Local wearable cooling may improve thermal comfort, emotion, and cognition
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Abstract

The objective of this study is to investigate the effectiveness of a local wearable cooling solution in
improving thermal comfort, emotional state, and cognitive performance. The study was conducted in an
environmental room with air temperature of 31.5 + 0.26 °C. Thirty participants performed six cognitive
tasks while we periodically assessing their thermal experience locally where the cooling (Embr wave) was
applied and for the whole body, as well as emotional states. The same protocol was applied to another
thirty participants as the control group without local cooling. We also measured mean skin temperature
and local skin temperature beneath the cooling device during the whole session. The results showed a
significant drop in thermal sensation right after the application of the local cooling. Based on the
ASHRAE 7-point scale for the overall thermal sensation vote, the local sensation dropped from 0.8 to -0.4
and the whole-body thermal sensation from 1.34 to 0.87. Over the 60 min of local cooling application, the
local thermal sensation dropped from 0.98 to 0.04 and the whole-body thermal sensation dropped from
1.37 to 1.12. Furthermore, the local cooling group showed a significant drop in negative emotions and an
increase in positive emotions compared to the control group. For cognitive performance, local cooling
groups showed to be more inclined for risk taking for more rewards compared to the control group. The
performance of other cognitive tests showed no significant difference between the two groups, even
though attention, working memory and creativity were enhanced slightly but insignificantly.
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Highlights

e Proposed a low-energy cooling strategy to improve thermal comfort, emotion, and cognition

e Resulted in a significant drop in local and whole-body thermal sensation right after the cooling
e Positive emotions increased while negative emotions decreased.

e Positive effect of local cooling on risky decision making

1. Introduction

A major part of the energy supply is used for providing heating, ventilation, and air conditioning (HVAC)
of buildings to achieve occupant’s thermal comfort[1]-[3]. Despite these considerable efforts, many
studies have found thermal discomfort in the built environment and its negative effect on productivity,
emotions, and stress levels [4]-[7]. A study using very large dataset has shown that 42% of occupants
showed dissatisfaction with their thermal environments, 39% satisfied [8], [9], and 19% neither satisfied
nor dissatisfied. The satisfaction rate is far less than the ASHRAE standard target of satisfaction rate at
80% [8], [10]. One possible reason for the prevalence of thermal discomfort is while many buildings are
designed to meet thermal comfort standards, these standards often overlook the varied individual
preferences and needs of the occupants, which could contribute to the common issue of thermal
discomfort [11]. Furthermore, in some cases, the indoor environment quality can be particularly poor due
to the absence of air conditioning and ventilation systems, which can create significant effects in thermal
discomfort, low productivity, and negative emotions [12]-[14]. As a promising solution to meet the
challenge, personal comfort systems (PCS) have been suggested for low-energy solutions and for
providing more dynamic application to address the individual variable needs [10].

PCS are devices that applies direct heating/ cooling to specific body parts [15]. It creates a personal
environment to adhere to personal preference rather than changing the ambient environment for everyone,
which often is impossible [10]. By delivering local heating and cooling stimuli, it induces an alliesthesia
effect, a pleasant sensation that is generated when there is a correction of thermal imbalance in the body
[16], increasing user satisfaction within different environmental settings [17]. This approach has been
shown to be effective in achieving thermal comfort for individuals while also bringing energy usage down
in various work environments [18], [19]. In addition, studies have shown that PCS can help improve the



cognitive performance, emotions, and overall wellbeing of individuals, and potentially reduce energy
consumption [20], [21].

PCSs offer a way to enhance thermal comfort and energy efficiency for building inhabitants. Various
types of PCS have been studied in the past, including office chairs [17], [22]-[24], desk fans [25]-[28],
vests [29], [30], and leg/foot warmer [31]-[33]. The devices have been found to be effective, yet they
present certain limitations in terms of usability. For instance, office chairs, desk fans, and footwarmers
require a stationary power supply or are restricted to stationary spaces like an office or a desk.
Additionally, while cooling/heating vests have the benefit of being mobile, they are unwieldy and
cumbersome. This research paper delves into the concept of a small wearable device that can produce
cold stimuli for a localized cooling effect. We posit that using a small cooling device on a sensitive body
region can be successful in achieving a cooling sensation without using substantial cooling energy.

The goal of this study is to investigate the effectiveness of a low-energy local cooling device on upper-
back on the improvement of thermal comfort, emotional states, and cognitive performance in a warm
environment. The study will shed light on energy-efficient solutions to provide cooling with the
maximum practicality and flexibility.

2. Background on PCS studies

Personal comfort systems (PCS) are devices that enable individualized local cooling or heating by
targeting specific body regions without affecting the overall environment. This allows individuals to
personalize their thermal comfort and address any discomfort they may be experiencing [34]. Given the
variability of interpersonal preference when it comes to thermal comfort, PCS can provide a controlled
and customizable solution to improve thermal comfort, productivity, stress levels, and overall well-being.
Additionally, using PCS can save energy by relaxing thermostat setpoints of spaces while maintaining the
same level of comfort for occupants [18]. This technique offers a sustainable and optimal solution to
address thermal discomfort and improve occupant satisfaction in buildings [10], [18], [35].

Various studies have investigated the effect of personal comfort systems on thermal comfort including
chairs that incorporates cooling and heating [22]-[24], desk fans and jets offering various air flow rates
and directions [25]-[28], leg/foot radiators [31]-[33], wearables modules [29], [30], [36], [37], and a
combination of personal cooling and heating systems [38]-[42]. PCS has shown its capability to improve
subjects’ whole-body thermal comfort by targeting specific regions of the body [38], [40], [43]. It was
also concluded that PCS can provide positive impacts on individuals’ thermal comfort and sensation.
Furthermore, PCS have the ability to make occupants’ thermal comfort at more relaxed thermostat
setpoints [32], [36], and can also address the variability of individuals and differences such as gender,
age, and personal preference which is one of the main issues that are facing built environments [15], [36].
Overall, the use of PCS has the potential to significantly improve the thermal comfort and satisfaction of
individuals in built environments and may be a useful tool for addressing the variability of thermal
comfort needs among individuals.

Furthermore, PCS can deliver a rapid thermal stimulus by targeting specific body parts, leading to an
immediate feeling of pleasantness of alliesthesia,. This pleasure response is triggered by the rapid heating
or cooling of specific areas of the body through PCS [44]. The fast response of PCS in adjusting the
temperature of regions of the body can lead to an immediate feeling of pleasantness, which gives them an
advantage over traditional air conditioning systems in terms of delivering thermal pleasure [17], [45].
This is because traditional AC systems may take longer to adjust the temperature of a room or
environment, whereas PCS can target specific body parts and provide a more immediate response.



Overall, the ability of PCS to deliver fast thermal stimuli and generate a positive alliesthesia response
makes them an effective technology for regulating and enhancing thermal comfort.

In addition to thermal comfort, many studies have shown a strong relationship between indoor
environment and work performance [14], [46], [47]. Recent studies have investigated the effect of PCS on
productivity and cognitive performance. They have found that using PCS can decrease fatigue, increase
motivation in individuals, and improve performance in simple cognition tasks (e.g., addition,
multiplication) [26], [27], [48]. PCS also has the potential to increase concentration, and alertness for
individuals’ leading to better work performance [49]. It was also shown that it can decrease fatigue in
individuals which can improve productivity and work performance [42]. Additionally, recent studies have
shown the effect of PCS in increasing the performance of individuals on more complex cognitive
functions (e.g., memory, reasoning, logical thinking) as well as simple calculation tasks, and found that
applying local cooling can enhance cognition and performance [30], [50]-[52]. Overall, PCS can have a
strong potential to improve cognition and work performance in a thermally uncomfortable environment.

Other studies investigated to what extent PCS can improve both thermal comfort and emotional. The use
of PCS could improve emotional states or stop unpleasant feelings from developing if comfort is met by
individual’s preference [49]. However, the relationship between personal comfort systems (PCS) and
emotions is still under studied.

Although the beneficial effect PCS offers to tackle energy consumption, thermal comfort, cognition, and
emotional states, many PCS in the literature focus on furniture-based solutions (e.g., chairs, desk fans,
leg/foot warmers) or relatively bulky and heavy vests to create enough cooling. Although those solutions
might be effective in providing sufficient cooling, a vast implementation can be problematic.
Alternatively, we in this study aims to explore a low-energy and small-size wearable cooling device that
have little cooling capacity but may still be effective in elevating thermal comfort, emotional states, and
cognition in a warm environment, if it can generate cool and dynamic stimuli on a sensitive body part.

Table 1 provides an overview of previous studies on personal cooling systems (PCS) and their impact on
thermal comfort, and work performance. The table summarizes the key findings of these studies,
highlighting the specific PCS that were investigated, the methods used, and outcomes measured, such as
changes thermal sensation, thermal comfort and thermal acceptance, and any measured parameters related
to work performance, such as productivity and cognitive performance.

Table 1. The effects of PCS on thermal comfort and cognitive performance in the literature

References PCS solution Thermal comfort Work
performance

[24] ;{Ses?;gdg ‘():Vl;?ﬁra le Reduced cold sensation; ]
wabmer € Improved thermal comfort and acceptability

Strong influence on thermal sensation;

Heated / cooled
[22], [23] office chair Improve thermal comfort )
[25] Desk fans Reduced warm sensation; _

Improved thermal comfort in different




temperature settings

Improved speed of

[26] Cooling jet Improved thermal comfort response in
working memory
. . Improved working
[27] Air supply device  Improved thermal comfort motivation
Heated seat and Improved thermal sensation and comfort in
[28] ) -
foot heater cool environments
[32] Foofwarmers Epabled lower. thermostat setpoint in winter Y
without effecting thermal comfort
133] Radiant leg Improves thermal comfort in mild cold and i
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Wrist band Improved whole-body thermal sensation and
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Chest and back thermal comfort
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Improved whole-body thermal comfort
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Convection-
heated chair;
Under-desk
radiant heating; ~ Improved thermal comfort of individuals
[41] Floor radiant (need to increase heating effect for larger -
heating panel; population satisfaction)
Air terminal
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Radiant cooling Reduced warmth sensation and increased
[42] desk and thermal comfort and extended thermal Decreased fatigue
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compared to no control

performance




Ventilation

cooling seat; Reduced thermal sensation vote and Increased
[49] . . L
Water cooling improved thermal comfort concentration index
seat
Increased effort
Desk fans: and motivation
. > Improved thermal comfort in the mild cold to (complex task);
[50] Heating desk; .
. neutral environments Increase alertness
Heating mat .
(simple task)

3. Material and methods

3.1 Wearable cooling device

Embr Wave modules developed by Embr Labs, Inc were used for local cooling in this study [53]. This
battery-powered thermoelectric heat pump module provides precise temperature profiles against the skin.
This device uses the Peltier effect, which involves the transfer of heat between two conductors when an
electric current is passed through them, to generate dynamic waveforms of temperature against the skin.
The device delivers periodic cooling to promote the perception of thermoreceptors with 20 s intervals.
The device has a heating capacity of 32-42 °C and a cooling capacity of 25-30 °C, within a surface area of
6.25 cm?. It is powered by approximately 2 W of power and weighs no more than 40 g [36], [54]. This
solution offers a low-energy solution for providing warm or cool thermal sensations and allows users to
customize their thermal comfort in a variety of settings, making it a flexible and adaptable solution for
personal thermal comfort.

The control algorithm for the cooling mode employed can be described through two primary phases.
Initially, the system operates in a cooling phase, wherein the Embr Wave initiates a cooling effect against
the skin. If the heat sink reaches a predefined threshold when the device could not cool effectively due to
the accumulated heat, safety mode is triggered which stops the cooling and it remains active until the
temperature of the heat sink component decreases to a level where it is deemed safe to resume cooling.
This dual-phase operation—cooling and safety—characterizes the Embr Wave's functionality within the
PCS.

