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Abstract: This paper presents the findings of a 6-week long, five-participant experiment in a con-
trolled climate chamber. The experiment was designed to understand the effect of time on thermal
behaviour, electrodermal activity (EDA) and the adaptive behavior of occupants in response to a
thermal non-uniform indoor environment were continuously logged. The results of the 150 h-long
longitudinal study suggested a significant difference in tonic EDA levels between “morning” and
“afternoon” clusters although the environmental parameters were the same, suggesting a change in
the human body’s thermal reception over time. The correlation of the EDA and temperature was
greater for the afternoon cluster (r = 0.449, p < 0.001) in relation to the morning cluster (r = 0.332,
p < 0.001). These findings showed a strong temporal dependency of the skin conductance level of
the EDA to the operative temperature, following the person’s circadian rhythm. Even further, based
on the person’s chronotype, the beginning of the “afternoon” cluster was observed to have shifted
according to the person’s circadian rhythm. Furthermore, the study is able to show how the body
reacts differently under the same PMV values, both within and between subjects; pointing to the lack
of temporal parameter in the PMV model.
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1. Introduction

How the indoors are designed and climatised is based on indoor comfort models that
have changed rapidly over the last five decades, starting from Fanger’s PMV model [1]
to Gagge et al.’s SET [2], Nicol and Humphreys [3] and de Dear and Brager’s [4] adaptive
comfort theory. The accuracy of all these models in their prediction of the mean occupants’
vote depends strongly on the considered environment. Since their inclusion in current
standards and guidelines, like the ASHRAE-55, ISO 7730, EN 15251 and EN 16798 [5], these
models have been criticised (i) for the high error rate in the evaluation of transient and spa-
tially non-uniform conditions [6], (ii) for the high energy consumption and inefficiency of
conditioning the entire air volume of buildings instead of decentralized individual climate-
optimization systems [7] and (iii) for the resulting health implications due to homogeneous
conditioning [8]. Furthermore, the performance gap is still a valid phenomenon, which
adds to not only energy and operation costs but also hidden performance and productivity

Signals 2021, 2, 863–885. https://doi.org/10.3390/signals2040050 https://www.mdpi.com/journal/signals

https://www.mdpi.com/journal/signals
https://www.mdpi.com
https://orcid.org/0000-0002-0129-2549
https://orcid.org/0000-0002-0958-5346
https://orcid.org/0000-0001-7682-0652
https://doi.org/10.3390/signals2040050
https://doi.org/10.3390/signals2040050
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/signals2040050
https://www.mdpi.com/journal/signals
https://www.mdpi.com/article/10.3390/signals2040050?type=check_update&version=3


Signals 2021, 2 864

costs [9], not to mention unforeseen expenditure on carbon budgets (energy efficiency
gaps) [10].

New approaches to all these established methods have been arising recently that
can be categorized in a “dynamic comfort” theory, in which the thermal perception is
defined by a profile of the spatio-temporal dynamics of the human body, rather than the
homogeneous single optimum condition of an environment [6].

Studies investigating the acceptance [11,12] and endurance [13] of thermal stress in
environments with larger temperature variations showcase that there is, in fact, no necessity
for homogeneous conditioning as long as the participants were given adaptive opportunities.

While the idea of strict thermal indoor environments seems outdated, the new work
culture of recent years has also proven itself to be more flexible than previously known.
Even before the rise of remote-working in the past 1.5 years, companies were already
experimenting with the idea of shared and mobile workstations, where the occupant was
free to choose their preferred space in the building. Now that the possibility of partial or
fully remote work is added to the discussion, schedules are considerably different—the
latest ICT technologies have made the 8 to 5 work day in front of the same static screen
redundant, added the flexibility of time and the flexibility of space.

Considering these points, the authors propose to exploit this spatio-temporal flexibility
in favour of free-running and/or less conditioned spaces, with potentially higher cooling set
point temperatures. The hypothesis is that, as an alternative to homogenously conditioned
spaces throughout the day, it might be possible to reduce both the conditioning period and
amount of the conditioned spaces while avoiding thermal stress.

In order to investigate this, a 6-week long experiment is designed to replicate such a
flexible scenario, and the stress and relief are quantified through the constant measuring of
physiological data.

2. Physiology of Thermal Stress

The decision-making process regarding heat, or its lack thereof, originates from the
human body’s homeostasis that maintains its core temperature in a very tight range. In
humans, the temperature difference between sweating to shivering is estimated to be
around 0.68 ◦C [14], or more specifically 1.4 ± 0.6 ◦C for males and 1.2 ± 0.5 ◦C [15].
It is suggested that this quality was amongst the key events that had helped mammals
(and birds) across the globe, in a vast range of temperatures from poles to deserts, to
proliferate—which is why it is one of the central mechanisms of our physiology. Based
on Tan & Knight [16], thermal satisfaction can be used as a reward in mammals and can
motivate them to learn and perform new tasks. This means thermal homeostasis is as
strong and driven by the same motivational systems as some other basic functions, like
eating and drinking.

Thermoregulation can be achieved through behavioural and/or physiological re-
sponses [17,18]. Behavioural responses are conscious and include seeking a more thermally
neutral place, changing posture, altering clothing, or making changes in the immediate
environment [19].

