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Walking outdoors exposes pedestrians in urban settings to diverse and complex sequences of microclimates
which can potentially prompt experiences of thermal alliesthesia: transient feelings of thermal pleasure (positive
alliesthesia) or discomfort (negative alliesthesia). While adventitious spatial microclimatic variations hold po-
tential to enhance pedestrian thermal comfort, their practical application in urban design contexts remains
underexplored in the literature to date. This study investigates how thermal alliesthesia can be leveraged to
enhance the subjective thermal experiences of urban pedestrians. To address this question, 51 human subjects
were recruited to walk along a designated outdoor route in Beijing, specifically selected to present thermal
transitions that could potentially stimulate thermal alliesthesia during winter, spring and summer. As the re-
sidual heat accumulating in or depleting from body tissue when its heat inputs and outputs are unbalanced,
thermal storage (TS) is utilized to characterize the objective thermal status within the human body and quantify
the boundaries of the thermoneutral zone. Results identified a moderate thermal alliesthesia potential zone
within the range of 8.05-93.23 W/m? thermal storage. Within this zone, the variations of TS and thermal comfort
vote (TCV) follow a quadratic relationship, while in strong thermal alliesthesia potential zones, they follow a
linear relationship. Both temporal and spatial variations in thermal conditions influence TCV. This study dem-
onstrates how spatial microclimatic variations can be curated to enrich the subjective experience of pedestrians
in urban settings, providing a framework for purposively applying thermal alliesthesia principles in urban design
and pedestrian environments.

street geometries, proximity to water bodies, etc., all of which result in a
variety of wind and radiation environments for the pedestrian [5-7]. In
summary, to effectively remediate overheated urban biometeorological
environments and improve the subjective comfort perceptions of pe-
destrians, it is essential to develop a more detailed and comprehensive
understanding of how these outdoor environmental factors interact to
affect thermal perception and the walkability of urban landscapes [8].

1. Introduction
1.1. General background
The extreme weather conditions resulting from global warming are

being superimposed on the urban heat island effect, and the combined
effect is significantly deterring city dwellers from engaging in outdoor

activities [1]. However, outdoor thermal experiences are a key element
of low-carbon urban lifestyles [2] and cities’ long-term sustainability
[3]. Current urban pedestrian space planning primarily focuses on
functional aspects, often neglecting the actual thermal environments
experienced by pedestrians [4]. Pedestrians are inevitably exposed to
diverse urban morphologies resulting in complex shade distributions,
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1.2. How dynamic thermal exposure shapes pedestrian’s thermal
perceptions

Fig. 1 illustrates the heat exchange between pedestrians and the
environment during outdoor walking. Pedestrian thermal perception is
shaped by air temperature, humidity, wind speed, and solar radiation,

Received 17 December 2025; Received in revised form 25 February 2026; Accepted 28 February 2026

Available online 28 February 2026

0360-1323/© 2026 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).


https://orcid.org/0009-0007-9384-2635
https://orcid.org/0009-0007-9384-2635
https://orcid.org/0000-0001-5325-6788
https://orcid.org/0000-0001-5325-6788
https://orcid.org/0000-0002-3414-290X
https://orcid.org/0000-0002-3414-290X
https://orcid.org/0000-0002-1176-9179
https://orcid.org/0000-0002-1176-9179
mailto:yongxxie@polyu.edu.hk
www.sciencedirect.com/science/journal/03601323
https://www.elsevier.com/locate/buildenv
https://doi.org/10.1016/j.buildenv.2026.114434
https://doi.org/10.1016/j.buildenv.2026.114434
http://crossmark.crossref.org/dialog/?doi=10.1016/j.buildenv.2026.114434&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Y. Li et al. Building and Environment 295 (2026) 114434

Nomenclature Pa Water vapor pressure in ambient air kPa
PAR Physical activity ratio

ax Absorption coefficient for short-wave radiation Dsk.sii Saturated water vapor pressure at the skin kPa
BSA Body surface area m? Qu—d Downward long-wave radiation W/m?
BSA; Local body surface area m? Qu—u Upward long-wave radiation W/m?
BSA;, Ratio of body surface area to standard body surface area- Qres Rate of respiratory heat loss W/m?
BSA Body surface area of the standard body m? Qsw—d Downward short-wave radiation W/m?
c Rate of convective heat loss W/m? Qswu Upward short-wave radiation W/m?
dTAV Changes in thermal acceptability vote RH Relative humidity %
dTCV  Changes in thermal comfort vote Ry Rate of long-wave radiative heat loss W/m?
drs Changes in thermal storage W/m? Rs Rate of short-wave radiative heat gain W/m?
dTSvV Changes in thermal sensation vote 5; Short-wave radiation intensity W/m?2
Eg Rate of evaporative heat loss from the skin W /m? T, Air temperature °C
fa Solid angle factor for the upward and downward TCV.mean Overall TCV

hemispheres- TI Turbulence intensity
Soaseo.i Distribution coefficient of heat production from core TS Thermal storage per unit of skin area W/m?
Foasepus Distribution coefficient of heat production from fat TS.mean Overall thermal storage W/m?
Soasens; Distribution coefficient of heat production from muscle TS, Thermal storage at the current location W/m?2
Sraseq.s Distribution coefficient of heat production from skin- TS,, | Thermal storage at the previous location W/m?
fa Clothing area factor that accounts for the increased area TSyrfer  Preferred thermal storage W/m?

due to clothing.- TS, Thermal storage at t; W/m?
fai The locall clothing area factor. . ) S, Thermal storage at to W /m?
he; Convective heat transfer coefficient W/m?- K ATS TS variation values W/m?
Ret i Local evaporative heat transfer coefficient W /m?- K Tyt Mean radiant temperature °C
hri Radiative heat transfer coefficient W/m?- K T, Operative temperature °C
he; Sensible heat transfer coefficient W/m?- K Tsﬁiv Core temperature of head at the onset of shivering °C
I Thermal resistance of clothing (m?K)/W Ty Skin Temperature °C
Lr Lewis constant K/kPa T Local skin surface temperature °C
M Rate of metabolic heat production W/m? Tsem Mean skin temperature °C
Mpase_at Basal metabolism in whole body W Ty Surface temperature of the surroundings °C
Mpase i Heat production by local basal metabolism for each body to Time used for calculation

segment W t1 Time of questionnaire submission-

Mpgse,, Local heat production from core W v Relevant wind speed m/s
Mpase,,,; Local heat production from fat W w Rate of mechanical work accomplished W/m?
Mpase Local heat production by basal metabolism W a Azimuth angle °
Mpgs,,,, Local heat production from muscle W B Altitude angle *
&

