd_diff + 0.1,

f'Upper bound = {mean_diff + 1.96 * sd_diff:.2f}', fontsize=12)
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plt.text(df['mean_log'].min(), mean_diff - 1.96 * sd_diff - 0.1,
f'Lower bound = {mean_diff - 1.96 * sd_diff:.2f}', fontsize=12)

inside_bounds = (df['diff_log'] &gt; -accep_limit_log) &amp; (df['diff_log'] &lt; accep_limit_log)
pct_inside = inside_bounds.mean() * 100
print(pct_inside)
plt.text(df['mean_log'].min(), -0.2,

f'{pct_inside:.2f}% of the data lies inside of the boundaries.', fontsize=12)
plt.title(f'{data_name}', fontsize=16, fontweight='bold')
plt.xlabel('Mean Log (Embrace, Biopac)', fontsize=14)
plt.ylabel('Difference Log (BIO - EMB)', fontsize=14)
plt.xticks(fontsize=12)
plt.yticks(fontsize=12)
plt.grid(True)
plt.show()
</code></pre>
<p>def bland_altman_plot_nolog(df, data_name, accep_limit):
sd_diff = df['diff'].std()
mean_diff = df['diff'].mean()
plt.figure(figsize=(10, 6))
sns.scatterplot(x=df['mean'], y=df['diff'], data=df, s=100, alpha=0.5)
plt.axhline(mean_diff, color='blue', linestyle='--')
plt.axhline(mean_diff + 1.96 * sd_diff, color='red', linestyle='--')
plt.axhline(mean_diff - 1.96 * sd_diff, color='red', linestyle='--')
plt.axhline(accep_limit, color='green', linestyle='--')
plt.axhline(-accep_limit, color='green', linestyle='--')
plt.text(df['mean'].min(), mean_diff + 1.96 * sd_diff + 0.1,
f'Upper bound = {mean_diff + 1.96 * sd_diff:.2f}', fontsize=12)
plt.text(df['mean'].min(), mean_diff - 1.96 * sd_diff - 0.1,
f'Lower bound = {mean_diff - 1.96 * sd_diff:.2f}', fontsize=12)
inside_bounds = (df['diff'] &gt; -accep_limit) &amp; (df['diff'] &lt; accep_limit)
pct_inside = inside_bounds.mean() * 100
print(pct_inside)
plt.text(df['mean'].min(), -0.2,
f'{pct_inside:.2f}% of the data lies inside of the boundaries.', fontsize=12)
plt.title(f'{data_name}', fontsize=16, fontweight='bold')
plt.xlabel('Mean (Embrace, Biopac)', fontsize=14)
plt.ylabel('Difference (BIO - EMB)', fontsize=14)
plt.xticks(fontsize=12)
plt.yticks(fontsize=12)
plt.grid(True)
plt.show()</p>
<p>def calculate_shapiro_and_plot(df, df_name, acceptable_limit):
array = df['diff']
statistic, pvalue = shapiro(array)
print(statistic)
alpha = 0.05<br>
if pvalue &gt; alpha:
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bland_altman_plot_nolog(df, df_name, acceptable_limit)
else:
bland_altman_plot_symmetriclog(df, df_name, acceptable_limit)</p>
<p>#-------------------STEP 6-------------------------</p>
<h1>Function for error bar plot (Event detection comparison)</h1>
<p>def vertical_data_Eventdetection(df):
df = pd.DataFrame(df)
melted_df = df.melt(id_vars='part_id', var_name='Categories', value_name='Values')
melted_df = melted_df.sort_values(by=['part_id', 'Categories'])
return melted_df</p>
<p>def event_detection_static_plot(df, df_name, boundary=None):
def symmetric_log_transform(x):
epsilon = 1e-8
return np.sign(x) * np.log1p(np.abs(x) + epsilon)
df['Values_log'] = df['Values'].apply(symmetric_log_transform)
df_grouped = df.groupby(&quot;Categories&quot;).agg(
mean=(&quot;Values_log&quot;, &quot;mean&quot;),
sd=(&quot;Values_log&quot;, &quot;std&quot;),
count=(&quot;Values_log&quot;, &quot;count&quot;)
).reset_index()
df_grouped['SE'] = df_grouped['sd'] / np.sqrt(df_grouped['count'])
fig = go.Figure()
fig.add_hline(y=0, line_color=&quot;black&quot;, line_width=1)
if boundary is not None:
fig.add_hline(y=boundary, line_color=&quot;green&quot;, line_width=1)
fig.add_hline(y=-boundary, line_color=&quot;green&quot;, line_width=1)
# Add error bars with SE and customize line transparency
for _, row in df_grouped.iterrows():
category = row[&quot;Categories&quot;]
color = 'blue'
error_color = 'red'<br>
fig.add_trace(
go.Scatter(
x=[category],
y=[row[&quot;mean&quot;]],
mode='markers',
marker=dict(color=color),
error_y=dict(
type='data',
array=[row[&quot;SE&quot;] * 1.96], # Assuming 95% confidence interval
visible=True,
color=error_color,
thickness=1.5,
width=3,
)
)
)
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# Connect the points between Session1-5
fig.add_trace(
go.Scatter(
x=df_grouped[&quot;Categories&quot;],
y=df_grouped[&quot;mean&quot;],
mode='lines+markers',
line=dict(color='blue', width=2),
marker=dict(color='blue'),
opacity=1.0
)
)
fig.update_xaxes(title_text=&quot;Experimental task&quot;)
fig.update_yaxes(
title_text=r&quot;log(S-AMPL + 1e-8 (&quot; + str('u') + &quot;S))&quot;<br>
)
fig.update_layout(
title=df_name,
font=dict(size=16),<br>
legend_title_text=&quot;&quot;,<br>
xaxis_title_font_size=20,
yaxis_title_font_size=20,
title_font_size=16,
title_x=0.5, # Center title horizontally
plot_bgcolor='rgba(0,0,0,0)',
paper_bgcolor='rgba(0,0,0,0)'
)
fig.update_xaxes(tickvals=df_grouped[&quot;Categories&quot;],
ticktext=df_grouped[&quot;Categories&quot;])
fig.show()</p>
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3.6 Two examples of visual resemblance
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3.7 Visual inspection of SCL’s distribution and normality per participant and device (5 examples)

Participant 1 (Biopac vs. EmbracePlus)

Participant 3 (Biopac vs. EmbracePlus)

Participant 4 (Biopac vs. EmbracePlus)

Participant 5 (Biopac vs. EmbracePlus)

Participant 6 (Biopac vs. EmbracePlus)
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