The thermoregulatory physiological responses of the body’s autonomic nervous sys-
tem mechanisms include regulation of the skin blood flow (vasoconstriction or vasodila-
tion), shivering and sweating (sudomotor activity) [20–22]. These physiological functions
employ a series of body parts, from outer surfaces to the inner core and, in a sense, compose
a layered defence system. This system includes specialised warm and cold thermoreceptor
sensors that provide feedback and feedforward to the spinal cord [23], which by their
afferent activity drives the relevant regulatory system. An interesting difference between
the feedback and feedforward sensing system is that feedback receptors are mainly located
throughout the body core, including the brain, viscera and spinal cord and evaluate the
internal temperature, while the peripheral receptors on the skin act as feedforward mecha-
nisms by sensing the air temperature around them and anticipate the change in the thermal
balance It needs to be noted that there is also a debate whether skin should be classified as



Signals 2021, 2 865

a feedforward mechanism. For further discussion, please refer to [24]. Finally, it is worth
noting that the stimuli do not always originate from the external sources (i.e., climate), but
the body itself might be generating excessive heat due to reasons such as high metabolic
rate [25], fighting an infectious or viral disease [26] or regular digestion.

Behavioural adaptation mechanisms can take on a large portion of the thermoregula-
tory burden, leaving ideally less work for physiological alterations [27,28]. This means that
the body is subjected to less stress, and can successfully avoid large internal fluctuations
in vital organs [29]. While the stress placed on the body to maintain a stable core tem-
perature is crucial, this does not equal subjecting the human body to a constant ambient
temperature. While this may feel “comfortable”, several studies link continuously being
in a thermoneutral environment to likeliness of developing obesity, or being susceptible
to developing type 2 diabetes [30]. In other words, neither too much stress nor too much
comfort is good for human health.

Autonomous thermoregulation is mostly part of the Sympathetic Nervous System
(SNS) [31], apart from skeletal muscle shivering, which is controlled by the Central Nervous
System (CNS) [32] (see Figure 1).
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Figure 1. Thermoregulation mechanisms in mammals. Figure is a modified version of one presented in [15].

The skin, while being the largest sensing organ, is also the medium in which first
regulation responses happen, i.e., vasomotor or sudomotor activity. This means the skin is
also a good indicator to observe the thermoregulation activity in the body. Electrodermal
activity (EDA), referring to the changes in electrical conductance of the skin, is a popular
biosignal to observe and quantify exocrine sweat activity controlled by eccrine sweat
glands [33,34].

However, as the activities of different nervous systems are often overlapping in the
domain of the same organ, the sweat secretion on the skin not only indicates SNS activity
for thermoregulation but also might mean CNS dictated palmar, mental or emotional sweat-
ing [35,36]. A reliable distinction between the two is through the location of measurements
in the body: palmar and plantar surfaces, foreheads or axillary and genital regions [37] are
linked to psychological sweating response rather than evaporative cooling [38]. For this
study, the EDA data is collected through the non-dominant hand’s wrist.

Another fundamental aspect of EDA is its components (Figure 2): The phasic compo-
nent of EDA reflects the response to a specific stimulus and is generally a fast-changing
signal. Skin Conductance Responses (SCR) are considered event-related, and their number,
frequency and amplitude are some of their important metrics. A SCR is considered sig-
nificant when it is higher than 0.04 or 0.05 µS [39] while when it is below this threshold
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is considered non-specific SCR. SCR ranges are typically smaller than those of the Skin
Conductance Levels (SCL) (between 2-20 µS according to Cacioppo et al. [34] and up to
2–3 µS according to Braithwaite et al. [40]). In extreme situations, such as sudden inflicted
fearful or threatening stimuli, this maximum can go up to 8 µS, however this is found to be
very rare [40]. To set the scale for comparison between SCR and SCL, an SCL increase of
2 µS and more in 30 s is considered as an indicator for a hot flush [37].
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Figure 2. Tonic and phasic component of EDA.

The tonic component of EDA is the combination of non-specific SCR activity and SCL
and reflects the sweat background activity. The tonic component SCL reflects the slow,
long-term sweating procedure. The values are reported as between 1–20 µS within a normal
range by Geršak [41], 8–20 µS by Sowden & Barrett [42], 2–16 µS by Braithwaite et al. [40]
and 1–40 µS by Venables & Christie [43].

The tonic component is not a direct result of specific stimuli, but an accumulation of
non-specific events, which makes it more of an interest when looking into everyday life or
long-term allostatic load on the body.

3. Experimental Set-Up

The experimental dataset presented in this paper was collected over 6 weeks, from
five volunteers. Two of the subjects (participant 2 and 4) had to come in on the 7th week
since they each missed one appointment during the original 6-week period. Experiments
started on 10 May 2021 and data collection was concluded on 28 June. The experiment took
place in Munich, in the Faculty of Architecture of the Technical University of Munich. The
experiment was designed and conducted according to the ethical codes of the University.

All five subjects participating in the experiment were healthy individuals, aged be-
tween 24 and 37. Prior to the start of the data collection period, each participant was asked
to pick one day of the week to join the experiment, and they came in every week the same
day so that their respective schedule structures and type of work over the course of 6 weeks
would be similar and comparable to their data from other weeks. The participants’ daily
schedules were also kept the same and each participant decided when they would like to
start and finish the workday, in order to simulate their normal work experience as much as
possible. Each participant spent a total of 7 h in the experiment space each day, of which 6 h
were (suggested having been) dedicated for working and 1 h for a lunch break. Additional
breaks were all considered in the working hours. All participants worked on their personal
laptops, on their day-to-day tasks. Table 1 shows further information for each subject.
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Table 1. Information about participants.