For this study, four Embr Wave modules were mounted to the upper-back of a T-shirt, serving as a
wearable cooling device as shown in Figure 1. The cooling surfaces were ensured to make good contact
with the skin. We chose the upper-back region due to the high effectiveness of cooling this region as
shown by literature [55], [56]. Also, the neck has the highest heat dissipation rate compared to other body
regions and features a complex network of blood vessels and a relatively large surface area, which
facilitates efficient heat transfer [57]-[59]. Harnessing the neck's high heat dissipation rate in combination
with the Embr Wave modules could potentially provide a more rapid and effective cooling sensation,
enhancing thermal comfort and preference in individuals wearing the device. Therefore, this provides an
effective way to increase local and overall thermal comfort and acceptability.

It should be noted that the Embr-wave on the upper back of the shirt in this study did not follow the
original wrist-worn application, since the original application of the Embr wave is for the wrist.
Furthermore, giving that the Embr waves were mounted inside a pocket of the T-shirt, the heat dissipation



of the devices would be impacted by the clothing. Therefore, the performance of the Embr waves may be
different from the original use on the wrist.

a)

Figure 1. a). Embr Wave Device. b). A subject of the local cooling group in a test session with the wearable
cooling device (total 4 Embr Wave devices). The inner surface of the device was directly contacted with skin
by tailoring the T-shirt.

3.2 Environmental chamber

The experiment was conducted in a climate chamber at the Worcester Polytechnic Institute (WPI). The
climate chamber has a floor area of approximately 6 m x 2 m. The chamber was connected to an HVAC
system that delivers the desired air condition to the room.

The experiment was carried out from November 2021 to February 2022. The environmental parameters
were maintained at a steady level with air temperature at 31.5 + 0.26 °C, relative humidity at 30 + 5.30 %,
indoor CO, level at 910 + 134 ppm, vertical luminance at 303 &+ 16 lux, and noise level at 63.33 + 2.69
dB. These conditions were chosen to simulate summer conditions with no air conditioning. The detailed
experimental conditions monitored in the study can be found in Appendix Al.



3.3 Subjects

Sixty university students (35 males and 25 females) participated in the experiment. The participants were
recruited through email invitations and flyers around the campus. The participants were randomly split
into the control and experimental group with the same size. Thirty participants were tested for local
cooling conditions using the wearable cooling strategy, while the other thirty had no local cooling
attached as the control group- A summary of the participants’ general information and for the two groups
can be found in Appendix A2. All subjects were instructed to avoid alcohol, caffeine, nicotine, and
intense physical activities the day of the experiment. Each participant was compensated $15 an hour and
provided an informed consent before starting the experiment.

All subjects wore the same level of clothing during the experiment, which consisted of underwear, t-shirt,
shorts, socks, and walking shoes. These clothing were chosen to simulate summer clothing. The clothing
insulation of the garments was estimated to be 0.36 (including 0.07 clo from the chair). The t-shirt, shorts
and shoes were provided to all subjects by the experimenters, other garments were brought by the
subjects. During the experiments, subjects were working on a computer throughout the experiment, which
gives an estimate metabolic rate of 1.1 met for this activity.

3.4 Questionnaires

The questionnaires contained an overall and local thermal evaluation, an emotional evaluation, and a
performance evaluation described in this section. We deployed all the questionnaires using Inquisit v6
(Millisecond®), an experimental application used for designing and administering psychological
experiments and measures. The description of the surveys can be found in Appendix A3.

3.4.1 Whole-body and local thermal assessment

The questionnaire used in this study consisted of two parts: an overall thermal evaluation and a local
thermal evaluation. The local thermal evaluation specifically focused on the upper-back region of the
body where local cooling was applied. Both surveys targeted “Right-now” thermal sensation, thermal
comfort, thermal acceptability, and thermal preference. All thermal questionnaires followed the concept
of the American Society of Heating, Refrigerating, and Air Conditioning (ASHRAE) 7-point scale (-3 to
+3). The participants answered a continuous scale for thermal sensation ranging from Hot (+3) to Cold (-
3). For Thermal comfort and acceptability, a continuous scale was used raging from Clearly
Uncomfortable (-3) to Clearly Comfortable (+3), and from Clearly Unacceptable (-3) to Clearly
Acceptable (+3) respectively, with an exclusion of the neutral value (0). For thermal preference, scales
ranged from Warmer (+3) to Cooler (-3) that was modified based on ASHRAE Standard 55 [2]. The
explanation to each scale was made through an explanatory video at the start of the experiment so that all
subjects could have the same understanding of the scales.

3.4.2. Emotional states

To assess the emotional state of the participants, we used the Positive and Negative Affect Schedule —
Short Term (PANAS-SF). It is a subjective questionnaire that rates subjects’ level of positive and
negative emotional states [60]. The questionnaire is composed of 5 positive emotional subscales
(determined, attentive, alert, inspired and active), and 5 negative subscales (afraid, nervous, upset,
ashamed, hostile). Each affect is scaled using a 5-point Likert Scale ranging from 1 = “Not at all” to 5 =
“Extremely”. The PANAS-SF was found to be adequate, reliable, and efficient in capturing the positive
and negative affect of an individual as a short metric evaluation [61].



3.4.3 Task load

The NASA Task Load Index (NASA-TLX) was used to determine cognitive task load of the participants.
This survey relies on a multi-dimensional scoring procedure, incorporating six items including mental
demand, physical demand, temporal demand, performance, effort, and frustration. Each item is scored on
a continuous scale ranging from 0 = “low” to 7 = “high” [62].

3.5 Cognitive performance tests

To assess the effect of local cooling on cognitive performance between the two groups, we used 6 module
tests deployed in Inquisit v6 Software (Millisecond®). The tests used were the Token Task to assess the
working memory [63], the Stroop Color Task to assess response inhibition [64], the Spatial Processing
Task to assess short term memory [65], the Balloon Analogue Risk Task (BART) to assess risk propensity
[66], the AX-CPT Task to assess attention [67], and the Alternative User Task (AUT) to assess creativity
[68]. The selection of the cognitive tests was based on s previous study that showed which tests can be
used to assess desired cognitive function [69]. All cognitive tasks took an average period of 6 min each to
complete. A description and screenshots of the cognitive tasks can be found in Appendix A4.

3.6 Skin temperature measurements

The skin temperature of the subjects was measured during the experiment using iButton® Sensors (model
DS1922L-F50, Maxim Integrated, San Jose, CA) with a sampling interval of 1 min, which were attached
at four sites (right calf, right thigh, right arm, and left chest) as illustrated in Figure 2. The upper-back
temperature was also measured using a fast-responsive temperature sensor (g.tec medical engineering
GmbH, Austria), with a sampling interval of 0.004 s (250 Hz) and accuracy of 0.2 °C. The sensors were
attached to the skin using a thin medical tape and placed under the cooling module to capture the
temperature of the cooled area surface. The mean skin temperature was calculated according to Equation
1 with local skin temperature obtained from the four iButton® sensors [70].

Tmean = 0.2 * (Tcalf + Tthigh) + 0.3 (Tarm + Tchest) (Eq. 1)
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Figure 2. Temperature sensor positions. Four iButton ® sensors (blue circles) were used to measure mean skin
temperature every 1 min, while one g.tec skin temperature sensor (blue triangle) recorded skin temperature on
the upper-back at the frequency of 250 Hz. Appendix A5 depicts the two sensor types.
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3.7 Protocol

Figure 3 describes the experimental procedure for the two groups. Each experimental session lasted for an
average of 88 min. During the session, subjects spent a 30 min thermal adaptation phase when they
watched a video explaining the different questionnaires and tasks before the formal test. This allowed
them to become familiar with the tasks and questionnaires and gave them time to adjust to the testing
environment. Following the adaptation phase, participants were asked to fill out the thermal evaluation
and emotion assessment surveys. For the experimental group, after the initial assessment was taken, the
wearable thermoelectric modules were then mounted to their t-shirt and turned on. Once the cooling
modules were activated, the experimental group were immediately asked to answer a second thermal and
emotional evaluation surveys. By utilizing this measure, we were able to assess any transient shifts in
both overall and localized thermal perception, which could signify the presence of temporal alliesthesia
[71], as well as the influence of emotions during the application of local cooling. Participants were then
asked to take cognition tasks and questionnaires. The cognitive tasks were chosen randomly for both
conditions for participants. Following the last thermal and emotional questionnaires, subjects were asked
to fill out a NASA-TLX performance evaluation questionnaire at the end of the visit.
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Figure 3. Experimental protocol for the control and local cooling groups

3.8 Statistical analysis

Numerical results were presented as mean * standard deviation (SD) in the paper. Furthermore, all
statistical analyses were conducted using Python’s library SciPy [72]. First, the Shapiro-Wilk normality
test was used to verify data normality. Normally distributed data were subject to ¢-fest. Otherwise, the
Mann-Whitney U test was used as a non-parametric test for non-normally distributed data. All results
were considered statistically significant when p < 0.05. The symbol “*” indicates a statistical significance
of p < 0.05, whereas “**” symbolizes p < 0.01 which is very significant, and “***” symbolizes p < 0.001
which is highly significant. Furthermore, Cohen’s d values (noted as d) were used to assess the practical
significance of the effect size between the different means of the data [73]. The thresholds by which the
effect size was interpreted were |d| < 0.147 “negligible”, |d| < 0.33 “small”, |d| < 0.474 “medium,
otherwise “large”.

4. Results

Responses to questionnaires on local and whole-body thermal evaluation were analyzed in addition to the
skin temperature data. Then we present the comparison of emotion and cognitive performance between
the two groups in this section. Skin temperature was analyzed based on a 5 min time window to compare
the difference of temporal skin temperature between the two groups.

In our data analysis, we organized the collected data into distinct time windows, each corresponding to
specific durations when participants completed assessment surveys. To illustrate, a 5-minute time window
captured the initial survey taken by both groups at the beginning of the experiment. Subsequently, a 10-
minute time window was designated for the survey that the local cooling group completed immediately
after the application of local cooling. This allowed us to capture any potential changes in effects due to
the cooling. For the control group, within the 10-minute window, we assumed that the responses related
to thermal evaluation remained consistent with those from the initial 5-minute window. Additionally, we
employed 25-minute, 40-minute, and 65-minute time windows to encompass the assessment surveys
conducted by both groups after each period of cognitive task engagement.



4.1 Thermal sensation
4.1.1 Whole-body thermal sensation

Figure 4 displays the whole-body thermal sensation (WBTS) significantly dropped right after the local
cooling was applied (p = 0.02) at 10 min. In particular, the median WBTS vote dropped by 0.47 scale
before the local cooling was applied (/.34 £+ 0.61) and after the application (0.87 £ 0.86). There was no
statistical significance after the first cognitive task period (at 25 min). However, we observed a
statistically significant (p =0.02) reduction in WBTS after the second cognitive task period (40 min). The
last cognitive task period (65 min) showed no significant change between the two experimental groups.
These results show that the WBTS was affected by the local cooling, but the effects varied temporally. In
addition, we aggregated all the WBTS votes across the entire session for both groups. The statistical
analysis indicated a significant difference (p = 0.03) between the WBTS of the local cooling group (/.12
+ (.90) and that of the control group (/.37 + 0.72), suggesting a positive effect of the local cooling device
on the whole-body thermal sensation.
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Figure 4. Comparison of the whole-body thermal sensation between the two groups

4.1.2 Upper-back thermal sensation

The upper-back thermal sensation (UBTS) exhibited a significant difference between the local cooling
group and the control group for all survey periods. Figure 5 illustrates a substantial reduction (p = 0.001)
in UBTS for the local cooling group compared to the control group immediately after the application of
the local cooling device. Throughout the session, the control group consistently reported a median
perception of "slightly warm" on the upper back, whereas the local cooling group experienced median
sensations ranging from "neutral" to "slightly cool." Although the local cooling effectively reduced the
thermal sensation at the upper back, the cooling effects gradually attenuated with time, as indicated in
Figure 5. This attenuation could be explained by the upper-back skin temperature increase in the last 35
min due to the safety mode of the Embr Wave, as explained in Figure 10. Analysis of all collected votes
throughout the session revealed a significant decrease (p = 0.001) in UBTS from 0.98 + 0.73 for the
control group to 0.04 £ 1.34 for the local cooling group.
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Figure 5. Comparison of the upper-back thermal sensation between the two groups.