Mpase,,  Local heat production from skin W Emissivity of the clothed human body for long-wave

M; Local metabolic heat production rate for each body radiation -
segment W/m> ¢ Stefan-Boltzmann constant W/ (m?K*)
Myorci  Local heat production by external work W ; Local skin wetness

Evaporation

Short — wave radiation

Long — wave radiation . /
Respiration

L ———

Long — wave radiation

/ Convection

Long — wave radiation

Fig. 1. Heat transfer between pedestrians and environment (modified after [12]).
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which together regulate heat exchange at the skin surface [9]. Variations
in walking speeds result in different relative wind speeds, generating
dynamic thermal stimuli that alter pedestrians' satisfaction [10], while
the sequence of exposed conditions and the direction of thermal tran-
sients significantly influence pedestrians' thermal perceptions [11].

Therefore, deliberately designing and curating thermal environ-
mental scenarios for pedestrians in urban settings is becoming increas-
ingly important [13,14]. Current strategies improve thermal comfort
through vegetation transpiration, localized shade (urban green infra-
structure) [15,16] or evaporative cooling (water bodies) [17,18].
However, these approaches often address environmental variables in
isolation, despite the fact that outdoor biometeorological factors
interact and jointly shape pedestrian thermal experience [19]. Also,
interventions typically focus on improving microclimates at fixed loca-
tions, while overlooking the continuous and dynamic exposure to
varying thermal environments that pedestrians experience along an
entire walking route [20]. These limitations highlight the need to
consider pedestrian thermal experience as a dynamic process that un-
folds continuously along the walking route, rather than as a series of
static microclimatic conditions.

Dynamic microclimatic variations along pedestrian routes, including
sunshade alternations and intermittent exposures to different thermal
stimuli, influence thermal perception beyond instantaneous conditions
[21]. Traditional static monitoring methods are insufficient to capture
pedestrian-scale dynamic changes in radiation and airflow [22]. These
transient experiences accumulate over time, meaning thermal sensation
is determined by the integral of stimulus intensity and duration rather
than instantaneous values [23,24]. Beyond external exposure, such cu-
mulative thermal experiences interact with the pedestrian’s internal
thermophysiological state, which is itself subject to continuous change
during walking. Furthermore, the pedestrian’s internal thermal state is
inherently non-steady. Unlike sedentary subjects, pedestrians experi-
ence continuous metabolic fluctuations. Experimental studies indicate
that although metabolic rate typically stabilizes within several minutes
following changes in activity level, subjective thermal sensation exhibits
a much longer temporal lag [25]. This temporal mismatch leads to a dual
response pattern, in which activity level substantially modulates human
sensitivity to step changes in environmental thermal conditions [26]. As
a result, thermal comfort under dynamic conditions cannot be explained
solely by physiological adjustment but also depends on subjective re-
sponses to thermal change.

Physiological responses and psychological thermal perception are
often asynchronous under dynamic conditions. Transient thermal ex-
posures can induce overshoot responses in thermal sensations that are
not synchronized with skin temperature changes, reflecting a temporal
mismatch between thermoregulation and perception [27,28]. This
mismatch is especially evident during environmental transitions and
creates conditions under which thermal stimuli may be perceived as
pleasant when they contribute to restoring internal thermal balance.
Such responses are consistent with the concept of thermal alliesthesia
and suggest that it can be deliberately exploited to enhance pedestrian
thermal experience in urban environments [10].

1.3. Potential application of thermal alliesthesia in enhancing urban
pedestrian thermal comfort

Natural fluctuations in outdoor thermal environments offer signifi-
cant potential for the application of thermal alliesthesia in improving
outdoor thermal comfort. This concept originated from the broader
concept of “alliesthesia”, initially proposed by Cabanac in 1971 [29]. It
refers to the phenomenon of how identical environmental stimuli can be
perceived as pleasant or unpleasant, depending on the body’s current
needs and physiological status [30]. According to its original definition,
pleasure arises when an external stimulus has the potential to restore the
regulated variable within the milieu interieur to its set-point, hence cold
stimuli are perceived as pleasant by a hyperthermic subject, and warm
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stimuli feel pleasant to their hypothermic counterpart. Conversely,
thermal displeasure (negative alliesthesia) is experienced whenever a
stimulus challenges the subject’s homeothermic balance [31].

Thermal alliesthesia has been classified into both temporal and
spatial variants [37]. Temporal alliesthesia results from environmental
temperature step-changes, ramps and drifts [32], while spatial allies-
thesia can be caused by localized cooling or heating of specific regions of
skin [31-34]. Based on the mechanisms of spatial and temporal thermal
alliesthesia, triggering pleasant, positive alliesthesia can be a useful
strategy to improve thermal comfort. In indoor scenarios, the predom-
inant approach is to utilize Personal Comfort Systems (PCS) to deliver
rapid or targeted thermal stimuli to specific human body segments,
leading to intense feelings of pleasure [35]. For example, He et al. [36]
demonstrated that rapid whole-body warming followed by sustained
local heating can induce both temporal and spatial alliesthesia under
cold conditions. Watanabe et al. [37] showed that localized infrared
radiation applied to the skin can elicit spatial alliesthesia through rapid
increases in local skin temperature. Similarly, Belyamani et al. [38]
reported positive alliesthesia effects using wearable thermoelectric
modules to provide localized skin cooling. These experimental protocols
serve as evidence supporting the notion that both temporal and spatial
alliesthesia have the capacity to trigger thermal pleasure.