Gender Age Height
(cm)/Weight (kg) BMI (kg/m2)/BSA * (m2) Days Daily

Schedules

Participant 1 F 25 166/51 18.5 kg/m2/1.53 m2 Mondays 09:00–16:00
Participant 2 F 37 157/56 22.7 kg/m2/1.55 m2 Tuesdays 11:00–18:00
Participant 3 M 24 195/80 21 kg/m2/2.08 m2 Wednesdays 08:00–15:00
Participant 4 F 29 169/60 21 kg/m2/1.68 m2 Thursdays 09:30–16:30
Participant 5 M 27 187/72 20.6 kg/m2/1.93 m2 Fridays 09:00–16:00

* Using the DuBois formula.

The experiment was carried out in an open plan studio space—Clima Lab. The Clima
Lab is a 250 m2, free running space with a ceiling height of 7 m and a façade orientation
to the south-east. While the Clima Lab is occasionally used as test space, it functions as a
regular open space office containing several desks, a lounge area, a kitchen and a bathroom.

The Sense Lab is a climate chamber within the Clima Lab and located on one end of
the space (see Figure 3). Sense Lab is a remotely controllable climate chamber built inside
the space. The room surrounding the lab is an actual workspace and is used by a minimum
of two (the authors) and a maximum of eight people during the week. The experiment
was designed to be in a semi-lab, semi-real-world environment, therefore, the access to the
space by other people working there was not restrained.
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Figure 3. Photos and 3D diagram of the open office and Sense Lab. Photo showing inside the lab is taken for representation
reasons only—there was no video recording during this study.

The open office is not an air-conditioned space during warm seasons, however due to
the facade orientation, the urban context and high ceilings the space itself rarely reaches
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high temperatures. During the data collection, the air temperature inside the open space
measured 24.22 ± 1.82 ◦C, with an overall minus delta of 3.85 ± 2.10 K from the air
temperature inside the Sense Lab (see Table 2). The mean radiant temperature inside the
Sense Lab was recorded by a globe thermometer placed next to the work desk that the
participants have used, on the head level. The temperatures were changed weekly, with no
heating the first week, and the data is not used in the analytics. The first week was solely
designed to get the test subjects familiarised with the space. The temperature was set to
25 ◦C (baseline), 27 ◦C, 28 ◦C, 29 ◦C and 30 ◦C over the course of the remaining 5 weeks, in
randomised order. Table 2 shows the temperatures inside the Lab, inside the open studio
and outdoors.

Table 2. Environmental conditions of each test week.

Dates * Outdoor ** (Mean ± SD) Open Space
(Mean ± SD) Sense Lab (Mean ± SD)

7–11 June 2021 22.43 ± 2.02 ◦C 23.99 ± 0.45 ◦C 25.27 ± 0.33 ◦C
24–27 May & 4 June 2021 15.52 ± 4.63 ◦C 23.34 ± 1.01 ◦C 27.30 ± 0.22 ◦C

31 May, 23–25 June & 28 June 2021 23.71 ± 4.11 ◦C 25.09 ± 1.13 ◦C 28.16 ± 0.28 ◦C
19–20 May, 1 June, 18 June & 21 June 2021 18.83 ± 7.78 ◦C 24.16 ± 2.72 ◦C 29.20 ± 0.31 ◦C

21 May & 14–17 June 2021 23.56 ± 4.90 ◦C 25.04 ± 1.85 ◦C 30.10 ± 0.27 ◦C

* The experiment temperature assigned for certain days was changed based on the outdoor temperatures; i.e., if the outdoor air temperature
was too high, the set point temperature for the climate chamber was switched to a higher temperature as well. ** Data obtained from
wunderground.com (accessed on respective dates as listed in the table above).

The participants were all told that, inside the Sense Lab was their main workstation,
however, they were free to take breaks outside the Lab (inside the open office, which was
always cooler) whenever they preferred and for however long they needed. Additionally,
in order to replicate a realistic scenario, they were allowed to exhibit adaptive behaviour
such as changing their clothing and having hot/cold drinks—they were only prevented
from any activities that would change the air temperature, such as opening the windows
or operating a desk fan. All the adaptive behaviour was marked as they happened. Finally,
the participants were told they were free to make changes in the interior layout of the Lab
as well as the organisation of the desk—the changes they made were recorded, and the
space was transformed according to their personal preferences at the beginning of each
day prior to their arrival.

While the globe thermometer temperature for the Sense Lab and air temperature
for the open office space was continuously being recorded, each participant was wearing
smart monitoring wristbands, on their non-dominant hands to acquire their biometric
data. In this study, E4 wristbands from Empatica were used. An extensive study by [44]
looks into the reliability of Empatica E4 wristbands, comparing data retrieved from a
sample of 345 recordings both by the wristbands and VU-AMS, the “gold standard” tool
with established reliability and validity; and comes to the conclusion that, “under non-
movement conditions, they propose practical and valid tool for research on HR and HRV”.
Table 3 shows the types and respective resolutions of the recorded data.
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Table 3. Collected data, methods and resolution.

Data Domain Data Unit Sensor/Method Accuracy Resolution Range Sampling Rate

Climate Air temperature (Open
office)

◦C

Thermocouple with NiCr-Ni
type K (MAX31856), shielded
from radiation/Thermocouple

Bricklet 2.0. Tinkerforge.