4.2 Thermal comfort, acceptability, and preference

In general, the low power cooling device was not able to significantly alter thermal comfort, acceptability
or preference regarding either whole body or upper-back region. Nevertheless, the quantitative
comparison between the two groups still sheds light on the effectiveness of the cooling device in
enhancing thermal experience in a warm environment. This section describes the detailed findings on the
three thermal evaluation indexes.

Figure 6a displays the comparison of whole-body thermal comfort (WBTC) and upper-back thermal
comfort (UBTC) of both groups. WBTC was slightly improved from 0./0 + 1.04 to 0.21 = 1.16
immediately but insignificantly after the local cooling was applied for the cooling group. Throughout the
entire session, the control group experienced slight thermal discomfort (-0.14 + 1.39) compared to the
local cooling group with the thermal comfort level of 0.0/ + 1.38. Appendix Table A6 describes the
detailed comfort levels and statistical test results.

Figure 6b suggests no statistically significant difference in UBTC between the two groups. However,
upon the application of the local cooling device, participants experienced a decrease in thermal comfort
from 0.59 £ 1.11 to 0.20 £ 1.22, possibly due to the sudden cooling "shock" caused by the device. This
observation is supported by the low thermal sensation (-0.40 + 1.37) reported at the upper back.
Furthermore, the UBTC for both groups declined over time, indicating the influence of exposure duration
on thermal comfort. Throughout the entire session, the local cooling device slightly improved local
comfort at the upper back, although this improvement did not reach statistical significance.
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Furthermore, we
after using the w

did not observe any significant improvement in overall or local thermal acceptability
earable cooling device (Figure 7). The average whole-body thermal acceptability was

0.24 £+ 1.39 for the control group and 0.40 + (.39 for the local cooling group. These results indicate that

participants had

a slightly higher acceptable perception of the thermal environment with the local

cooling. The upper-back thermal acceptability was similar between both groups, with a statistical level of
approximately 0.5. Moreover, participants in both groups reported a decrease in thermal acceptability
over time, both overall and locally. In particular, Appendix Table A6 shows that the whole-body and

upper-back therm

al acceptability dropped roughly 0.4-0.8 from the start to the end of the test session.



Whole-Body Thermal Acceptability

Upper-Back Thermal Acceptability
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Figure 7. Whole-body and upper-back thermal acceptability

At the warm environment, participants on average indicated a preference for cooling as displayed in
Figure 8. The average thermal preference across the entire test session was approximately -1.1 for the
whole body and -0.9 for the upper back region. Participants without the local cooing device showed a
stronger but not significantly preference of cooling compared to the other group. The results imply that
the low power cooling device was not able to alter participants’ thermal preference significantly.
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Figure 8. Whole-body and upper-back thermal preference



4.5 Skin temperature

4.5.1 Mean skin temperature

Figure 9a illustrates the temporal changes in mean skin temperature for both groups, with the shades
representing the standard deviation of temperature within each group. The measurements reveal
substantial individual variations in skin temperature. Furthermore, the average skin temperature gradually
increased from 34 °C to 34.5 °C over the 88 min session, indicating a prolonged period required to reach
a stable condition. Appendix A6.2 displays the skin temperature at specific body locations, revealing that
the temperatures of the hands and calves reached a steady state earlier than those of the thighs and chest.
Figure 6b presents a comparison of the mean skin temperature between the two groups within a 5 min
time window. The statistical tests indicate no significant difference between the groups. Consequently, the
local cooling applied to the upper-back region did not effectively reduce the mean skin temperature.

a) Mean Skin Temperature Plot
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Figure 9. Mean skin temperature of the two groups ; a) The temporal variation ; b) Temperature comparison
between two groups

4.5.2 Upper-back skin temperature

After the application of the cooling device, the upper-back skin temperature immediately decreased by
approximately 0.5 °C within 5 min, as shown in Figure 10a. However, the local skin temperature



gradually started to rise afterward, reaching a similar level compared to the control group within 15
minutes. The micro-level temperature fluctuations were caused by the dynamic cooling waveform. Figure
10b illustrates the comparison of skin temperature between the two groups at 5 min intervals. Significant
differences were observed between the two groups after the application of local cooling, which persisted
for approximately 20 minutes (from 5 min to 20 min). After that, no significant difference was observed
between the two groups.

This observation can be interpreted by the control mechanic functionality as explained in the
methodology where the Embr wave cooling mode is based on two control phases which ensure the
functionality of the Embr wave cooling while safely dissipating heat when the device is too hot. As a
result, following the completion of the initial 20-minute cooling phase, the activated safety mode and the
complex interplay of heat dissipation mechanisms could potentially give rise to fluctuations in both the
strength and duration of the cooling sensation. In other words, the cooling experience after the initial 20
minutes may not remain uniform, owing to the interplay between the safety mode's intervention and the
intricate process by which heat dissipates within the unique framework of the proposed PCS system. This
interplay introduces an additional layer of complexity that may introduce variations in how users perceive
the cooling effect beyond the initial cooling period.
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4.6. Emotions

We compared the 10 positive and negative emotions assessed by the PANAS-SF, as well as the overall
positive and negative emotional states by calculating the mean of the 5 emotions in each category. Table 2
presents that the local cooling group reported a significant increase in attentiveness compared to the control
group without the local cooling device (p = 0.045), with a small effect size (Cohen’s d = 0.219). Furthermore,
the device has demonstrated a moderate to large effect size in reducing negative emotions such as feeling
afraid (p = 0.006), upset (p = 0.0004), hostile (p = 0.001), along with the overall negative emotional state (p =
0.0018). The results show that local cooling at the upper back can improve the emotional state of individuals
by enhancing positive emotions and particularly reducing negative emotions.

Table 2. PANAS-SF Statistical Analysis Results

Mean £+ SD
Emotional State Control Local Cooling p-value  Cohen’s d
Group Group
Determined 330+ 1.21 3.36+1.08 0.347 0.056
Attentive 3.19+1.22 3.46+1.20 0.0451* 0.219
Alert 3.09 +1.23 329+ 1.26 0.09f 0.166
Positive Inspired 2.61 +1.28 271+ 1.35 026" 0.079
Emotions
Active 2.93 £ 1.25A 228 +1.41 0.28f -0.070
Overall
Positive 3.024 +£1.06 3.134+1.14 0.23 0.100
Emotion
:
Afraid 1.26 £0.59 1.08 +£0.31 0'226 -0.360
Nervous 1.53+0.74 1.43+0.77 0.0617 -0.137
i
Upset 1.43+£0.72 1.14 +£0.35 0'2224 -0.503
. Ashamed 1.09 £ 0.72 1.07 £ 0.26 0.27f -0.078
Negative
Emotions ] 0.001f
Hostile 1.25+0.55 1.162 +0.236 oo -0.410
Overall
+
Negative 1.32 £ 0.40 1.162 £ 0.24 0'03*18 -0.462
Emotion

+: Mann-Whitney non-parametric results, while remaining p values refers to the ¢-fest parametric results

4.7. Cognitive performance and task load



Table 3 summarizes the comparisons of the cognitive performance across the six tasks. The only
statistically significant difference observed was “Adjusted Total Pump Count” in BART used to assess
risk taking. The local cooling group exhibited a significantly higher adjusted total pump count of §/4.93 +
227.94 compared to the control group with 706.3 + 129.93, indicating an increase of 7.14 %. The finding
suggests that participants with the local cooling device were inclined to take higher risks. The possible
explanation is that the local cooling device reduced thermal discomfort, leading participants to be more
engaged in performing the task longer. Furthermore, when it comes to other cognitive tests such as
memory, attention, and creativity, the local cooling device did not show significant improvements in
performance. Despite this, it is worth noting that there were observed increases in creativity (4.06 %),
attention (1.12 %), working memory (0.76 %), and response inhibition (2.13 %) for the cooling group,
albeit not statistically significant. These findings indicate a potential trend towards improved cognitive
functions, although the effect may not be strong enough to reach statistical significance in this study.

In summary the local cooling device in this study had a noticeable impact on risk-taking behavior.
Although not significant, the local cooling did enhance performance in other cognitive tests or reduce the
perceived task load. The observed increases in creativity, attention, working memory, and response
inhibition for the experimental group indicate a potential positive effect of the local cooling device on
these cognitive functions, but further research is necessary to confirm these findings and establish their
statistical significance.



Table 3: Statistical Analysis summary of the cognitive tasks for the two groups

Cognitive Mean + SD
Test Cognition . . ,
Function Evaluation Metric Control Local Cooling P-value Cohen’s d
Group Group
Token Task Working Memory Percent accuracy 92.53+3.70 93.23 +3.50 0.45 -0.194
Response Proportion Correct 0.94 £ 0.04 0.96 +0.03 0.17f -0.333
Stroop Color Task Inhibition : :
Rezetion THine) Rea"t(lri’l‘;)ﬂme 0.92 = 0.089 0.93 = 0.07 0.45" -0.121
Proportion correct 0.47%0.17 0.43+0.18 0.41 0.214
(0-deg)
Proportion correct 0.79£0.17 0.77+£0.164 03557 0.182
Spatial Processing Short Term (90-deg) : : : : : :
Task Memory :
Proportion correct 0.43+0.15 0436+0.17 0409  -0.015
(180-deg)
Reaction time (ms) 1289.12 £ 272 1199.17 + 266.7 0.1f 0.334
Total explosions 12.13 £4.32 10.53 +£3.80 0.13 0.393
BART Balloon Task Risk Taking Adjusted Total Pump Count 706.3+£129.93  814.93 £227.94 0.0027** -0.586
Average adjusted Pump Count 42.19+134 43.69 £ 13.70 0.67 -0.111
Proportion correct 0.89+0.23 0.90+0.14 0.197 0.258
AX-CPT Task Attention
Reaction time (ms) 444.96 + 103.02 406.8 £92.35 0.18f -0.390
Alternative User Task Creativity Average Score 3.20+0.91 3.33+0.77 0.397 0.155

: Mann-Whitney non-parametric results, while rest refers to the T-test results



5. Discussion

This section is divided into five main sections. The first section examines the corrective power of the
local cooling device to shift the thermal sensation of users towards a neutral state. Second, the effects of
local cooling on cognitive performance was summarized by comparing this study with the literature.
Third, we conducted further statistical exploration on whether the local cooling device has improved
thermal experience, emotion, and cognition for female and male participants separately. Lastly, we
hypothesize that the local cooling device might be more effective for participants who felt warmer than
others at the same air temperature. Hence, additional statistical tests were performed by considering
different initial thermal sensation levels at the beginning of the experimental session.

5.1 Corrective Power (CP)

In this section, we investigate the effectiveness of the local cooling device by calculating the corrective
power (CP), which can be defined as the difference of thermal sensation between the control and local
cooling groups. This calculation (Equation 2) represents the ability of the local cooling PCS to shift the
thermal sensation of users toward a neutral state in any non-neutral environment [10].