Compared with the static and spatially uniform biometeorological
conditions typically found inside built environments, outdoor thermal
environments present more diverse opportunities for thermal allies-
thesia [39]. It was observed that thermal alliesthesia enhanced the
thermal pleasure experienced during outdoor walking [40]. In
semi-outdoor spaces, the uphill walking experiment conducted by Smail
et al. [41] used fatigue as an indicator of thermal discomfort. This urban
experiment was conducted in the winter and summer afternoons in the
Mediterranean climate of Algiers' Casbah city, confirming that pro-
longed exposure to solar radiation accumulates thermal storage in body
tissue, leading to negative alliesthesia and intensifying fatigue. In
contrast, pedestrians can experience restorative effects after short-term
exposure to intermittent shade and ventilated passages, triggering pos-
itive alliesthesia and mitigating fatigue and the associated thermal
discomfort [41]. Zhang et al. [10] have conducted an outdoor walking
experiment on a urban university campus. The experiment was carried
out during daytime in summer under a humid subtropical climate. The
subjects’ perambulations disturbed the wind field around their bodies,
and the resultant air motion at their skin surface was identified as the
primary driver of both temporal and spatial thermal alliesthesia. Vari-
ations in different wind speeds can either increase or decrease pedes-
trians' thermal pleasure, which can be considered as a potential way of
applying thermal alliesthesia in enhancing thermal experiences.

To more fully realise the potential for thermal alliesthesia to enhance
thermal comfort and pleasure experienced during outdoor walking, both
qualitative and quantitative research is needed. Parkinson and de Dear
[31] proposed a conceptual framework of thermal alliesthesia that
classifies the potential for thermal alliesthesia based upon the subject’s
physiological status relative to the thermoneutral zone of thermoregu-
lation. The framework was divided into three zones based on the po-
tential for triggering alliesthesia: the thermoneutral zone in which
vasomotion is the primary effector mechanism of thermal regulation,
metabolic regulatory zone (shivering), and sudomotor regulatory zone
(sweating). The potential for alliestheia was proportional to the subject’s
physiological divergence from thermal thermoneutral zone. Subse-
quently, the framework was elaborated into five distinct zones, each
associated with different thermal perceptions [33]: cold discomfort,
acceptably cool, preferable, acceptably warm, and warm discomfort. As
a qualitative framework, this nomenclature was applied to dynamic
thermal pleasure in non-steady environments [42]. Several researchers
have attempted to conduct quantitative analyses of outdoor thermal
alliesthesia. Liu et al. [43] first attempted a quantitive thermal biome-
teorological lexicon by associating different thermal sensation scales
into four zones of alliesthesial potential based on their divergence from
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the preferred thermal sensation. The relationship between changes in
thermal sensation and thermal pleasure was further explored within
different alliesthesial zones. Jiang et al. [27] substituted thermal plea-
sure with thermal comfort, and examined the relationship between
changes in thermal sensation and changes in thermal comfort within
these four zones.

From these studies of the language of thermal alliesthesia it becomes
clear that there are certain limitations in applying the purely descriptive
language of the classic thermal sensation scale to characterize the af-
fective or hedonic experience of spatial temporal alliesthesia in outdoor
settings. On the one hand, individual perceptions of thermal sensation
can be biased [44]. For instance, as one approaches the thermal natural
zone, the distinctions between "slightly cool" and "slightly warm"
compared to "neutral" can become blurred [45]. Also, when unable to
alter their physiological status, people may adapt their perception of
thermal neutrality by raising the discomfort threshold, bringing their
current status within the widened scope of subjective thermal neutrality
[46]. A more objective parameter is needed to more precisely quantify
the alliesthesial framework and facilitate its applicability in the design
and management of the thermal environments in semi-outdoor and
outdoor contexts. Thermal storage (TS) in body tissuecould potentially
serve this purpose. TS objectively quantifies one’s thermal status by
measuring the residual heat stored in the body when heat transfers into
and out from the body are imbalanced. It takes full account of metabolic
heat production, external work performed, longwave and shortwave
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radiation fluxes, convective and latent heat fluxes, as well as conductive
heat transfers across the surface area of the body [47].

1.4. Research objectives

In this study, human body thermal storage is utilized to quantify
thermal alliesthesia potential and to examine its relationship with pe-
destrians’ subjective thermal comfort.

The specific objectives are as follows:

1. To quantitatively classify the alliesthesial framework based on
thermal storage and explore the relationship between changes of
thermal storage and thermal comfort cross different zones of allies-
thesial potential;

2. To investigate how temporal alliesthesia affects pedestrian thermal
comfort and examine how the amounts of thermal storage accumu-
lated from preceding thermal exposures affect current subjective
thermal comfort status;

3. To investigate the impact of spatial alliesthesia on pedestrian ther-
mal comfort.

1.Procedure of the field study
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2. Method
2.1. Site measurement

The field study was conducted at Tsinghua University, Beijing, from
January to August 2021, covering winter, spring, and summer condi-
tions. Initially, a total of 54 volunteers were recruited. After data
screening to exclude incomplete responses or sensor errors, 51 valid
subjects (19 males and 32 females) were included in the final analysis.
Each subject completed one walking trial, and experiments were con-
ducted in pairs, with two subjects walking and stopping synchronously
along the route.

Prior to each experiment, a 15-minute preparation period was ar-
ranged in a well-ventilated office for acclimation and collecting baseline
information (Table S1). During spring and summer, the subjects were
primarily dressed in short-sleeved shirts, shorts and skirts. In winter,
they wore down jackets and accessorized with scarves, hats, and gloves.
Subsequently, subjects walked along a 1.0 km designated route at a
controlled speed of 0.9 m/s. The route comprised 9 measurement lo-
cations spaced 108 to 219 m apart, covering diverse shading conditions
(Fig. 2). The height-to-width ratios (H/W) and proximity to buildings at
each location were quantified using Google Earth Pro and are summa-
rized in Table S2. No open water bodies were present along or around
the experimental route. At each location, subjects stopped briefly
(approx. 30 to 60 s) to complete the thermal perception questionnaires
(thermal sensation vote (TSV), thermal comfort vote (TCV), and thermal
acceptability vote (TAV)) immediately upon arrival.