±0.7 ◦C (e) 0.01 ◦C (e) −210 ◦C to +1800 ◦C
(e) 1 min (e)

Climate Globe temperature (a)
(Sense Lab)

◦C

Thermocouple with NiCr-Ni
type K (MAX31856), in

blackened copper sphere (40 mm
diameter)/Thermocouple
Bricklet 2.0. Tinkerforge.

±0.7 ◦C (e) 0.01 ◦C (e) −210 ◦C to +1800 ◦C
(e) 1 min (e)

Biometric Electrodermal activity
(EDA) µS Electrodermal activity sensor,

Empatica E4. Medium-high (f) 1 digit ~900
pSiemens (g)

0.01–100 µSiemens
(g) 4 Hz (g)

Biometric

Photoplethysmography
(PPG)

/Blood volume pulse
(BVP) (b)

nano Watt PPG sensor, Empatica E4. High (f) 0.9 nW/Digit (g) 64 Hz (g)

Biometric Skin temperature (b) ◦C Infrared Thermopile, Empatica
E4.

0.2 ◦C within
36–39 ◦C (g) 0.02 ◦C (g) −40–115 ◦C (g) 4 Hz (g)

Biometric Motion-based activity
(c) g 3-axis Accelerometer,

Empatica E4. - 8 bits (g) ±2g (g) 32 Hz (g)

Psychological Thermal stress
feedback - Event-mark button on the

wristbands, Empatica E4. -
Temporal

resolution of 0.2
secs (g)

- -

Psychological Adaptive behaviour -
Manual mark-up through

continuous monitoring
(on-site observation) (d)

- - - -

(a) Regarding low air velocity and low emissivity of surrounding surfaces, globe thermostat was considered equal to operative temperature [45]. (b) Data recorded but not used in the scope of this publication.
(c) Data used at times to eliminate inaccurate physiological data. See Footnote 5. (d) When the participants were outside the box—if the participants, for example, changed their clothing when inside the Climate
chamber, it was not observed. (e) According to Technical Specifications by Tinkerforge [46]. (f) According to Milstein and Gordon [47]. (g) According to Empatica E4 User Manual [48]. * A continuous CO2
monitoring was also made in the Sense Lab, in order to ensure fresh air requirements. In the period where the Sense Lab was occupied, the CO2 levels were 525.88 ± 125.27 ppm (mean ± SD).
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A typical day started with the test subject arriving to the studio space with their
personal laptops. In order to acclimatise their bodies and have them psychologically adapt
to the space, a 20 min resting period in the resting area in the studio space is practised.
When the subjects settle in this area, the wristbands were put on and recording started.
After the resting period, they were asked to enter the Sense Lab and their workday started.

As previously explained, all subjects were told they were free to leave the Lab and take
breaks in the “cooler area” as they needed. In line with the hypothesis of the experiment,
the breaks were then used as indicators of exceeding the threshold of accumulated thermal
stress in the body. The biosignals collected throughout each day was then clustered based
on the subjects’ location. The limits of heat exposure, tolerance and physical endurance
were examined by looking at the duration of the breaks, recovery time of the body after
each break, sensitivity to thermal input after the breaks, effects of adaptive behaviour on
tolerance of exposure.

4. Data Analysis and Findings

The data that was collected through wristbands, climate sensors and manual entries
on test subjects’ behaviour were all matched by timestamps.

4.1. Overall Observations

As per the setup of the experiment, it was expected of the test subjects to use the
change of space as the initial tool of adaptation. Figure 4 below show the total duration of
work inside the climate chamber (Sense Lab), breaks in the cool room and breaks on the
outside of the facilities.
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As it can be easily observed, there are no clear correlations between the temperature
rise and duration/amount of breaks, which rejects the initial hypothesis of spatial adap-
tation. The authors explain this by means of psychological aspects; even though the test
subjects were introduced to the facilities before the experiment started, and an entire first
week was used solely to get the subjects used to the space (the data at the end was left
out of the resulting dataset), there was still probably no sense of ownership of the space,
routine, set expectations, familiarity/relationship with other people in the shared office
(cool room), or so. This, in theory, most likely limited the free use of all available spaces
and the subjects might have preferred to stay in the climate chamber longer, albeit the heat
stress. The effect of similar psychological decision-making on heat tolerance is an aspect to
be studied in the future.

As for the other adaptive behaviour, change of the clothing was also constantly
observed and marked. Figure 5 shows the variation of clothing values per participants, for
each test day. Similar to the break pattern, there is no clear trend between the rise of the
temperature and clothing decision. However, similar to the number of breaks taken during
the day, the number of clothing changes presents a different characteristic behaviour for
each participant.
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4.2. Physiological Response

This study focuses on the investigation of EDA activity in different ambient temper-
ature environments. The raw EDA signals had a sampling frequency of 4 Hz and were
analysed using the Neurokit2 library for Python [49], i.e., filtered, cleaned, and then divided
into phasic (SCR) and tonic (SCL) activities, while the SCR peaks were identified.

Below (Figure 6) are the graphs illustrating The EDA levels of each test subject
from different days, against the temperature that the subjects were exposed to at the
respective time.