TS ing — TS
cp = local CooanGg control (2)

TSiocal coolingis the thermal sensation (whole-body or local) reported by the local cooling group, while T
Scontror 18 for the control group. We chose a value of G = 0.33 sensation unit /°C following our
previous study [36]. G represents equivalent thermal sensation shift by changing 1 °C air temperature.

We calculated the CP for both whole-body thermal sensation -0.75 £+ 0.54 K and upper-back thermal
sensation - 2.85 + 1.85 K. While the wearable cooling device in this study was relatively effective at the
upper back, it had limited power for the whole body. Comparing with other PCS in the literature in Table
4, we found that fans and office chairs had an higher CP by cooling a larger body area. Table 4 only
describes the PCS studies that assessed CP and does not include all local cooling solutions. The values
and conditions were extracted from Zhang et al. [10] in non-neutral ambient environment. In particular,
fans have shown to be the most effective in term of CP among all other systems given a maximum value
of — 7 K. Office chairs have also shown a high CP level up to -5 K. Comparing the other solutions with
the on this study, the proposed local cooing at the upper back had an a minimum corrective power, less
than -1 K, despite the advantages in energy usage, flexibility, and potential scalability in the future
application.

Table 4. Corrective Power of different PCS solutions on whole-body thermal sensation

PCS Conditions CP




Temperature: 26 and 27 °C

Relative Humidity: 60-80 % -1Kto-3K
Air speed: 0.36 and 0.6 m/s
Frontal Air Jets Temperature: 28 °C
(Located in front of participants Relative Humidity: 70-80 % 2Kto-3K
targeting their face) Air speed: 0.4-0.6 m/s
Temperature: 30 °C
Relative Humidity: 40-80 % 2Kto-4K
Air speed: 0.8-1 m/s
Temperature: 26 and 27 °C
Relative Humidity: 40-55% -3 K
. Fams Air speed: 0.25-0.6 m/s
(Located in front of participants
targeting their face or above) Temperature: 28-30 °C
Relative Humidity: 60-80 % -4Kto-7K
Air speed: [ m/s
Office Chair
. Temperature: 29 - 30 °C
(Targets the l?af:k and thighs of Relative Humidity: 50 % 2Kto-5K
participants)
. Temperature: 28 °C
Peltier Module . Y AU
(Placed on inner side of wrist) RelalgPRriiiy: 40 % 25K
Ul prrasrt Sliney Temperature: 31.5 °C
. e a0 i
Peltier Module Relative Humidity: 30% 0.75K
(Targeting Upper-back)

5.2 Summary of the PCS’s effectiveness on cognitive performance

Table 4 summarizes the effectiveness of various PCS solutions on cognitive performance from literature,
such as using a desk fan, heating desk, and head ventilation. Due to the varying properties in conditioning
different body parts at various intensities, it is difficult to compare which solutions are more effective in
improving cognition. Nevertheless, Table 4 shows an improvement range of approximate 5% - 30%. For
instance, applying a desk fan could improve addition and multiplication task performance by 10.4% and
8.2% respectively. Also, when cooling people at multiple body parts (e.g., breathing zone, chest and
back), participants performed 18% to 33% improvement in memory tasks. The current study showed a
15.38% increase in Risk Decision Taking. These findings imply an effective and probably energy-
efficient approach using PCS to improve work and learning performance.



Table 4: The effect of PCS on cognition

References PCS solution Cognition

Calculation: +21% to + 33%

130] Breathing zone cooling Reasoning: + 12% to + 31%
Chest and back cooling Memory Task: + 18% to +33%
Combined cooling Response Inhibition: +10% to +18%

Radiant cooling desk
[42] Desk fan Fatigue: - 5% to -10%
Radiant cooling desk + desk fan

Addition: +10.4 %

[48] Desk fan Multiplication: +8.2%

Ventilation cooling seat

[49] . Concentration index: +4.2% and +32.2 %
Water cooling seat
Desk Fans Increased effort, motivation (complex task)
[50] Heating desk .
. Increase alertness (simple task)
Heating mat
[51] peadeel e Increase in spatial span (complex task): 10 %
[52] Head ventilation device Logical thinking: +8.5%
Current Study  Upper-back cooling Risk Decision Taking: +15.38%

5.3 Cooling effect for different sexes

We repeated statistical analysis displayed in the Results section for male and female participants
separately to determine whether local cooling is more effective for a certain sex. For females, there were
11 participants in the control group and 14 in the local cooling group. The number of male participants in
the control and local cooling group was 19 and 16 respectively. In this section, we only focus on the
parameters that the local cooling device exhibit a higher effect for a certain sex. However, all the results
including trivial differences can be found in Appendix A7.

5.3.1 Emotion
Female participants showed statistical difference in attentive emotion (p =0.03) as well as active emotion,
(»p = 0.04) while male participant showed no different in all positive emotion modules. Furthermore,



females’ participants showed a decrease in negative emotions such as afraid ( p = 0.02), nervous ( p =
0.046), upset ( p = 0.03), hostile ( p < 0.001), and the overall negative emotion score ( p = 0.02), while
male score a decrease in negative emotions such as upset ( p = 0.004), ashamed ( 0.044), and the overall
negative emotions ( p = 0.0018).

Comparing the overall analysis of the PANAS-SF data and the looking at the gender effect, we see that
the female participants were the one with the significant increase in most of the positive emotion modules
and adding the active emotion, which was not observed in the overall analysis, while the male participants
data did not show any statistical difference. Also, looking at the negative emotions, we see that the female
participants showed significant decrease in most of the negative emotions first observed in the overall
analysis compared to the male participants. On the other hand, we see that the male participants showed a
significant difference in the positive active emotion which was not observed for all participants data as
well as the females’ participants data. The analysis results of the PANAS-SF assessment for the male and
female participants for the two experimental group can be found in the Appendix.

Table 5. PANAS-SF Statistical Analysis Results based on gender effect

Emotional State P-value
Overall Group Male Group Female Group
Determined 0.34 0.47f 0.20
Attentive 0.045 * 0.13% 0.03F*
Alert 0.09 0.15% 0.07
Positive
Emotions Inspired 0.26 0.18f 0.49
Active 0.28 0.20f 0.047*
Overall Ppsfuve 0.23 016! 051
Emotion
Afraid 0.006 ** 0.05% 0.02F *
Nervous 0.061 0.29f 0.046% *
Upset 0.0004 *** 0.004T *3* 0.03" *
Negative Ashamed 0.27 0.044% * 0.13f
Emotions .
Hostile 0.001 ** 0.127 0.00051 **:*
Overall Negative 0.0018 ** 0.0211 * 0.021 *
Emotion

T: Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

5.4 The initial thermal sensation effect

In this section we investigate the initial thermal sensation vote effect on participants’ thermal experience.
The group were divided based on their initial whole-body thermal sensation vote. First, the median
whole-body thermal sensation was calculated for the control group and the local cooling group. Then, the



groups were divided based on their respective median values. For the control group, given that the split of
the two groups was not equally distributed, whole-body preference was also considered where the median
was calculated and considered as well. For the control group, 16 participants felt cooler at the initial stage
of the experiment were considered as the “cool group” while 14 participants felt warmer were assigned as
the “warm group.” For the local cooling group 14 participants felt cooler at the initial stage were in the
“cool group,” while 16 participants felt warmer were in the “warm group.”

5.4.1 SKkin temperature

Upper-back Skin Temperature

For the upper back temperature, the warm group showed the most significant and long period drop,
lasting for a 20 min period after the local cooling was applied, showing significant drop at the 5 min
period (p = 0.008), the 10 min period (p = 0.0002), the 15 min period (p = 0.0004), and the 20 min period
(»p = 0.03). The cool group only showed a major significance at the 10 min period (p = 0.04), while the
rest of the periods didn’t show any major difference between the two groups compared to the warm
group. The plot results of the upper-back skin temperature for the cool and warm groups for the two
experimental groups can be found in the Appendix.

5.4.2 Emotion

The cool group showed a major statistical significance for the attentive positive emotion (p = 0.001), it
also showed significance for the alert emotion (p = 0.02), and the overall positive emotion (p= 0.02).
However, results didn’t show any significance for the negative emotions for the cool group. On the other
hand, the warm group showed statistical difference in the positive emotion’s subscales, only for the active
emotion (p= 0.02). Furthermore, results showed significant difference between the two experimental
group for three of the negative emotions, where data showed a significance for the afraid emotion (p =
0.002), and the nervous emotion (p = 0.003), and a major significant difference for the upset emotion ( p
=0.0002).

Comparing the two groups to the overall group data, we see that the cool group showed increase in more
positive emotions than the overall group, while it didn’t show any change in the negative emotions, The
warm group may have showed small changes in the positive emotions, but it did show major decrease in
the negative emotions compared to the overall analysis as well as the cooler group. This can suggest that
the effect of local cooling showed more effect on the warm group, whereas, for the cool group, the local
cooling showed some positive effect on them as well, but it was not enough to decrease any negative
emotions the group had. The analysis results of the PANAS-SF assessment for the cool and warm groups
for the two experimental group can be found in the Appendix.

Table 6: PANAS-SF results for the cool and warm group

P-value
Emotional State Overall Cool
Warm Group
Group Group
Determined 0.34 0.07t 0.30
positive Attentive 0.045 * 0.0017 ** 0.49
Emotions

Alert 0.09 0.027* 0.497




Inspired 0.26 0.07f 0.48f

Active 0.28 0.06% 0.027*
Overall P'OSlthe 0.23 0.02% 030"
Emotion
Afraid 0.006 ** 0.33f 0.002 1
Nervous 0061 0.27f 0.003F#:*
Upset 0.0004 *x** 0.05% 0.0002 f#k*
Negative Ashamed 0.27 0.41°7 0.197
Emotions
Hostile 0.001 ** 0.17f 2.41e-Q5t*%*
Overall Negative 0.0018 ** 0.35" 8.26e-061#**
Emotion

+:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

6. Limitations

The results found in this study cannot be generalized to all PCS. The application introduced in this paper
is only limited to the upper back region and is also not used for extended time period. Furthermore, the
effects of the local cooling strategy was applied in a scenario of occupant in an office space. The
performance of this solution should be further investigated in other scenarios, different body regions and
for longer time periods to further extend and understand the capabilities of the PCS solution for thermal
comfort. Furthermore, it is important to note that the study focused on healthy college students and may
not be generalized to all populations. Therefore, including a broader range of population should be
included to establish the generalizability of the findings. Another limitation to this study is the sample
size. Although the study sample size was larger than that of many comparable investigations, it is
important to recognize that a larger sample size can enhance the statistical reliability of the study and
obtain more robust findings.

In conclusion, while the present study contributes valuable insights into the local cooling strategy for
thermal comfort, it is imperative to recognize its limitations. By addressing the limitations through further
research, the field can advance toward a more comprehensive understanding of the applicability and
effectiveness of the PCS solution in different contexts.

7. Conclusion

This study investigated the effect of low-energy cooling strategy in warm environment on thermal
experience, emotional state, and cognitive performance. Analysis shows the following main implications
as follows:

1. Individuals with local cooling can feel cooler in a warm environment and have their emotional
state improved even when the effect is not that substantial.



2. Individuals with local cooling are inclined to take more risky decisions even in an uncomfortable
environment.

3. Local cooling strategy can provide a CP of 2.85 £ 1.85 °C on the local scale and 0.75 £ 0.54°C
for the whole-body scale.

4. Female participants displayed a greater improvement than males in their emotional state when
using the wearable cooling, as evidenced by an increase in positive emotional scale and a
decrease in negative emotional scale. By contrast, male participants who underwent local cooling
experienced a decrease in negative emotions, while their positive emotions remained unaffected.
Notably, male participants who received local cooling also exhibited a higher inclination towards
taking risky decisions when compared to the male counterparts in the control group. However,
such difference was not observed in female participants.