During the walk, a backpack-type monitoring system was used to
record real-time microclimate parameters (air temperature (T,), relative
humidity (RH), relative wind speed (v), downward short-wave radiation
(Qsw-a), and longitude and latitude (Fig. 2). Local skin temperatures
were continuously recorded according to the body sites marked in Fig. 2.
The technical specifications of all instruments are listed in Table S3.
Further experimental details can be found in our previous published
study [48].

2.2. Calculation of real-time thermal storage

The human body thermal storage (TS) is influenced by internal heat
production resulting from metabolism and external heat exchange with
the surrounding environment. This heat exchange occurs through
various processes, including radiation, conduction, convection, evapo-
ration, and respiration. Real-time T,, RH, mean radiant temperature
(Tmrt), v and Tg; were obtained from measurements, clothing value (I;;)
was determined based on the ASHRAE 55 standards [49], and Height,
Weight, Sex and Age of the subjects were gathered from indoor ques-
tionnaires, while skin wettedness (w) was simulated using the JOS-3
model. A supplementary sensitivity analysis indicated that a 20 %
variation in w led to a deviation of only 9.1 % in the final TS calculation,
ensuring the robustness of the results. This section presents the calcu-
lation method of overall and local thermal storage. For each subject, the
real-time TS was derived from experimental measurements and
computed every five seconds in Python using the following equations.
The simulated TS calculation, however, involves two steps: first, deter-
mining the physiological parameters that correspond to the threshold of
the thermoneutral zone, and then computing the TS based on those
simulated parameters.

2.2.1. Energy balance of the human body with its environment

The calculation of overall (or local) TS was based on the thermal
interaction of the human body with its environment. Eq. (1) was used to
determine overall or local TS, where i becomes invalid when calculating
overall TS, and valid when calculating local TS.

TSy = (M — W + Rsi)) — (Ciy + Ru) — Eskyy — Qresi) @
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Where:
TS(;: Rate of overall (local) thermal storage per unit of skin area,
W/m?;

M;): Rate of overall (local) metabolic heat production, W/mz;

Wi;: Rate of overall (local) mechanical work accomplished, W/m?, as
recommended by the ASHRAE handbook [49], W; is set as O in this
study.

Rg(;): Rate of overall (local) short-wave radiative heat gain, W/m?;

C(): Rate of overall (local) convective heat loss from skin, w/m?;

Ry): Rate of overall (local) long-wave radiative heat loss from skin,
W/m?;

Egi): Rate of overall (local) evaporative heat loss from skin, W/m?;

Qres(i): Rate of overall (local) respiratory heat loss, W/m?.

2.2.2. Mean skin temperature

The local convective and radiative heat exchanges were calculated
using the measured

Ty.i, while the overall convective and radiative heat exchanges were
calculated based on the calculated mean skin temperature, determined
by the eight-point method developed by Gagge and Nishi [50] as illus-
trated in Eq. (2). Specially, Theq was measured at the cheek, and Tryrearm
was measured at the lower arm.

Tsem = 0.07Theag + 0.175T cpese + 0.175Tpqer + 0.07Tupper arm + 0-07Tforearm
+0.05Thana + 0.19T gy + 0.20T7

(2)

Where:
Ts.m: Mean skin temperature, °C;
Thody segment: LOcal skin temperature for each body segment, °C.

2.2.3. Body surface area

The calculation of body surface area (BSA) is essential for calculating
both overall and local TSs, as it is influenced by the heat gain or loss per
unit surface area. In this study, the overall body surface area (BSAqy) of
each subject was calculated following the DuBois method [51] using Eq.
(3). The local body surface area (BSA;) was calculated based on the ratio
of body surface area to standard body surface area (BSA,;) and body
surface area of the standard body (BSAs) using Eq. (4). The standard
body surface area was defined as 1.87 m? for a subject who is 1.73 m tall
and weighs 70 kg. BSA,, can be calculated using Eq. (5) [52], and BSA,
is shown in Table S4.

BSAq = 0.202-Weight®“?>.Height" 7% -

BSA; = BSA,,-BSA4 @

BSA;, = BSAu/1.87 -
Where:

BSA: Overall body surface area, m?;

Weight: Human body weight, kg;

Height: Human body height, m;

BSA;: Local body surface area, m?;

BSA;,: Ratio of body surface area to standard body surface area;
BSAg: Body surface area of the standard body, m?.

2.2.4. Rate of overall (local) metabolic heat production

Heat production within the human body can be divided into four
components: basal metabolic rate in the thermally neutral state, changes
in local basal metabolism caused by thermal state change, external
work, and shivering. In this study, changes in local basal metabolism
caused by thermal state change and shivering were not considered.
Statistically, supportive research has recorded only an 8 % change in
oxygen uptake for subjects performing submaximal exercise when the
ambient temperature increased from 21°C to 49°C [53,54], and this
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change would be even less under sedentary conditions. Therefore, the
amount of increase in basal metabolism can be considered negligible
with the change of thermal state in the current experiments.

The rates of overall (or local) metabolic heat production (M) in this
study were calculated by Eq. (6), represented as the sum of heat pro-
duction by overall (or local) basal metabolism and external work per
unit of skin area. Egs. (6-14) relate to the calculation of overall (or local)
M, where i becomes invalid when calculating overall M, and valid when
calculating local M. The calculation method of overall heat production
by basal metabolism (Mj,.) refers to the Harris—Benedict model shown
in Egs. (7,8), which considers physiological difference in gender, height,
weight and age [55,56]. The basal metabolic heat production of each
body segment (Mpqsi) can be obtained by Eq. (9), adding the heat pro-
duced by each segment’s basal metabolism from core ( Mpg,,,), muscle
(Mbase,,.)> fat ( Mpase,,) and skin (Mpgse,,). These four terms were
determined by Egs. (10-13) respectively.