As mentioned previously, the main part of the data analyses focused on tonic compo-
nent. The 25 ◦C day was accepted as the baseline for all participants. As expected, generally
the EDA activity is at its minimum for all—however a comparison between Participant
3 and others clearly show the difficulty in making inter-person analysis with absolute
numbers. As a clear example, while Participant 3 had a tonic range of 0–7.5 µS during
the 25 ◦C day, this is the maximum range ever observed for Participant 1, including the
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30 ◦C day (see Figure 7). This has been found previously in literature as “within-subjects
correlations being much higher than those between-subjects” [36,37,48].
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Figure 6. EDA tonic and phasic levels of each participant throughout the day. Each column represents different days (from
top to bottom, 25 ◦C, 27 ◦C, 28 ◦C, 29 ◦C and 30 ◦C) for each Participant, respectively. The black lines show the temperature
that the participant was exposed at the given time; i.e., one can assume that the higher temperatures are when they are in
the Sense Lab, the lower ones are when they take a break in the cold room (Clima Lab) and the lowest ones are when they
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The tonic EDA is a slow varying signal over time, thus for each participant/session, a
sliding temporal window of ∆t = 1 min and step of 1 min was used after carefully checking
that does not affect the information and the signals’ variability.

As EDA presents inter-subject variability, it is appropriate to take into account each
participant’s personalized EDA tonic baseline (grand average of 25 ◦C). The differential to
baseline EDA tonic values were extracted generating a common reference for EDA across
subjects providing data normalization.

The normalized data elicited statistically significant changes in normalized tonic
EDA over temperature (Kruskal-Wallis H test, H(4) = 5335.45, p < 0.001). Pairwise post-
hoc analysis with Bonferroni correction on multiple comparisons revealed statistically
significant differences in median tonic EDA values between 25 ◦C and 28 ◦C (p < 0.001),
25 ◦C and 29 ◦C (p < 0.001) and 25 ◦C and 30 ◦C (p < 0.001). The results are presented
in Figure 8.
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Figure 8. Boxplots of tonic EDA over temperatures, *: p < 0.05 **: p < 0.01 (Kruskal-Wallis H test with
Bonferroni correction on multiple comparisons).

It can be observed from Figure 8, that tonic EDA presents a statistically significant
increase after the 28 ◦C and above this temperature (i.e., 29 ◦C and 30 ◦C). Although
there are several studies that compare EDA levels under different temperature settings,
to the authors’ best knowledge, there are no comparable datasets that collected EDA
data under the same temperatures and temperature steps. In the occupational health,
psychophysiology or biomedical studies where the use of EDA has been traditionally more
common, either the ambient temperature was kept to the thermoneutral ranges (22–26 ◦C
depending on the study [37]) or where the impact of ambient temperature was studied,
bigger steps of temperature changes were tested [50,51]. Therefore, the observed finding
could not be compared to the existing literature. However, the clear difference of change in
means from 27 ◦C to 28 ◦C will be observed with further data collection.

Additionally, even though statistical analyses present significant relevancy, it must be
noted that when looked in detail, there are several moments where there are contradicting
relationships between tonic EDA and temperature trends. Figure 9 shows some of these
moments. In the future studies, such inconsistencies should be examined carefully and
eliminated and/or normalized wherever needed.

4.3. Temporal Change

Another visible observation was the change of physiological reaction to similar con-
ditions over time within the same day. As speculated beforehand, this study is not only
interested in how different spaces with different thermal setups affect the human body, but
also when and for how long. In that regard, the same SCL data was plotted against time. A
k-means clustering (elbow joint at k = 2) revealed a change in regression around lunchtime
in most of the cases (see Figure 10). It must be noted that in all of the following analyses,
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the dataset is only for when the participants were inside the Sense Lab. Therefore, the gaps
in the timelines show the breaks.
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Scatter plots with temperature and SCL values illustrate the overall effect (Figure 11).
The differences in morning and afternoon clusters are clearly visible in some participants
(Participants 1 and 5), more moderate in some others (Participants 3 and 4), and an insignif-
icant difference can be seen in one (Participant 2).

The correlation of the tonic EDA values with temperature of all participants was
checked for morning and afternoon cluster. The correlation of the EDA and temperature
was greater for the afternoon cluster (r = 0.449, p < 0.001) in relation to the morning cluster
(r = 0.332, p < 0.001). The statistical significance of the morning and afternoon correlation
was checked using the Williams’s Test [52]. The data were transformed according to the
Fischer transformation

r′1 =
1
2

ln
(

1 + r1

1− r1

)
r′2 =

1
2

ln
(

1 + r2

1− r2

)
(1)

in order to be normally distributed. The statistic z of the test is given by the formula

z =
r′1 − r′2√

S2
1 + S2

2

=
1√

1
n1−3 + 1

n2−3

r′1 − r′2 (2)

where r1, r2 are the correlation coefficients between EDA and temperature of the morning
and evening cluster, respectively, and n1, n2 are the samples of the morning and evening
cluster, respectively.

The William’s Test resulted in statistically significant higher correlation between tonic
EDA and temperature in the afternoon cluster (z = 6.534, p < 0.001) in relation to the
morning cluster.

At first glance, there were several possible explanations for the differences in “morn-
ing” and “afternoon” clusters:

1. The participants left the climate chamber for lunch, walked to a nearby restaurant
(less than 10 min) and walked back. This rise in activity level, especially after having the
entire morning spent sitting in front of a desk, might have resulted in higher EDA overall.
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However, on two separate occasions, the participants did not even leave the space
for lunch and decided to sustain on smaller snacks throughout the day, not walking for
longer than the distance to the bathroom. The clusters were very similar. Additionally,
while the majority of participants had their cluster divisions very close to lunch breaks
(for these four participants, “afternoon” cluster starts 00:08 ± 00:14 after the lunch break)
Participant 2, who started her day an average 2 h later than the other participants, has her
cluster division time 01:23 ± 01:18 after her lunch break. And finally, for Participant 3, on
the days of 27 ◦C and 28 ◦C tests, the division starts an hour before the lunch break ends
(see Table 4).