5. The warm group, comprising participants with high initial thermal sensation, demonstrated
improvements in both positive and negative emotional scales when local cooling was applied.
However, the wearable cooling did not improve negative emotion for the cool group, consisting
of participants who underwent local cooling and initially reported less warm thermal sensation.

These findings show that the local cooling strategy can have a positive impact on the thermal experience
of individuals in a warm environment (e.g., during heatwaves), improving the emotional state of
individual by increasing positive emotions and decreasing negative emotions, and making the individuals
more relaxed taking risky decisions towards good reward outcome with care.
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A2. Subjects

Table A2. General Information of the control group and local cooling group

. p-value
Control Local Cooling i
Group Group (Mann Whitney
U¥)
. . Female 11 Female 14
Participants )
Male 19 Male 16
Age
Mean <+ std 20.39 +£4.66 21.10£2.11 0.23
Height (cm)
171.33+9.84 172.47+9.10 0.33
Mean =+ std
Weight (kg)
Mean < std 70.31 £12.58 69.43 £ 14.49 0.34
Exercise time (hr / week) 769+ 6.45 y AP o
Mean =+ std ' ’ : : .

TThe Mann Whitney U test was used to compare the difference of subject characteristics between the
control and experimental group (local cooling). No significant differences were observed between the two
groups.

A3. Questionnaires
A3.1. Thermal evaluation

Thermal sensation: Thermal comfort (please do not Thermal Acceptability (please do not  Thermal Preference:
select the middle point): select the middle point):
Hot (+3) Clearly Comfortable (+3) Clearly Acceptable (+3) Warmer (+3)
Warm
Comfortable Acceptable
Slightly Warm
’ Just Comfortable Just Acceptable
— Neutral 5 B — No Change
| Just Uncomfortable Just Unacceptable
Slightly Cool
Uncomfortable Unacceptable
Cool
Cold (-3) | Clearly Uncomfortable (-3) Clearly Unacceptable (-3) Cooler (-3)

Figure A3.1 Thermal subjective questionnaire



A3.2. PANAS-SF emotion evaluation

Indicate the Extent you have felt or are feeling this way

Not at All Alittle Moderately

Determined
Attentive
Alert
Inspired
Active
Afraid
Nervous
Upset
Ashamed
Hostile

Figure A3.2 PANAS-SF emotion questionnaire

A3.3. NASA-TLX evaluation

Mental Demand Physical Demand Temporal Demand Performance
Very High Very High Very High Perfect

— Neither — Neither — Neither Neither
Very Low Very Low Very Low Failure

Figure A3.3. NASA-TLX questionnaire

Quite a bit

Effort
Very High

- Neither

Very Low

Extremely

Frustration

Very High

— Neither

Very Low



A4. Cognitive tasks

Table A4. Description on cognitive tasks

Cognitive task

Task interface

Token Task: Working memory

Participants are presented with a row of rectangles
and circles in different colors and sizes and are
given a visual and auditory instructions of what do
with these shapes. The task consists of 5 phases of
trials that are getting progressive. Performance was
measured in terms of the number of the tokens
correctly done with a range of 0-100.

In this test you will see rows of squares and rows of circles.
The shapes have different colors.

The computer will ask you to perform different tasks.

Stroop Color Task: Response inhibition

Participants are presented with either the word
“red”, “green”, “blue”, or “black” on a white
screen with a red, green, blue, or black colored font.
The task consists of congruent and incongruent
trials. In congruent trials, the printed word, and the
color in which it was printed are matched. For
incongruent trials, the printed word and the font
color did not match. Performance was measured in
terms of the proportion of the correct answers and
the reaction time

In the following trials you will see words presented in different colors. Your task is to
indicate the COLOR in which each word is printed in while ignoring what the words
actually say.

Indicate the color of the word by pressing either of the following keys:

+ - d for red words
«-ffor words
« - j for blue words
* - k for black words

Example: if you see the word printed in the color GREEN press 'f' for green word
regardless of the meaning of the word.

Try to respond as quickly and accurately as you can, because you will be timed. If an
incorrect response is made, a red X will be flashed onto the screen.

Spatial Processing Task: Short-term memory

Participants are presented with a sequential
template of 2,4,6 histogram bar and a spatially
rotated comparison histogram. The second
histogram can be rotated clockwise 0 deg, 90 deg, or
180 deg. The participants need to compare as fast as
possible if the comparison histogram is congruent or
incongruent to the original histogram. The number
of bars and the rotation of the histogram presents the
difficulty of the cognitive demand the participant
needs. Performance was measured in terms of the
proportion of the correct answers for 0, 90, and 180
degrees, and the reaction time.

Histogram 1 is the target histogram. It is always presented in the vertical upright po
Histogram 2 is the comparison histogram.
« It has the same number of bars as the target histegram BUT might differ in the |

of the bars.
« it can be rotated by Odegrees, 90degrees, or 180degrees.

..‘-'
":




Balloon Analogue Risk Task (BART): Risk

taking Potential earnings: $0.00
Balloon number: 1 of 30

Participants are given 30 balloons. For each balloon Number of pumps: 0

they get the choice to pump up the balloon or collect Total Winnings: $0.00

their winnings. For each successful pump, they can
earn 80.01. However, if the balloon pops, which can
happen on a random basis, they all the potential
winning for that balloon. Performance was measured
in terms of the total explosion, , the adjusted total
pump count, and the average adjusted pump count.

Pump up the Balloon Collect $$%

AX-Continuous Processing Task (AX-CPT): Instructions
Attention
In this task you will be presented clusters of 4 letters: one , two white, one
ay attention to the letters and ignore the white letters.
Participants are presented with a sequence oflel‘ters y if- you see an /. followed by an -, it's a target. Any other combination is a

The letters are presented as cue-distractor-
distractor-probe and must decide if the probe is a
target (cue = A, probe = X) or not. If the probe is a
target, participants press the 'E'; if it's not a target
they press the 'l' key. Performance was measured in
terms of the proportion of the correct answers, and
the reaction time.

Write as many creative uses you can think of for a brick o159
For each text box, you can use words or phrases.

~
Alternative User Task (UAT): Creativity

Participants are given 3 common objects (e.g.,
newspaper) and are asked to generate as many
creative uses as possible for the current object within
a 3-min frame. Next participants are asked to select
the top 2 uses given for each object. Performance
was measured in terms of the average score




AS. Skin temperature sensors

a) IButton Temperature Sensor

b) g.tec Skin Temperature Sensor (Upper-Back)

Figure A4. a) IButton skin temperature sensor (right arm, right thigh, right calf, left chest).
b) g.tec temperature sensor (upper-back)

A6. Results for All Participants

A6.1 Thermal Evaluation

Table A6.1 Statistical summary of the whole body and local thermal evaluation for the two groups

Mean £ SD
Responses to the survey C((;:(t)l;:; C::)(l)icl?gl P-value Cohen’s d
Group
Pre 1.26+£0.56 1.35+0.61 0.20f -0.136
Right-after - 0.87 +0.86 0.027 * 0.537
Thermal Ist 124+081 128+067 0.417 20.058
Sensation
+ + To* -
(Whole-body) 2nd  1.51+£0.74  0.99+1.03 0.02 0.586
3rd  1.40+0.89 1.37 £ 0.85 0.43f -0.030
All votes  1.37+0.72 1.12+0.90 0.037 * 0.302
Pre 0.71£0.66 0.49+0.79 0.1957 0.298
Thermal  Rjght-after g -0.40+1.37  0.0017 #** 1.020
Sensation (Upper
Back) Ist 089+0.54 0.16+1.31 0.017f * 0.721
2nd  1.15+0.73 0.11+1.29 0.001 *** 0.987




3rd  1.17£090 030+1.34  0.005**  0.756
Allvotes 098+0.73  0.04+1.34 00011 ***  0.862
Pre 0.08+096 0.10+1.04 0.95 -0.016
Right-after - 021+1.16 0.63 -0.125
Thermal Comfort Ist -0.09+139 -0.04+1.36 0317 -0.035
(Whole-body) 2nd  -038+ 156  0.06+ 1.50 0.22 -0.317
3rd 020+ 158 -0.25+1.51 0.92 0.026
Allvotes  -0.14=139 0.0 =138 0.137 0.114
Pre 0.64+141 0.59+1.11 0.87 0.041
Right-after - 020+ 1.22 0.20 0.334
Thermal Comfort Ist 031+1.31 0.05+1.10 0.281 0.209
(Upper Back) 2nd  0.03+1.44 0.18+ 1.33 0.507 -0.107
3rd -0.10+141 -0.03=143 0.507 0.050
Allvotes 022+141  0.10+1.26 0.32f 0.088
Pre 054+121 0.68+1.04 0.64 20.122
Right-after - 0.57+1.14 0.47f -0.025
Acceggf.:ﬁf‘; Ist 027+128 032+1.30 0.497 0.036
(Whole-body) 2nd  0.11+145  0.56+ 1.48 0.24 0.303
3rd  0.13+191 001+ 1.65 0.86 0.045
Allvotes 024+139  0.40+0.39 0.16 20.106
Pre 085+132 0.74+0.94 0.71 0.095
Right-after - 0.67+1.12 0.56 0.150
ACCGE‘;‘?E?; Ist 0.60+129 0.61+1.21 0357 0.011
(UpSShBack) 2nd  0.56+1.47 047+ 141 0.81  -0.063
3rd  0.03+£1.61 0.33+1.49 0.60  0.137
All votes 0.53+1.37 0.52+1.31 0.41f 0.013
Thermal Pre -1.10+1.16 -0.87+1.21 0.127  -0.196
Preference ™ Rioht-after - 0.92+1.09 0.09"  -0.159
(Whole-body) Ist -L15+1.13 -1.13+121 027" -0.025




2nd  -126+1.07 -1.10+1.22 0.60 0.136

3rd  -122+123 -1211.12 0.38" 0.003

Allvotes -1.17+1.15 -1.10+1.13 0.06  -0.068

Pre -0.91+0.86 -0.83+0.90 0.31% 0.091

Right-after - -0.70£1.10 0.1957  -0.210

Thermal Ist  -1.02+1.17 -0.95+1.00 0.40"  -0.063
Preference

(Upper Back) 2nd  -1.17£1.03 -0.94+1.19 0.43 0.202

3rd  -1.10£0.94 -1.07+1.15 0.921 0.027

All votes  -0.95+-1.03 -0.93+1.15 0.14  -0.094

T:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results



A.6.2 Skin Temperature
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Figure A6.1 a) Skin Temperature measurements for right thigh. b) Skin Temperature measurements for right
calf. ¢) Skin Temperature measurements for right hand. d) Skin Temperature measurements for left chest



A6.3 NASA-TLX Performance Questionnaire

Table A6.2 NASA-TLX statistical analysis results

Mean = SD
Task Load Control Lo.cal p-value Cohen’s d

Grou Cooling

P Group
Mental Demand 442+148 4.51+1.40 0.94+ 0.065
Physical Demand 386394 1.55+1.79 0.947 0.124
Temporal 17 160 4624128 0.39% 0.295

Demand

Performance 478+1.55 5.11+1.09 0.747 0.270
Effort 420+1.70 497=+1.11 0.15+ 0.535
Frustration 402+1.59 337+1.89 0.20F -0.375
Total Task Load 3.82+0.92 4.02+0.66 0.52 0.252

1:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.7 Cooling effect for different sexes
A.7.1 Thermal evaluation

Upper-back thermal sensation

Comparing the UBTS between the control group and the local cooling group. The experimental female
participants showed more drop in thermal sensation between the control group (/.0/ + 0.86) and the
experimental group (-0.08 £ 1.45) as compared to the male participants who showed a smaller drop
between the control group (0.91 + 0.61) and the experimental group (0.15 £ 1.26). Furthermore, as we can
see from figure female participant showed longer reduction in UBTS compared to male participants. The
results showed that female participants had significant reduction in thermal sensation after the local
cooling was applied (p = 0.04), the first cognitive test at 25 min timeline (p = 0.04), and the second
cognitive test at 40 min timeline (p = 0.01), while the last cognitive test at 60 min didn’t show any
significance. The male participants showed significant different right after the local cooling was applied
(p = 0.001), and for the second cognitive test at 40 min timeline (p = 0.02).



a) Upper-Back thermal sensation for male participant
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b) Upper-Back thermal sensation for female participant
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Figure A7.1 a) Upper-Back Thermal Sensation Boxplot for male participants. The second boxplot
shows significant statistical difference in the thermal sensation for local cooling group (p = 0.001). The
votes at cognitive tasks show a relative and significant statistical difference respectively (p = 0.017 for
first test; p = 0.001 and p = 0.005 for second and third task). b) Upper-Back Thermal Sensation Boxplot
for female participants. Significant difference after applying local cooling (p = 0.04), at the first test (p =
0.04),and second test (p = 0.01), no significant difference at the third cognitive task

‘Whole-body thermal sensation

Male participants showed a statistical difference (p = 0.02) between the control (/.20 = 0.61) and local
cooling (0.90 = 0.96) groups, while the analysis showed no difference for the female participants,
suggesting that the female participants despite having a difference in the local sensation, their WBTS
wasn’t affected. Also, by looking at the mean values and the deviation of the votes, no significant
difference was seen between the two groups.