Additionally, the metabolic energy accounted for by external work
for the whole body (M,,,x) was determined by Eq. (14) [57], while the
corresponding energy associated with external work at the local body
segment (Mo ;) Was calculated by Eq. (15), following the JOS-3 model
[52]. The physical activity ratio (PAR) was selected as 2.0 according to
the ASHRAE 55 standard [49], and the distribution coefficients of heat
production by basal metabolism and work for different anatomical
segments (fbasecr‘i: fbusemiszasem_ly fbasexk_,: fworki) shown in Table S5 were
cited from the JOS-3 model [52].

M) = (Mpase(iy + Muork(i)) /BSAy (6)
88.362 + 500.3-Height+
Male : Mg = . 8 )
13.397-Weight — 5.677-Age
447.593 + 479.9-Height+
Female : Mpge = -0.048 (€))
9.247-Weight — 4.330-Age
Mbase(i) = Mbu.se,cr(i) + Mba.se,m.s(i) + Mbase,fat(i) + Mba.se,sk(i) (9)
Mbasecr(i) = Mbase'fbusecr(i) (10)
Mbase,,._g(i) = Mbuse 'fba.sem 0] (1 1)
Mhbasegy (i) = Mbase Foaseyy (1) (12)
Mbasesk(i) = Mba.se'fba.sesk(i) (13)
Mwurk(i) :fwork(i) (PAR - 1)'Mbase (14)

Where:

M;): Rate of overall (local) metabolic heat production, W /m?;

Mhase(i): Heat production by overall (local) basal metabolism, W;

M,ork(: Heat production by overall (local) external work, W;

Height: Human body height, m;

Weight: Human body weight, kg;

Mbase,cr(i% Mbasem;(i)v Mbasefa,(i)7 Mbasesk(i): Heat production by basal
metabolism from core, muscle, fat and skin of whole body (each body
segment), W;

M,york(: Heat production by external work in whole (local) body, W;

Foasea (i) sfbasens (i) fbasep i) fbases () fwork(i): Distribution coefficient of heat
production by basal metabolism and work for whole body (different
segments).

2.2.5. Mean radiant temperature

Due to the simplification of radiation measurements using a pair of
upward- and downward-facing hemisphere sensors, an simplified
method was employed to calculate Ty, assuming that the human body
is approximated as an unshaded plane, and the solid angles of the sur-
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face and the sky were set as 0.5 [58], Eq. (15) was used to calculate Ty
[48].

—273.15 (15)

Tmr[ _ i/fa (ak(st—u + st—d) + ep(Qlw—u + Qlw—d))
&0

where:

Tpre: Mean radiant temperature, °C;

fa: Solid angle factor for the upward and downward hemispheres
(fa = 0.5);

ax: Absorption coefficient for short-wave radiation (standard value
0.7);

&: Emissivity of the clothed human body for long-wave radiation
(standard value 0.97);

Qsw_u: Upward short-wave radiation, W/m?;

Qsw_q: Downward short-wave radiation, W/m?;

Quv_u: Upward long-wave radiation, W/m?;

Quy—g: Downward long-wave radiation, W/m?;

o: Stefan-Boltzmann constant (¢ = 5.67 x 108 W/(m?K*)).

2.2.6. Rate of overall (local) short-wave radiative heat gain
The amount of direct (R,,) and diffuse <del!> solar radiation

received by an individual depends on the direct (f,,) and diffuse (f,,,)
projected area factors, the geometry-related and direction-dependent
radiation parameters of the human body, respectively. Therefore, the
calculation of the heat gain from short-wave solar radiation is presented
in Eq. (16-18) [59]. The intensity of direct short-wave solar radiation
(Qqgir) was measured during the experiment, and the intensity of diffuse
short-wave solar radiation (lef) could be computed from Eq. (19) [60].
R;,, was distributed to each body segment based on f,,, which was
influenced by the relative azimuth angle (@) and altitude angle ()
(shown in Fig. 3) of the human body to the sun. These two numerical
values were calculated based on latitude, longitude and walking direc-
tion. The local direct projected area factor was considered as a function
of these two angles calculated following the mathematical expression in
Eq. (20-21), and the coefficients were selected from Kubaha et al [61].
R;,, was also distributed to each body segment based on f;,, which was
decided by the ground albedo (p). The local diffuse projected area factor
was calculated as Eq. (22), and the relative coefficient was cited from
Kubaha et al [61]. The ground albedo was the ratio of upward and

B=+90°

poo  NO=0)

Fig. 3. Geometric notations referring to the determination of the projected area
factor of a pedestrian [61].
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downward short-wave radiation, and is presented in Eq. (23). Specif-
ically, the absorption rate of all subjects' clothing was assumed to be
constant.

Rs(i) = Regei) + Rsgy) (16)
Rs) = fourn O Quir 17
Rsys) = four( @ Qay (18)
Qar = (Qow—u + Qsw-a) — Qqir -Sin p (19)
Joart) = [Apcos (Cry @+ Cow) +Bwl-Sw (20
Sy=1+ tanh(Dlmza + D)) n tanh(El(i)Za + Eo) 21)
Joar® =& P+ 8o (22)

P =Quw-u/ Quw-a (23)

Where:

Rg;): Rate of short-wave radiation absorbed by body surface of whole
body (each body segment), W/m?;

R, ): Rate of direct short-wave radiation absorbed by body surface
of whole body (each body segment), W/m?;

Ry, )+ Rate of diffuse short-wave radiation absorbed by body surface

of whole body (each body segment), W/m?;

foar(n: Projected area factor of whole body (each body segment)
exposed to the direct short-wave radiation;

Jour@: Projected area factor of whole body (each body segment)
exposed to the diffuse short-wave radiation.

ai: Short-wave absorptivity of the body surface;

Qqi-: The intensity of direct short-wave solar radiation,W /m?;

Quir: The intensity of diffuse short-wave solar radiation, W /m?;

a: Relative azimuth angle, rad;

p: Altitude angle, rad;

A, B, C1), Cogp) : Regression coefficients selected for projected
area factor of whole body (each body segment) exposed to the direct
short-wave radiation;

S(): The shading function for projected area factor of whole body
(each body segment) exposed to the direct short-wave radiation;

D1 i), Do), Exi), Eoi): Regression coefficients selected for the shading
function;

81(i)-&o(i): Regression coefficients selected for projected area factor of
whole body (each body segment) exposed to the diffuse short-wave ra-
diation;

p: Ground albedo.