Table 4. The afternoon cluster start after experiment start time and lunch break end.

Daily Schedule Time after Start
(Mean ± Std)

Time after Lunch
(Mean ± Std)

Participant 1 09:00–16:00 04:04:44 ± 00:21:57 00:01:44 ± 00:01:01
Participant 2 11:00–18:00 03:26:12 ± 00:15:08 01:23:37 ± 01:18:31
Participant 3 08:00–15:00 04:06:51 ± 00:43:29 −00:20:15 ± 00:35:33
Participant 4 09:30–16:30 03:49:03 ± 00:30:13 00:09:54 ± 00:19:44
Participant 5 09:00–16:00 03:57:36 ± 00:33:01 00:01:12 ± 00:01:06

2. The digestion of lunch could have raised the metabolic rate and the body tempera-
ture. The explanation of the above exceptions apply in this case as well.

3. The EDA was affected by the circadian rhythm of the body and with the natural
rise in body temperature in the afternoon, the skin was less capable of handling heat and
started accumulating stress, which was also the reason of the higher correlation between
temperature and EDA levels in the afternoon. The rise in the tonic EDA is less impacted by
the rise in temperature in the morning clusters, hence the lower correlation.
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Note that most participants (1, 3, 4 and 5) had starting times between 8.15–9.30, while
Participant 2 started at 11.00 by her own choice. Her clustering places not so differently
from others, with nearly 3.5 h after her starting time. This raises the question whether her
natural circadian rhythm has shifted accordingly, or the main determinant is the amount of
time spent in the Sense Lab, or a balance of the two.

The daily oscillation of the body temperature over the full 24 h cycle is nearly 1 ◦C [53],
and can be even higher based on gender, age and other factors. The temperature is at its
lowest in the morning (bathyphase), and highest in the afternoon (acrophase), mirroring
the Midline Estimating Statistic of Rhythm (MESOR) line. While for a person that is awake
between 7:00 and 23:00 o’clock, the bathyphase is between 03:00 and 06:00 o’clock, and the
acrophase is observed between 18:00 and 21:00 o’clock, a more universal rule of thumb can
be generalised as the acrophase happening 12 h after waking [54].

In a recent research, Kim et al. [55] ran a 2-day long study in a hospital environment
with 14 healthy adults, and found that EDA showed significant similarity to the circadian
rhythm, by differing from mean value by 15% around 16:00 o’clock. This correlation and its
implications need further exploring, however such a temporal clustering of the relationship
of the human and its environment can be a promising start in handling the spaces more
efficiently and sufficiently. Another study from 2021 by Vieluf et al. [56] collect data from
119 patients and model the EDA level curve over the 24 h period, with an oscillation of
2 µS in the individual means, and around 0.3 µS in the best fitting pattern (Figure 12).
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4.4. Same Analyses with PMV

Until now the physiological data was compared against operative temperature. How-
ever, this naturally does not reflect the other elements of heat-balance models, or the impact
of the adaptive behaviour. In this section, PMV and PPD values were calculated based on
the clo values that were observed and recorded throughout the experiments and relative
humidity values measured by the climate logger. Throughout the experiment, the relative
humidity inside the Sense Lab during occupied time ranged between 20.18% and 46.41%
(mean ± STD is 31.67 ± 7.5%). The metabolic rate was fixed at 1.1 met for light work on
computer, and the air velocity was assumed as 0.05 m/s since the Sense Lab is entirely
isolated from the outside and the windows at the façade were kept closed during the ex-
periment. The PMV and PPD calculations were done using pythermalcomfort library [59]
on Python. Figure 13 shows the PMV ranges for each participant, in respective test days.
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Since air velocity and metabolic rate was set to a constant and operative temperature
was kept in a tight range (see Table 2), parameters affecting the PMV were relative humidity
and clo values. The variation in RH was quite low throughout the data collection period
therefore suggesting that changes in the clothing values affecting the PMV ranges.

The joint effect of temperature and humidity on PMV was investigated using a partial
least-squares linear regression model [60]. The model was fitted to the temperature,
humidity parameters estimating the involvement of each parameter in the regressive
response outcome PMVregr,

PMVregr = β0 + β1 · temprature + β2 · humidity + e (3)

where β0 is the intercept, β1, β2 are the model coefficients of temperature, humidity respec-
tively and e is the residual (unexplained variance in PMVregr). The regressive response
outcome PMVregr contains the combined involvement of temperature and humidity on
PMV. The regression model parameters were estimated as,

PMVregr = −7.65 + 0.30 · temprature− 0.004 · humidity + e (4)

For estimating the significance, the regression model was fitted on each participant
in a sliding window of 60 s and step of 60 s. Due to the highly correlated time series, the
subject’s p-value was adjusted by dividing by the number of samples. The total combined
p-value was estimated as the mean values of the individual p-values leading to a p < 0.001
for temperature and a p = 0.04 for humidity. Therefore, the temperature was the most
significant parameter affecting positively PMV following by humidity which has a marginal
significant negative effect.