Whole-body thermal preference:

Compared to the whole-body analysis between the control and experimental groups, gender comparison
showed a difference in thermal preference for female and male participants individually. Data shows that
female participants showed a statistical difference for whole-body thermal preference right after the local
cooling was applied (p= 0.03). Also, data showed a significant difference for the whole-body thermal
preference vote (p = <0.001) between the control group (-1.59 + 1.07) and the local cooling group (-0.92
+ [.20) . Male participant dd not show any preference difference between the two experimental
conditions. These results suggests that female participants change of temperature was preferred on a much
higher scale than the male participant. . The plot results of the whole-body thermal preference for the
male and female groups for the two experimental groups can be seen below.

Hot + + +

Warm +
+ ¢ +
Slightly
warm

Whole-Body Thermal Preference

T

Neutral T
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cool 4 J_ 1

cold 4 . .

Local cooling Applied [ Local cooling
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Figure A7.2 Whole-body Thermal Preference female Participant. The second boxplot shows
statistical difference in the thermal preference for female in terms of local cooling group (p = 0.03)

Results of statistical tests

Table A7.1 Statistical summary of the whole body and local thermal evaluation for male participants

Mean £+ SD
Responses to the survey Control Local Cooling P-value Cohen’sd
Group Group
(n=30) (n=30)
Pre 1.21 +£0.57 1.27 +£0.75 0.32F 0.091
Thermal Sensation  Right-after 1.21£0.57 0.64 £1.01 0.04 -0.70
(Whole-body) Ist 1.12+£0.59 0.98 +0.82 0.55 -0.20

2nd 1.26 £ 0.64 0.78+1.10 0.13 -0.52




3rd | 1.21+0.73 1.12+0.87 0.93 20.029

Allvotes  1.20+0.61 0.90 0.96 0.027 20.29

Pre  0.82+0.56 0.46 = 0.86 0.13 -0.51

Right-after  0.82 + 0.56 2035+ 1.34 0.001 1.19

Thermal Sensation Ist  0.86+0.56 035+ 1.24 0.12 -0.54
(Upper-Back) 2nd 100 +0.56 0.25=1.26 0.02 -0.80
3rd  1.04+0.79 035+ 121 0.05 20.68

Allvotes  0.91 +0.61 0.15+126 <0001  -0.75

Pre  0.04+ 1.0l 0.00+1.18 0.92 -0.03

Right-after  0.04 + 1.01 0.42 £ 1.20 031 0.35

Thermal Comfort Ist  0.04+1.26 0.25+1.36 0.63 0.16
(Whole-body) 2nd  -0.04+ 1.44 0.25+ 1.39 0.55 0.20
3rd  -0.09+ 1.47 2031 + 1.39 041 20.28

Allvotes  0.03 + 1.23 0.15+ 131 0.58" 0.07
Pre  0.56+1.23 0.54 =135 0.96 -0.015

Right-after 0.56 £ 1.23 0.50 £ 1.25 0.88 -0.05

v i Ist  032+134 0.12+1.02 0.64 0.15
(Upper-Back) 2nd 032+ 1.55 021+ 1.32 0.83 -0.07
3rd | 0.02+131 0.04=1.34 0.95 0.02

Allvotes 035+ 1.32 021 =122 0.70 -0.05

Pre  0.61+1.30 0.65 = 1.05 0.94 0.03

Right-after  0.61 + 1.30 0.69+1.12 0.86 0.06

Acce;hai‘:ﬁfyl Ist  0.61+130 0.60+ 1.16 0.95 0.02
(Wholebody) 2nd  0.58+ 1.47 0.65+ 1.38 0.72 0.12
3rd | 047+1.51 0.19 = 1.40 0.74 0.11

Allvotes  0.52 + 1.36 0.53 1.26 0.90 0.02

Thormal Pre  0.75+ 1.31 0.75 = 0.99 0.99 -0.04
Acceptability “Riohtafter  0.75+ 1.31 1.00 = 1.04 0.55 0.08

(Upper-Back) Ist 0.65 £ 1.36 0.92+ 1.01 0.52 20.15




2nd 0.79 + 1.54 0.54 +1.37 0.62 -0.11

3rd 0.26 + 1.35 0.40 + 1.43 0.78 -0.20

All votes 0.64 +1.36 0.71 +1.22 0.65" 0.06

Pre 0.84+1.15 -1.25+1.17 0.43 -0.35

Right-after -0.84 £ 1.15 -1.23+1.13 0.497 -0.34

Przflgzl;:i Ist 0.82+1.13 123+ 1.15 0.44 -0.35

(Whole-body) 2nd -0.93 +1.05 -1.33+ 1.09 0.27 -0.38

3rd -0.93+1.15 -1.42+0.93 0.18 -0.46

All votes -0.87 +1.10 -1.30 + 1.06 0.29 -0.38

Pre -1.00 + 0.81 -1.04 + 1.08 0.38" -0.04

Right-after -1.00 £ 0.81 -0.92+1.24 0.81 0.08

Thermal Ist -0.95 £ 0.86 -1.10+1.21 0.491 -0.15
Preference

(Upper-Back) 2nd -1.00 £ 0.87 112+ 1.32 0.73 -0.11

3rd -1.09 + 0.87 129+ 1.12 0.55 -0.20

All votes -1.00 £ 0.83 -1.10 £ 1.20 0.56" -0.09

F:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

Table A7.2 Statistical summary of the whole body and local thermal evaluation for female participants

Mean = SD P-value
Responses to the survey Control Local Cooling Cohen’s d
Group Group
Pre 1.33+£0.54 1.45+0.43 0.21f 0.25
Right-after 1.33+£0.54 1.17+0.60 0.48 -0.29
Thermal
Sensation Ist 1.48 +0.79 1.55+0.71 0.84 0.08
(Whole- 2nd 1.88+£0.76 1.24+0.92 0.07 -0.75
body)
3rd 1.61+1.17 1.69 +0.77 0.83 0.09
All votes 1.53+ 0.79 1.41+0.77 0.30f -0.14
Pre 0.55+0.78 0.50 +0.76 0.88 -0.06

Thermal




Sensation Right-after 0.55+0.78 -0.50 = 1.50 0.04* -0.84
(Upper Back)

1st 0.91 £0.56 -0.05 £ 1.40 0.04* -0.85

2nd 1.30 = 0.99 -0.05 £ 1.40 0.01* -1.08

3rd 130+ 1.12 0.26 £ 1.57 0.07 -0.74

All votes 1.01 £0.86 0.08+1.45 <0.001% -0.75

Pre 0.12+0.89 0.24 +0.93 0.75 0.12

Right-after 0.12+0.89 0.02+1.17 0.73 0.13
Thermal

Comfort Ist  -0.27+1.58 -0.38+1.34 0.85 -0.07

(Whole- ond  -0.82+1.73 014+ 1.67 033 0.40
body)

3rd  -0.42 + 1.98 -0.40 £ 1.55 0.97 0.01

All votes  -0.25+ 1.47 -0.24 + 1.41 0.71 0.07

Pre 0.79 = 1.69 0.64 + 0.85 0.78 0.11

Right-after 0.79 = 1.69 0.14+1.17 0.12 -0.64

Thermal Ist 030+ 1.31 0.02 + 1.22 0.52 -0.17
Comfort

(Upper Back) 2nd -0.18+1.49 -0.05+ 1.18 0.80 -0.13

3rd  -0.09+1.75 2029+ 1.47 0.76 -0.07

All votes 0.32+1.59 0.12+1.23 0.24 -0.05

Pre 0.52 +1.09 0.64 +1.07 0.77 0.12

Right-after 0.52+1.09 0.31+1.12 0.65 -0.18
Thermal

Acceptability Ist -0.06 +1.16 0.00+1.41 0.91 0.05

(Whole- 2nd  -0.24+1.56 029+ 1.51 0.40 0.34
body)

3rd -024+195 -0.19+1.81 0.94 0.03

All votes 0.10 = 1.40 0.10 £ 1.46 0.71 0.02

Pre 1.12+137 0.64 + 0.90 0.30 -0.42

Right-after 1.12+137 031+1.17 0.12 -0.64

Nt Ist  048+1.16 026+ 136 0.67 20.17
Acceptability

EE + -

(Upper Back) 2nd 0.39 £ 1.50 0.21+1.36 0.75 0.13

3rd 0.18 +1.63 0.07 + 1.48 0.86 -0.07

All votes 0.66  1.41 0.21+ 131 0.23 0.06




Pre -1.52+1.05 -0.45 + 0.30 0.93

Right-after ~ -1.52+1.05 -0.60 + 1.01 0.03* 0.90

Thermal Ist  -1.61+1.19 1.07+1.13 026 0.46
Preference

- + - +

(Whole- 2nd 1.73 £ 0.98 0.93 +1.38 0.11 0.65

body) 3rd -1.61+ 1.30 -1.07 +£1.32 0.32 0.41°

All votes -1.59+1.07 -0.92 +1.20 < -0.38

0.001*

Pre -0.73 +0.93 - 0.67 0.17

Right-after ~ -0.73 +0.93 -0.48 +0.97 0.52 0.26

Thermal Ist -0.91+1.20 -0.93+1.16 0.97 -0.02
Preference

3rd -1.03+1.12 -0.90 + 1.20 0.79 0.11

All votes -0.95+1.08 -0.77 + 1.09 0.30 -0.09

F:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.7.2. Skin Temperature

Upper Back Skin Temperature:

To further investigate the effect of gender on thermal sensation, we analyze the skin temperature data for
both male and female participants. Looking at the males’ skin temperature data, we see that the
temperature drops significantly for the first 20 min before rising above the baseline for the rest of the
experiment.