2.2.7. Rate of overall (local) convective and long-wave radiative heat loss
from skin

The overall (local) convection and long-wave radiation heat loss
were calculated by Eqs. (24-30) [52,62]. In these equations, i is invalid
for overall heat loss but valid for local heat loss. The experiment only
measured microclimate conditions at pedestrian height, so it was
assumed that each body segment was exposed to the same external
thermal conditions. To calculate subject’s I;;, the relative coefficients
foi and fi; were cited from Tang et al [63] and Lin et al [64].

Ci = faw ey - (Taw — Ta) (24)
Rugy = fawy My - (Tag — Tsr) (25)

Ty — Tow + Refa) hew Ta + Refaw hrg) Tor 26)
oo 1 + fa@ Rafaw hew + Rafaw hr
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Rag = 0.155 - Ly 27)

fa@ = 1.00 4 0.3y (28)

Lii = foi+fila (29)

T, =/ fafp(sz;: = Qu-a) 57315 30)
Where:

fa@: Overall (local) clothing area factor that accounts for the
increased area due to clothing;

Tey;: Overall (local) clothing surface temperature, °C;

he(): Overall (local) convective heat transfer coefficient, W/(m?K);

hyi): Overall (local) long-wave radiative heat transfer coefficient,
W/ (m?K);

T,: The ambient air temperature, °C;

Ty The surface temperature of the surroundings, °C;

Tg;): Overall (local) skin surface temperature, °C;

Ry: Overall (local) thermal resistance of clothing, (m?-K)/W

Iy): Overall (local) thermal resistance of clothing, clo;

fo.i, fi: Regression coefficients selected for thermal resistance of
clothing at each body segment.

Convective heat transfer coefficients for different segments were
calculated using Yu et al.'s method [65], which was related to both v and
turbulence intensity (TI), to account for the naturally higher turbulence
intensity levels outdoors (as Egs. (31,32)). The constants A, B, and n
shown in Table S6 are segment-specific constants used in the
calculation.

he = Av* x (1+B TI x v*?) (31)
TI = (%) 100% (32)

Specifically, when the v is less than 0.1 m/s, the subjects can be
considered as standing in still air. In this case, the convective heat
transfer coefficients were referred to de Dear et al. [66] (shown in
Table S7). The radiative heat transfer coefficients were obtained from
the manikin experiments conducted by Yu et al. [65] and are listed in
Table S8.

2.2.8. Rate of overall (local) evaporative and respiratory heat loss

The overall (local) evaporative heat loss at the skin surface of each
body segment (E;) was quantified by Egs. (33,34) [52]. In these
equations, i is invalid for whole body evaporative heat loss, but valid for
local evaporative heat loss. The w(; used in this study was simulated
using the JOS-3 model [52] due to the lack of measuring equipment
during the experiment. These data were simulated by using measured
environmental parameters, I;, and personal characteristics of the sub-
jects, metabolic rates, posture, and other relevant factors as input, with
outputs generated every 5 s throughout the simulation of the actual field
experiment in order to maintain consistency.

Egqty = o Pertyy* (Dskst) — Pa) (33)
1 0.155-Iy;) 1
_ 0158 34
hegi) Le-tawy  fagy-Le-heg 34)
Where:

o;): Overall (local) skin wettedness;

heti): Overall (local) evaporative heat transfer coefficient, W/ (m? K);
Dsk.s(i): Overall (local) saturated water vapor pressure at the skin, kPa;
DPq: Water vapor pressure in ambient air, kPa;

Lg: The Lewis constant (Lg = 16.5 K/kPa).

The respiratory heat loss primarily occurs in the head, neck, and
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chest, with respective weightings of 45%, 25%, and 30%. The calcula-
tion of respiratory heat loss (Qys) is expressed in Eq (35).

Qres = [0.0014-(34 — T,) + 0.0173-(5.87 — p)]-M (35)

2.3. Quantifying thermal alliesthesia zones based on thermal storage

The framework proposed by Parkinson and de Dear [33] presented in
Fig. 4 outlines the potential of alliesthesia and corresponding thermal
perceptions under different thermal physiological states. The boundary
between the metabolic regulatory zone and the thermoneutral zone is
identified by the onset of active shivering, while the boundary between
the sudomotor regulatory zone and the thermoneutral zone is identified
by the onset of active sweating. Although this framework provides a
clear theoretical definition, further data from daily activities are needed
to establish its practical applicability. In this section, thermal storage
data are used to serve this purpose.

Due to limitations of field-based research methods, capturing the
precise instantaneous physiological state of a subject at the exact onset
of sweating or shivering is challenging. However, for a given individual
with specific anthropometrics, these onset thresholds are intrinsic and
remain constant. Therefore, by varying the simulated thermal condi-
tions, the corresponding physiological state at each onset setpoint can be
estimated. The reliability of the JOS-3 model in capturing dynamic
thermoregulatory responses (e.g., skin temperature RMSE < 0.6°C and
evaporative loss error < 7 g) has been rigorously validated in similar
transient protocols [67]. The control equations of shivering and sweat-
ing inside the JOS-3 model are provided in Eq. (36-42), which follow
those originally proposed by for the Stolwijk model [68] (detailed de-
scriptions are provided in Section S2).

Errj) = Tjt) — Tsetptjci) (36)
SWEAT = 371.2 - Erte) + 33.64 -(WARMS — COLDS) (37)
SHIV = 24.36 - COLD¢y() -COLDS (38)
0 (Errskm < 0)
WARM;) = (39)
El’l’sk(i) (Errsk(i) > 0)
0 (Errsk(i) > 0)
COLDg;, = (40)
— Errsk(i) (Errsk(i) < 0)
WARMS = SKINR;; -WARM; (41)
i=0
COLDS = »  SKINR; -COLDy; (42)

i=0
Where:
Err;): error signal for human body, °C; j: body tissue type (core,
muscle, fat, skin); i: body anatomical segment;
Tj;): Instantaneous temperature of body, °C;
Tsetptji): setpoint temperature of the body, °C
SWEAT: sweating signal, W;

>
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SHIV: shivering signal, W;

WARMS: integrated error signal in the warm receptor, °C;

COLDS: integrated error signal of cold receptor, °C.