The results (Figure 14) therefore, do not show a significant difference in findings
in comparison to the previous plots with temperature (Figure 11) as expected. When
compared, afternoon and morning clusters present a larger range of tonic values for the
same PMV value, similarly to the operative temperature.
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5. Limitations and Discussion

The first point of discussion is the minimal personal comfort perception/satisfaction
feedback against the biometric datasets. Collecting both quantitative and qualitative data
and attempting to correlate them is a common practice in similar studies, and believed to
offer further insight when coupled with objective data [61,62]. However, in the experiment
presented in this paper, elimination of any kind of survey-like feedback was intentional.
Thermal comfort is, in reality, the lack of discomfort, or more precisely and bypassing
the double negatives, it is neutrality [63]. Some studies reveal that these questionnaires,
however short, easy or presented with well-designed user interfaces, still pose a threat
for bias or show problems with reproducibility [64–69]. While the comparison between
physiological data and psychological feedback is worth investigating, the authors decided
to collect the subjective feedback only through the event-mark buttons, when the sensation
would be defined as “thermally stressful” by the participants. No grading or further ques-
tioning was required, the only metric considered was the time the participants remembered
to press a button that they were only reminded of in the beginning of the experiment.
This event-mark button, however, was rarely used by the participants even in the highest
temperature days, and therefore its data was excluded in the publication.

Due to the nature of the research questions at hand, the design of the experiment
intended to replicate a real-world setting as much as possible. By doing so, the participants
were given all the flexibilities and adaptation options as a regular workspace with adaptive
capabilities would normally have. However, the use of windows and additional fans were
prohibited in order to keep a stable temperature inside the test space—which can be argued
as a significant psychological setback.

Furthermore, even though the first week of data collection was intended for the test
subject to familiarise with the space, lockers were provided for the subjects to bring and
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leave their belongings, and the authors observed and re-created individual preferences in
the Sense Lab for each person at the beginning of their test-day (i.e., the choice of work
chair, desired items on the desk, etc.); the authors speculate that it still may not be enough
time to simulate a realistic tolerance behaviour that the subjects would exhibit in “their
own” workspaces, as they only used the space six times over the span of 6 weeks and
formed no routines. Furthermore, while they were informed that the temperature inside
the Sense Lab might be different during different days, and despite having alternative
clothing in their lockers, the lack of anticipation and expectation, most likely limited
any gradual acceptance of the high temperature. At the end, the observed behaviour
throughout the experiment period left the authors unsure about whether the employed
strategies to make the participants feel “at home” worked. It is worth mentioning that, the
upcoming experiment designs need to be more conscious of the Hawthorne effect and find
ways of overcoming it [70,71].

Additionally, while the age range of the participants is not limited to those of the
typical student age group, it can be argued that it is still not fully representative of people
that are expected to work in office environments. A sample group of five people does not
constitute as representative either. However, the findings in this paper are presented as
preliminary and will be treated as a basis for future research. The experiment is replicable
with different and more participants.

In addition to the missing psychological parameters, some physiological aspects were
also ignored within this study: On the hottest days when temperatures in the Sense Lab
were 29 ◦C or 30 ◦C, some of the participants (1, 2 and 5) verbally mentioned that they felt
that they were getting tired faster, relative to lower temperatures, when working inside the
Lab. While several studies have been looking into the relationship between thermal stress
and cognitive workload [72–76], this component has been left out from the experiments for
now. Nevertheless, the impact of thermal variations on cognitive workload is an aspect
that the authors will be examining in the upcoming experiment series.

6. Conclusions

The experiment collected data of five participants over the course of 6 weeks. The
resulting datasets included climate, physiologic and behavioural data with varying reso-
lution and finally matched time-wise. The analysis focused on the relationship between
tonic EDA to understand the impact of the thermal stimuli on the human body in a varying
spatiotemporal setup.

Initial research question at hand was the correlation between time and thermal ex-
posure. The data suggested that there was a difference in tonic EDA levels between
“morning” and “afternoon” clusters although the environmental parameters were the
same, suggesting a change in the human body’s thermal reception over time. Even further,
based on the person’s chronotype, the beginning of the “afternoon” cluster was observed
to have shifted according to the person’s circadian rhythm. Such individual shifts have
been remarked in the literature previously [77], and there are several studies that present
data on the changes in the core temperature and on the skin conductance throughout the
day [55–58]. Understanding this phenomenon in the context of design and operation of the
built environment might reveal opportunities in a change in office schedule-culture, which
could mean lowering and balancing the energy demand throughout the day, while actually
offering a healthier life-style for people as well.

Second research question was whether taking cool breaks would help with such accu-
mulation of stress in the body, and if so, whether a “reset” time could have been identified.
However, the use of breaks as an adaptive behaviour did not take place as expected and
the data did not yield clear trend. The authors intend to conduct further experiments to
investigate this relationship again in the future, this time with controlled schedules.

Finally, an underlying question was comparing health to comfort. As discussed
previously, only focusing on one physiological output is not representative of the body’s
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health panel but a mere scratch on the surface. However, initial comparisons reveal how
the body reacts differently under the same PMV values, both within and between-subjects.

At the moment no conclusion could be driven through the presented EDA data of any
of the participants as to say what is “healthy” or “not healthy”. This is for several reasons:

1. As previously explained the absolute numbers do not reveal much and the evalua-
tion should be done within-subject. Further longitudinal studies need to collect more data
from individuals to identify trends of within-subject changes.