Furthermore, results showed that the same pattern for female participants as well for the first 20 min, but
the temperature stabilized below the baseline for the rest of the experiment, which shows that the female
participants were cooler in the upper back area compared to the male participants.



a) Upper-Back thermal sensation for male participants
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Figure A7.3 a) Upper-back skin temperature boxplot for male participant. Significant drop for the 20 min
and then temperature stabilized below the baseline for the rest of the experiment. b) Upper-back skin
temperature Boxplot for female participants. Significant statistical difference for the first 20 min.



a) Upper-Back thermal sensation for male participants
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Figure A7.4 a) Upper-back skin temperature plot for male participants. Significant drop for the 20 min
and then temperature rise above the baseline for the rest of the experiment; ) Upper-back skin temperature
plot for female participant. Significant statistical difference for the first 20 min

A.7.3. Emotional Evaluation

Male Participants:

Table A7.3 PANAS-SF Statistical analysis results for male participants

Mean (SD)
Emotional State Control Loc.al P-value Cohen’s d
Grou Cooling
P Group
3 T
Positive Determined 3.64+1.13 3.69 +0.89 0.47 0.05
Emotions ™ Acntive 346+ 1.16  3.65+ 1.26 0.13" 0.16




Alert  329+1.23 347+ 1.41 0.15% 0.10
Inspired ~ 2.93+1.42 3.16 £ 1.40 0.18% 0.09
Active  3.12+£1.28 3.29 + 1.40 0.207 0.16
Overall  3.29+1.07 3.45+1.13
Positive 0.16 -0.28
Emotion
Afraid  1.25+0.60 1.10 £ 0.35 0.05" -0.07
i + +
Nega‘tlve Nervous 1.47+£0.75 1.38 £ 0.65 020t 0.4
Emotions
+ + . T
Upset 1.46 +0.77 1.15+0.36 0 00;1* 027
Ashamed  1.12+0.33 1.04 £0.21 0.044%+ 20.20
Hostile ~ 1.25+0.60 1.12+0.32 0.127 0.13
Overall  1.33+0.41 1.16 £ 0.23
Negative 0.021" -0.36
Emotion

T:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

Female Participants:

Table A7.4 PANAS-SF Statistical analysis results for female participants

Mean (SD)
Emotional State Control Loc.a ! P-value Cohen’s d
Grou Cooling
P Group
Determined 2.75+1.16 295 £1.17 0.20 0.10
Attentive  2.77 +1.18 321+1.12 0'33 0.31
.. Alert 2.75+1.16 3.05£1.02 0.07 0.13
Positive
Emotions Inspired  2.09£0.80 2.14+1.05 0.49 -0.02
Active  2.61 £1.15 225+1.21 0'34 0.41
Overall  260+094  2.72+0.97 0.51 -0.47

Positive




Emotion

Afraid 1.27 £0.59 1.07£0.26 0'32 -0.21
Nervous 1.64+0.72 1.50+0.89 0'246 -0.56
Upset  1.39+0.65 1.16 £ 0.37 0'33 0.12
Negative
Emotions ~ Achamed  1.05+0.21 1.11£0.31 0.13 -0.68
Hostile 1.25+0.49 1.02+0.13 0'2225 0.03
Overall 0.02
Negative  1.32+£0.39 1.17 £0.60 '* -0.53
Emotion

T:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.7.4. Cognitive Performance

The different cognitive tasks with the gender effect were analyzed using the same metrics between the
two experimental conditions. Similar to the overall analysis, participants performed better on one task
(BART) of the six cognitive tasks when the local cooling was applied, only this time, only male
participant showed a difference in risk taking (p = 0.001). On the other hand, female participants showed
no major difference between the two experimental group.

We can say that the male participants in the local cooling group showed more risk-taking behavior while
feeling more comfortable compared to the female participants, who despite feeling more cooler than the
control group, they haven’t shown any risk-taking behavior increase.

Cognitive Tasks Results :



Table A7.5 Statistical Analysis summary of the cognitive tasks based on gender effect

Cognitive Cognition Evaluation P-Value
. . Overall Male Female
Test Function Metric
Group Group Group
Token Test Working Percent 0.45 0.91 0.20
Memory accuracy
Response ~ roportion 0.17t 0.27 0.23
Stroop Inhibition Correct
Color Test (Reaction : :
Timey eecton T(LTS 0.45" 0.44 0.26
Proportion
correct (0-deg) 0.41 0.58 0.39
Proportion
. correct (90- 0.35T 0.14 0.74
SpaFlal Short Term deg)
Processing M
Test emory Proportion
correct (180- 0.41% 0.79 0.78
deg)
Reaction time 0.1t 0.94 0.08
(ms)
Total 0.13 0.07 0.93
explosions
BART Adjusted Total 0.0027 0.001 0.67
Balloon Pump Count ek ek ’
Test
Average
Risk Taking adjusted Pump 0.67 0.98 0.44
Count
Proportion 0.19" 0.48 0.19
correct
AX-CPT Attention _
Reaction time 0.18" 023 0.61
(ms)
Alteggative Creativi Average Score 0.39f 0.96 0.43"
User Task vity - Averag ' ’ '

+:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.7.5. NASA-TLX Questionnaire



Male Participants

Table A7.6 NASA-TLX statistical analysis results for male participants

Mean + SD
2
Task Load Control Loc'a ! P-value Cohen’s
Grou Cooling d
P Group
Mental Demand 434+ 1.72 441+1.74 0.92 0.04
Physical Demand 1.37+1.23 1.77+£2.24 0.78t 0.22
Temporal
425+1.52 476 £ 1.26 0.50 0.36
Demand
Performance 481 +1.67 492 £1.08 0.66 0.08
Effort 3.99+1.70 476 +1.12 0.19 0.54
Frustration 376 £1.55 3.31+1.80 0.51 -0.26
Total Task Load 3.76 £0.93 3.99 +0.68 0.47 0.29

T: Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

Female Participants

Table A7.7 NASA-TLX statistical analysis results for female participants

Mean + SD
Task Load Control Lo.cal P-value Cohen’s d
Grou Cooling
P Group
Mental Demand 431 +1.33 5.05+£0.88 0.23 0.63
Physical Demand 0.78 £ 1.17 1.95+1.65 0.23¢ 0.83
Temporal
3.77 £2.13 395+1.47 0.85 0.09
Demand
Performance 498 +1.50 4.85+1.48 0.74 -0.08
Effort 439+1.79 4.70 + 0.69 0.21 0.21
Frustration 490 +1.00 3.55+1.56 0.05 -1.06
Total Task Load 422 +0.63 4.01+0.73 0.71 0.19

+:Mann-Whitney non-
parametric results,
while rest refers to the
T-test parametric
results



A.8. Initial Thermal Sensation Effect
A.8.1. Thermal Evaluation
Upper-Back Thermal sensation

Comparing the local thermal sensation between the control group and the local cooling group, cool
participants showed a drop in the local thermal sensation right after the local cooling was applied and
throughout the experiment period line, showing a significant difference (p < 0.001) between the control
group (/.04 + 0.54) and the local cooling group (-0.10 = 1.25). Warm group also showed a statistical
difference between the two experimental groups, but on the inequivalent scale, showing some difference
at after the local cooling was applied and after the second cognitive trials, the overall vote showed
significant difference between (p < 0.001) the control group (/.54 + 0.87) and the experimental group
(0.16 = 1.43). These results suggest that the cool group showed more effect of local thermal sensation
than the warm group.

a) Upper-Back thermal sensation for cool participants
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b) Upper-Back thermal sensation for warm participants
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Figure A8.1 a) Upper-Back Thermal Sensation Boxplot for cool group participants. The second
boxplot shows significant statistical difference in the thermal sensation for local cooling group (p =
0.001). The votes at cognitive tasks show a relative and significant statistical difference respectively (p =
0.03) for first test; p = 0.02 and p = 0.03 for second and third task). b) Upper-Back Thermal Sensation



Boxplot for cool group participants. The second boxplot shows a relative statistical difference in the
thermal sensation for local cooling group (p = 0.02). The vote at the second cognitive task show a
significant statistical difference (p = 0.007).

‘Whole-body Thermal Sensation

Warm Participants showed a statistical difference in the whole-body thermal sensation (p = 0.01) right
after the local cooling was applied, showing a drop of the local cooling group (/.21 + 0.64) compared to
the control group (1.74 + 0.37). On the other hand, cool participants showed a statistical difference as well
(p = 0.02), between the control group (/.25 + 0.64), and the experimental (0.55 £ (0.92), only for the
warm group the difference showed after the second cognitive trials. This may suggest that the local
cooling effect was higher and quicker to the warm group than the cool group, although the cool group did
show statistical difference later on, which tells that even for cool group, the local cooling strategy did
have a positive impact on both group on different timeframe, one faster than the other.

a) Whole-Body thermal sensation for cool participant
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b) Whole-Body thermal sensation for warm participant
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Figure A8.2 a). Whole-Body Thermal Sensation Boxplot for cool group participants. The second test
boxplot shows significant statistical difference in the thermal sensation for local cooling group (p = 0.02).
b) Whole-Body Thermal Sensation Boxplot for warm group participants. The second boxplot shows
significant statistical difference in the thermal sensation for local cooling group (p = 0.02).

Results of statistical tests

Table A8.1 Statistical summary of the whole body and local thermal evaluation for cool group

Mean = SD
Control Local Cohen’s d
Responses to the survey Group Cooling P-value
Group
Pre 0.83+0.24 0.84+0.39 0.23% 0

Right-after 0.83+0.24 0.52+0.95 0.23% -0.45
Thermal

Sensation 1st 0.94 +0.64 0.76 £ 0.82 0.47 -0.27

(Whole- 2nd 1.25+0.64 0.55+0.92 0.02% -0.90
body)

3rd 1.12+0.80 0.95+0.92 0.55 -0.22

All votes 1.38+£0.59 0.69+0.84 0.01 -0.40

Pre 0.62+0.32 0.00 + 0.68 0.2 -1.20

Right-after 0.62+0.32 -0.64 £ 1.39 0.001 -1.30

Thermal Ist 0.77 + 0.48 0.05 +1.23 0.03 -0.79
Sensation

(Upper Back) 2nd 0.83+0.52 0.07+1.11 0.02 -0.89

3rd 0.92 +0.73 0.12+1.24 0.03 -0.80

All votes 1.04 £ 0.54 -0.10£1.25 <0.001 -0.96

Pre 0.44+0.98 0.62 +0.89 0.78 0.19

Right-after + 0.74+1.21 0.60 0.27
Thermal

Comfort Ist 0.42+1.45 0.62+1.20 0.92 0.15

(Whole- 2nd 0.19+1.62 048 = 1.20 0.75 0.20
body)

3rd 044+ 1.76 021+1.16 0.49 -0.15

All votes 0.49+ 1.67 0.51+1.17 0.56 0.12

Pre 1.10+1.13 1.33+0.92 0.81 0.22

Thermal




Comfort Right-after 1.10+1.13 0.48 +1.34 0.12 -0.51
(Upper Back)
1st 0.81+1.25 0.43 +1.03 0.23 -0.33
2nd 0.71 +£1.40 0.50+ 0.93 0.48 -0.17
3rd 0.50+1.22 0.26 + 1.03 0.33 -0.21
All votes 1.04 £ 0.54 041 +1.07 0.09 -0.21
Pre 0.88+:0.98 1.07+0.78 0.81 0.22
Right-after 0.88 +0.98 0.93+£1.09 0.97 0.05
Thermal
Acceptability 1st 0.60+1.31 0.69+1.20 0.92 0.07
(Whole- 2nd 0.67£1.49 0.93+1.04 0.74 0.20
body)
3rd 0.44+1.59 0.60+ 1.06 0.94 0.11
All votes 0.86 + 1.66 0.78+1.08 0.53 0.13
Pre 1.23+£1.16 1.19+0.71 0.65 -0.04
Right-after 1.23+1.16 090+ 1.24 0.33 -0.27
e Ist 094132  093+1.09 0.80 -0.007
Acceptability
== + -
W Bue) 2nd 1.19+1.42 0.90 = 0.99 0.34 0.22
3rd 0.54+1.26 0.67 £1.01 0.90 0.10
All votes 1.29 +£1.56 0.85+1.06 0.57 -0.09
Pre -0.83 £ 0.63 -0.36 £ 1.30 0.29 0.48
Right-after -0.83 £0.63 -0.57+£1.19 0.44 0.28
Thermal
Preference 1st -0.87 £0.81 -0.71 +£1.15 0.73 0.16
(Whole- 2nd -0.98 +£0.88 -0.62 £1.25 0.58 0.34
body)
3rd -1.02 £1.06 -0.79 £ 1.17 0.79 0.21
All votes -1.24 +£1.03 -0.67£1.16 0.17 0.30
Pre -0.58 £0.58 -0.62 +£0.89 0.64 -0.05
Right-after -0.58 £0.58 -0.55+£1.18 0.82 0.04
Thermal
Preference 1st -0.65 +0.68 -0.67 £1.09 0.79 -0.02
(Upper Back)
2nd -0.77 £1.02 -0.69 +1.01 0.91 0.08
3rd -0.67 +£0.75 -0.79 +1.10 0.52 -0.13