According to the control equations of the JOS-3 model, the triggering
of sweating and shivering depends solely on the instantaneous Ty ; and
the core temperature of the head, independent of the pathway by which
these critical values are reached. In other words, the thermal state cor-
responding to the boundaries of the thermoneutral zone remains
invariant. Therefore, to simplify the simulation process, the input con-
ditions for each subject were set to the average climatic parameters of
the corresponding season, with only T, and individual participant’s
anthropometrics being varied. The simulation duration was set to 5000 s
to ensure sufficient time for subjects to reach a state of either sweating or
shivering. The moment when the JOS-3 output variable Esweat (evapo-
rative heat loss at the skin due to sweating alone) becomes greater than
zero was identified as the onset of sweating, while the moment when the
output variable Mshiv (heat production by shivering) becomes larger
than zero was regarded as the onset of shivering. The corresponding
values of Ty ,, w, and T, at these times were selected to calculate the TS
value based on the method in Section 2.2, thereby determining the
boundary of the thermoneutral zone for each subject. The Overview
steps of quantifying thermal alliesthesial zones from thermal storage
data is shown in Fig. 5.

2.4. Data analysis

To ensure data quality, measurements were preprocessed to remove
outliers (~5.16 %, interpolated) and noise using a 30-point sliding
window-based three-standard deviation method and a Savitzky-Golay
filter [69] (window=5, order=2), respectively. The associations be-
tween changes in TS and TCV were explored using regression methods.
R? was used to evaluate the quality of fit in regression analysis. A
Pearson correlation analysis was employed to examine the relationship
between TS during the 105 s preceding the questionnaire submission
and TCV at the time of questionnaire submission, and the p-values were
set at 0.01. Furthermore, feature importance was assessed using a
Gradient Boosting [70] classifier to analyze the relationship between the
local TS and the overall TCV of subjects. Also, to avoid ambiguity, the
specific definitions, calculation windows, and analytical roles of the
different TS metrics are consolidated in Table S9.

3. Results and discussion
3.1. Thermal conditions

3.1.1. Microclimate conditions

The overview of T, and RH during the experiment across seasons is
presented in Table 1. The average T, recorded in the winter, spring and
summer is -2.2 °C, 22.8 °C and 27.8 °C, respectively. In winter, the
variation in T, is notably high, with a standard deviation of 5.1 °C and a
difference of 15.5 °C between the minimum and maximum values. The
variation of the summer experiment is greater than in the spring, with a
range of 9.5 °C in summer compared to 6.5 °C in spring. This variation
difference has also been observed during each experiment section, with
the standard deviation of T, recorded during summer sections larger

p

cold discomfort acceptably cool
L 1

ption

preferred
s

acceptably warm
L

warm discomfort
!

cold
stress

strong potential
for alliesthesia

moderate potential

4 for alliesthesia

v

heat
stress

‘moderate potential
for alliesthesia

strong potential
for alliesthesia

T
metabolic regulatory zone

thermoneutral zone

physiology

T
sudomotor regulatory zone

Fig. 4. A conceptual model that pairs zones of physiological thermoregulation with thermal perception adjectives [33].
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1. Calculation of real-time thermal storage (7.S) data

2. Quantification of the threshold for thermal alliesthesial zones

Input

Variable value
for each case

Averaged environmental
condition in each season

Specific value
for each case

Height, Weight,

il
e v Sex,Age, Icl

Ta

Longest simulation period = 5000s At time = x
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3. Categorization of real-time 7S data

TS < 19,19W/‘m2 —> Metabolic regulatory zone Strong
Calculated
TS 19.19 < TS < 97.87 —> Thermoneutral zone Moderate
TS > 97.87W/m2 —> Sudomotor regulatory zone | Strong

Fig. 5. Overview of quantifying thermal alliesthesial zones from thermal storage data.

Table 1
Brief information of T, and RH during experiments across different seasons.
Winter Spring Summer
T, ( RH (%) Ta( RH (%) Ta( RH (%)
Q) Q) Q)
Average -2.2 17.1 22.8 26.4 27.8 47.6
Standard 5.1 2.9 1.8 14.4 2.4 11.9
deviation
Maximum 4.5 21.4 26.8 50.9 32.5 78.8
Minimum -11.0 11.3 20.3 6.7 23.0 26.3

than during spring sections. The RH level in summer Beijing was higher
than in spring, with the average RH in summer being 47.6 % and in
spring being 26.4 %. While winter is extremely dry, with a very low RH
value of only 17.1 %.

Fig. 6 plots time-series data on typical dates to illustrate the variation
of v and T along the experimental route. The v conditions differed
markedly between the three seasons, with winter data showing higher
average and standard deviation values (1.7 m/s and 1.4 m/s). Compared
to winter, the summer and spring data are generally more stable, with
similar average values and identical standard deviations (1.2 m/s and
0.8 m/s vs 1.1 m/s and 0.8 m/s, respectively). The change in prevailing
wind direction causes a noticeable spatial difference of wind conditions
between the three seasons. For instance, the maximum v in summer
occurred at P3 Tree, while in spring and winter, the maximum values
were recorded at the P5_Tree - P6_Tree section.

The Tmy value fluctuated dramatically in the whole experiment
sections due to changes in solar azimuth and altitude across three sea-
sons. Its levels in spring and summer were significantly greater, pre-
senting a sharp contrast to the much lower values recorded in winter. As
subjects walked from PI Sun to P9 Sun along the pre-designed

experimental route, they encountered various transitions in thermal
environments, resulting in different levels of heating or cooling across
their body segments. Natural environments can thus induce thermal
alliesthesia and affect thermal comfort levels.

3.1.2. Human body thermal state

A summary of TS distribution and the relationship between overall
TS and subjective thermal perceptions, including TSV, TCV, and TAV, is
provided in this section. The overall TS was calculated by taking the
average data from the 15 s before and after the point in time when the
subjects started the survey at each survey point.