2. While electrodermal activity was paralleled to a higher/lower sympathetic nervous
system (SNS) activity, without cardiovascular activity a complete argument should not be
made. The dermal related thermoregulation activities, as previously mentioned, employ
vasomotor responses, which is directly connected to the blood flow. In order to dissipate
more heat, the heart needs to direct a larger portion of blood circulation to skin, in some
cases as much as 60% [78]. Management of these sudden peaks and blood pressure
regulation is a health-critical SNS over-activity example. Therefore even though EDA levels
are indicative of SNS load, cardiovascular data should be studied in parallel.

3. Another important aspect is mental workload: with the blood redirection from
organs to skin in order to achieve thermal homeostasis, cerebral blood flow is also impaired.
Even a seemingly small rise of 0.3◦ K in core temperature (esophageal) with a rise of 3.8◦ K
in skin temperature is found to cause a 15% decrease in blood flow in middle cerebral
artillery flow [79]. While measuring the blood flow in brain systems may not be suitable in
experiments designed in a climate chamber, the cognitive workload as a result of it may
still be observed and measured via mobile EEG headsets.

7. Further Research

The analyses presented in this paper consists of 150 h of data collected from five
subjects. As pointed out in Limitations and Discussions, while the within-subject data size
is bigger than studies of similar research, number of participants are not adequate to derive
conclusions. However, the entire study and the set-up of the climate chamber is so that
the same data collection is to be repeated in a way that comparable data under the same
conditions will be produced. The authors are planning to continue to expand the dataset
and will re-evaluate the initial findings that were presented in this paper.

Another aspect that was mentioned previously, the additional biosignals (i.e., cardio-
vasciular and EEG data) are to be included in the same analyses, not only to search for sim-
ilar patterns that were found in this paper, but also to look for inter-biosignal correlations.

Finally, in the long-stretch, this research and accumulated comparable psychophysio-
logical data collected in similar controlled experiments will be used to design a new model
that is inclusive of the effect of time, and based on objective parameters that also point to
the health implications of the built environment.

In this age of long-waited mindfulness for the environment, the building professionals
should shift their views towards the active systems: their existence must simply be justi-
fied as an absolute necessity, rather than being accepted as the norm. As Addington and
Schodek state, “(o)nly the human body requires management of its thermal environment,
the building does not.” [80]. Understanding the physiological response in a higher resolu-
tion might enable us to design spaces and their operation in a similarly higher resolution
not only in space but also in time. Revealing time and space-dependent correlation between
the temperature and human body’s reception and processing of it can help the building
professionals treat the spaces in smaller units with different time schedules—which might
help us come closer to the sufficiency that we need. The comfort models have all relied on
extensive data collection and repeated experiments with different variables. Similarly, we
need to make use of the new tools available to us, as quantifying the psychophysiological
behaviour would be a valuable addition to the existing global databases on comfort.
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77. Vldaček, S.; Kaliterna, L.; Radosšvić-Vidaček, B.; Folkard, S. Personality Differences in the Phase of Circadian Rhythms: A
Comparison of Morningness and Extraversion. Ergonomics 1988, 31, 873–884. [CrossRef] [PubMed]

78. Charkoudian, N. Skin Blood Flow in Adult Human Thermoregulation: How It Works, When It Does Not, and Why. Mayo Clin.
Proc. 2003, 78, 603–612. [CrossRef] [PubMed]

79. Bain, A.R.; Morrison, S.A.; Ainslie, P.N. Cerebral Oxygenation and Hyperthermia. Front. Physiol. 2014, 5 MAR, 1–9. [CrossRef]
80. Addington, D.M.; Schodek, D. Smart Materials and Technologies for the Architecture and Design Professions, 1st ed.; Routledge:

Burlington, MA, 2005; ISBN 0 7506 6225 5.

http://doi.org/10.3390/biology10010065
http://www.ncbi.nlm.nih.gov/pubmed/17176167
http://doi.org/10.1080/07420528.2018.1486852
http://www.ncbi.nlm.nih.gov/pubmed/29939768
http://doi.org/10.1111/epi.16843
http://www.ncbi.nlm.nih.gov/pubmed/33619751
http://doi.org/10.1081/CBI-120004227
http://doi.org/10.1177/1099800403260620
http://www.ncbi.nlm.nih.gov/pubmed/14737919
http://doi.org/10.1016/j.softx.2020.100578
http://doi.org/10.1016/0003-2670(86)80028-9
http://doi.org/10.1145/2682899
http://doi.org/10.1109/TAFFC.2019.2927337
http://doi.org/10.1016/j.enbuild.2018.09.041
http://doi.org/10.1126/science.aac4716
http://doi.org/10.17763/haer.62.3.8323320856251826
http://doi.org/10.1371/journal.pmed.0020124
http://doi.org/10.21586/ross0000004
http://doi.org/10.1016/j.jclinepi.2013.08.015
http://doi.org/10.1061/9780784482438.075
http://doi.org/10.3390/s19081849
http://www.ncbi.nlm.nih.gov/pubmed/31003456
http://doi.org/10.1016/j.buildenv.2020.107021
http://doi.org/10.1080/00140138808966728
http://www.ncbi.nlm.nih.gov/pubmed/3168995
http://doi.org/10.4065/78.5.603
http://www.ncbi.nlm.nih.gov/pubmed/12744548
http://doi.org/10.3389/fphys.2014.00092

	Introduction 
	Physiology of Thermal Stress 
	Experimental Set-Up 
	Data Analysis and Findings 
	Overall Observations 
	Physiological Response 
	Temporal Change 
	Same Analyses with PMV 

	Limitations and Discussion 
	Conclusions 
	Further Research 
	References