All votes

-0.89 £ 0.90

-0.67 = 1.07

0.97

-0.01

+:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

Table A8.2 Statistical summary of the whole body and local thermal evaluation for warm group

Mean £+ SD
Responses to the survey Control Local Cooling P-value Cohen’s d
Group Group

Pre 1.74 £ 0.37 1.81 £0.34 0.30f 0.20

Right-after 1.74 £ 0.37 1.21+0.64 0.01f -0.99

Thermal Ist  1.62+055 1.67 = 0.68 0.83 0.07
Sensation

(Whole-body) 2nd 1.76 £0.78 1.40+1.02 0.28 -0.40

3rd 1.62 +£1.00 1.83 £ 0.66 0.49 0.25

All votes 2.24 4+ 0.69 1.52+0.78 0.25% -0.16

Pre 0.83 £0.89 0.90 + 0.66 0.83 -0.08

Right-after - -0.23 +£1.41 0.02 -0.88

Thermal Ist 1.00 + 0.61 027 + 1.41 0.08 -0.65
Sensation

3rd 1.38 +£1.07 0.48 +1.49 0.07 -0.69

All votes 1.54 +0.87 0.16 £1.43 <0.001 -0.67

Pre -0.36 £0.74 -0.33+£1.01 0.94 0.03

Right-after - -0.25+0.97 0.74 0.12

Thermal Ist  -0.64+1.04 0.62+1.25 0.97 0.01
Comfort

(Whole-body) 2nd -0.90+1.34 -0.29 £ 1.69 0.28 0.40

3rd -0.71+£1.34 -0.85 £ 1.46 0.78 -0.10

All votes -0.87 £ 1.29 -0.50 + 1.36 0.51 0.10

Pre 0.12+1.52 -0.06 £ 0.87 0.69 -0.15
Thermal

Comfort (Upper  Right-after - -0.04+1.12 0.74 -0.12




Back) Ist -026+1.16 -0.27 £ 1.08 0.98 -0.01
o2nd  -0.52+1.41 -0.27 +1.39 0.63 0.18
3rd  -0.62+1.52 -0.44 £ 1.59 0.75 0.12
Allvotes  -0.42 + 1.66 0.25+1.29 0.79 0.01
Pre 0.24 +1.39 027+1.12 0.94 0.03
Right-after - 0.15+1.04 0.84 -0.07
Thermal Ist  0.05+130 0.00 + 1.33 0.92 20.03
Acceptability
(Whole-body) ond  -031+1.42 0.08 £ 1.64 0.49 0.25
3rd -021+1.77 -0.50 +1.82 0.68 -0.16
Allvotes  -0.07 + 1.71 -0.06 + 1.47 0.97 -0.01
Pre 0.50 = 1.42 0.27 £ 0.90 0.60 -0.19
Right-after - 0.48 +1.05 0.96 -0.01
e Ist  0.19+1.12 033+ 1.28 0.75 0.12
Acceptability
&= - + o
(Upper Back) 2nd 0.02 + 1.40 0.06 + 1.49 0.87 0.06
3rd  -0.12+1.57 0.13+ 1.67 0.99 -0.004
All votes 0.19 + 1.65 0.16 + 1.38 0.98 -0.03
Pre  -1.38+1.51 -1.33£1.00 0.92 0.03
Right-after } -1.25+0.95 0.11% 0.10
Thermal Ist  -138+151 1.54+0.99 037" 20.12
Preference
_ _ T _
(Whole-body) 2nd 1.50 £ 1.25 1.60 = 1.04 0.43 0.09
3rd  -1.36+1.42 -1.67+0.93 0.48 -0.26
All votes  -0.08 + 1.71 -1.51£0.97 0.61% -0.07
Pre  -1.26+0.98 -1.02+0.93 0.49 0.25
Right-after § -0.85+1.09 0.29 0.39
Thermal Ist -1.26+1.18 -133+1.19 0.87 -0.06
Preference
(Upper Back) 2nd  -1.55+0.90 2123+ 1.34 0.46 0.27
3rd  -1.52+0.97 140+ 1.16 0.74 0.12
All votes  -1.86+ 1.25 -1.20+1.18 0.33" 0.19




A.8.2. Skin Temperature
Upper Back Skin Temperature

a) Upper-Back thermal sensation for cool participants
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Figure A8.3 a) Upper-back skin temperature boxplot for the cool group. Significant at the 10 min
window. b) Upper-back skin temperature Boxplot for the warm group. Significant statistical difference for
the first 20 min.
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Figure A8.4 a) Upper-back skin temperature plot for the cool group. Significant drop for the 20 min and
then temperature rise above the baseline for the rest of the experiment for the cool participants; b) Upper-back
skin temperature plot for the cool participants. Significant statistical difference for the first 20 min and

remained slightly lower than the control group.

A.8.3. Emotional Evaluation

Analysis Results
Cool Group

Table A8.3 PANAS-SF Statistical analysis results for the cool group

Mean (SD)
Emotional State Control Loc.a !
Cooling
Group

Group

P-value Cohen’s d



Determined  3.38 + 1.03 3.64 £0.88 0.07f 0.26
Attentive  3.34 £+ 1.00 3.93+0.99 0.0017 ** 0.58
Alert 3.25+1.17 3.70£1.08 0.027 * 0.35
Positive Inspired 278 +1.15  3.07+1.26 0.07" 021
Emotions
Active  2.95+1.13 3.30+£1.23 0.06" 0.33
Overall 3.14+0.88 3.53+0.91
Positive 0.02* 0.51
Emotion
Afraid 1.22+0.63 1.11 £0.31 0.33f -0.25
Nervous  1.39+0.68 1.46 £0.76 0.27f 0.05
Upset 1.28+0.55 1.12+£0.33 0.057 -0.21
Negative Ashamed  1.08+027  1.09+029 0.417 20.01
Emotions
Hostile  1.05+0.21 1.09 £0.29 0.177 0.29
Overall 1.20+£0.35 1.18+£0.23
Negative 0.357 -0.08
Emotion
T: Mann-Whitney non-parametric results, while rest refers to the T-test parametric results
Warm Group
Table A8.4 PANAS-SF Statistical analysis results for the warm group
Mean (SD) P-value
4 Cohen’s
Emotional State Control  Local Cooling d
Group Group
Determined  3.21 = 1.41 3.23+1.09 0.30 -0.11
Attentive  3.04 + 1.41 3.13+1.21 0.49 -0.01
Positive Alert 291 +1.28 2.98 +£1.31 0.49f -0.08
Emotions
Inspired 2.43 +1.45 247 +£1.31 0.487 -0.10
T
Active  2.88+1.40 2.50+1.44 0.02 -0.41




Overall

Positive  2.89 +1.27 2.86+1.13 0.30% -0.17
Emotion
p
Afraid 1.29+0.53 1.07 £0.31 0'222 -0.42
¥
Nervous 1.70£0.76 1.40 +0.81 0'223 -0.34
< il
Upset 1.61 £0.85 1.13+0.34 ?kffl -0.78
Negative
Emotions Ashamed 1.11+0.31 1.07 £ 0.25 0.19f -0.18
< T
Hostile 1.46+0.71 1.07+£0.25 0*'221 -0.74
Overall <0.001"
Negative 1.43+0.412 1.11+0.24 - -0.79
Emotion

+: Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.8.4. Cognitive Performance

Cognitive Performance Results

The results showed the cool group performance better on two cognitive tasks (BART for Risk Taking and
AX-CPT for Attention) of the six cognitive tasks. For the BART risk taking task, the cool group condition
showed a difference in risk taking behavior (p = 0.03) compared to the warm group who hasn’t show any
significant difference between to the experimental condition. Furthermore, we see that the cool group
showed significance in the reaction time of the AX-CPT attention task (p = 0.03). The results of the rest
of the cognitive tasks did not show any significant difference for both groups. This suggests that the cool
participants in the local cooling group showed more risk-taking behavior while feeling more comfortable
compared to the warm participants. Furthermore, the cool group showed more increase in attention which
resulted in shorted reaction time.

Table A8.5 Statistical analysis summary of the cognitive tasks based on initial thermal sensation vote

P-Value
Cognitive Cognition Evaluation
. . Cool Warm
Test Function Metric Overall Group
Group Group
Workin Percent
Token Test g 0.45 0.88 0.17
Memory accuracy




Proportion

Response 0.17% 0.96 0.09
Stroop Inhibition Correct
Color Test (Reaction : :
Timey oeten T(inmsj 0.45" 022 0.0502
Proportion
correct (0-deg) 0.41 0.25 0.88
Proportion
. correct (90- 0.35¢ 0.22 0.96
Spatual Short Term deg)
Processing M
Test emory Proportion
correct (180- 0.41F 0.67 0.68"
deg)
Reaction time 0.1t 0.29 0.64
(ms)
Total 0.13 0.27 0.24
explosions
BART Adjusted Total 0.0027
Balloon Pump Count HoAk 0.03 0.28
Test
Average
Risk Taking  adjusted Pump 0.67 0.50 0.82
Count
gggtion 0.19" 043t 023t
correct
AX-CPT Attention _
Reaction time 0.18" 0.03 0.80
(ms) *
Alternative
. . _l.
User Task Creativity ~ Average Score 0.39 0.28 0.80

T: Mann-Whitney non-parametric results, while rest refers to the T-test parametric results

A.8.5. NASA-TLX Questionnaire
Cool Group

Table A8.6 NASA-TLX statistical analysis results for the cool groups

Mean + SD
Task Load Control Lo.cal P-value Cohen’s d
Cooling
Group

Group



Mental Demand 444 +1.44 4.87+1.11 0.747 0.33
Physical Demand 1.62 +1.39 1.77 £1.70 0.96f 0.10
T];I:i‘;ﬁ 435+165  5.02+0093 0.26' 0.50
Performance 4.64 +1.65 5.22+0.73 0.75¢ 0.45
Effort 3.89+1.67 5.10+£1.28 0.09¢ 0.80
Frustration 3.56 +1.50 3.32+1.99 0.70 -0.14
Total Task Load 3.75+0.90 4.22+£0.63 0.11 0.59
TLX statistical analysis results for the warm group
Mean + SD
Task Load Control Lo.cal P-value Cohen’s d
Group Cooling
Group
Mental Demand 4.40+1.58 4.20+1.59 0.737 -0.12
Physical Demand 1.05+1.36 1.36 £1.90 0.74f 0.18
Temporal
Demand 397+1.82 426+ 1.46 0.63 0.18
Performance 4.87 £1.47 5.01+1.35 0.987 0.09
Effort 455+1.72 4.86 +0.98 0.55 0.22
Frustration 4.55+1.57 3.41+1.86 0.087 -0.65
Total Task Load 3.90+0.97 3.85+0.66 0.87 -0.06

T:Mann-Whitney non-
parametric results,
while rest refers to the
T-test parametric
results

Warm Group:

Table A8.7 NASA-

+:Mann-Whitney non-parametric results, while rest refers to the T-test parametric results