Fig. 7 shows the distribution of overall TS and time-series data rep-
resenting changes in various avenues of body heat gain and loss during
the winter, spring and summer experiments. The average overall TS
values range from -5.8 to 153.8 W/m? in winter, from 43.7 to 155.3 W/
m?in spring, and from 51.0 to 157.2 W/m?in summer (as shown in Fig. 7
(left)). The maximum overall TS for all seasons occurs at P1_Sun, and the
minimum occurs at P7 Building. Short-wave radiation heat gain is the
primary factor driving variations in overall TS along the experimental
route in all seasons. Convective and long-wave radiative heat losses are
the two most significant factors, with larger variation observed in winter
due to stronger v than summer and spring (as shown in Fig. 7 (right)).

Fig. 8 shows the distribution of TS across different TSVs. Overall, TS
increases with higher TSV levels; however, the rate of increase varies
among adjacent sensation levels. Based on the mean TS values for each
TSV category, the required increase in TS from “0" to “+1" is 28.9 W/m?,
which is substantially larger than for other positive TSV increments,
which are generally within 20 W/m? On the negative side, the changes
from “-1” to “-2" and from “-3” to “-4” are much greater, each reaching
approximately 50 W/m?

The average overall TS values decrease as comfort and acceptable
levels increase, but the decreases are relatively small for each scale
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Fig. 6. Example relative wind speed and mean radiant temperature observations along the walking route in different seasons; (a) Spring; (b) Summer; (c) Winter.

(shown in Fig. 8 (b, c¢)). When analyzing the distribution of TS on
different TCV and TAYV scales, it is evident that the distribution of TS for
TCV on the negative side is more dispersed than for TCV on the positive
side. A similar pattern is also observed in the distribution of TS for
different TAV scales. It appears that merely including the TS at the time
the subjects arrive at the survey points does not suffice to quantify
thermal comfort or thermal acceptability levels when the subjects feel
thermally uncomfortable or unacceptable.

The changes in thermal storage (dTS) along with the changes in TSV
(dTSV), TCV (dTCV) and TAV (dTAV) between each survey points are
calculated following Egs. (43-45). TS, represents the thermal storage at
the current survey point, and TS,,., represents the thermal storage at the
next survey point, the same definition also applies to TSV, TCV, and
TAV.

dTS = TS,,., — TS, (43)

dTSV = TSV,,,, — TSV,, 44

10

dTCV = TCV,,,., — TCV,, (45)

The distributions of dTS at different dTSV, dTCV, and dTAV scales are
presented in a violin plot in Fig. 9. The recorded change in TSV ranged
from “-4" to “+4”, TCV varied on 2 scales, while TAV varied on 3 scales.
Although data points near the extreme ends of the scales were limited,
the observed variation in thermal perceptions along the route was
noteworthy and exceeded our expectations. According to Fig. 9 (a), the
average dTS required for a 1-scale dTSV is 22.6 W/m? for positive
changes and 32.9 W/m? for negative changes. An increase in dTSV by 2-
scale requires a similar change in dTS, which is 18.5 W/m? while a
decrease requires 35.6 W/m? A 3-scale change in dTSV necessitates a
much larger dTS variation at both positive and negative sides, reaching
over 50 W/m?

Since the analysis in this study is predominantly based on data
collected during spring and summer, with a significantly smaller sample
size from winter, both dTCV and dTAV showed a negative relationship
with dTS. It is obvious that the dTCV and dTS follow a logarithmic
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Fig. 8. Distribution of TS under different thermal evaluations; (a) TSV; (b) TCV (c) TAV.

function relationship. When dTCV ranges from “-1” to “1”, for 1-scale
dTCV, the average dTS is almost symmetrical, with a 17.3 W/m? for
positive change and 10.8 W/m? for negative change. However, for a 2-
scale dTCV, the response of the average dTS is asymmetric, being
stronger for negative changes (45.7 W/m?) than for positive ones (22.37
W/m?). As for dTAV and dTS, they are following a linear relathionship.
When dTAV is around O, the difference in change of average dTS
required for a change between adjacent dTAV levels is not significant.
However, when dTAV is at the two extremes, it becomes very
pronounced.

3.2. Quantified result of thermal alliesthesial framework based on thermal
storage

3.2.1. Simulation results of threshold for thermoneutral zone

Following the simulation methodology described in Section 2.3, the
thresholds for the onset of sweating and shivering were calculated for
each subject across different seasons. These distributions are presented
in Fig. 10, with the specific simulation outputs detailed in Table 2. Ac-
cording to the simulation results, the average C, R, and Eg of subjects in
summer are all higher than those in spring. This difference is primarily
driven by the variation in I; between the two seasons. The smaller

12

average I; in summer (0.42 clo), compared with spring (0.67 clo),
increased the temperature gradient between the clothing surface and the
ambient environment, resulting in greater overall heat loss. Addition-
ally, the slightly higher average v in summer led to a higher h,,, which
contributed to the greater Ey. In contrast, the average M, Rs and Qs
remain relatively consistent between these two seasons. Compared with
spring, subjects experienced approximately one hour of heat exposure
through outdoor walking in summer. This prior exposure likely
contributed to the earlier onset of sweating [71]. Similarly, cold accli-
matization from the spring environment reduced the rate of heat loss,
thereby delaying the onset of shivering. As a result, the mean threshold
for subjects in summer shifts toward lower values compared to spring.
Specifically, the values were 17.5 W/m? on the shivering side and 15.6
W/m? on the sweating side. The final thresholds for the thermoneutral
zone were determined as the mean values of all subject thresholds from
spring and summer, which are 8.05 W/m? and 93.23 W/m?, respec-
tively. Ultimately, this framework was categorized into three distinct
zones based on the TS value, as illustrated in Fig. 11. When TS < 8.05
W/m? or TS > 93.23 W/m?, there is a strong potential for triggering
positive alliesthesia. In contrast, when TS falls within the range of 8.05
to 93.23 W/m?, only a moderate potential exists for triggering positive
alliesthesia.
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Fig. 10. Threshold of thermoneutral zone for each subject; (a) Shivering; (b) Sweating.
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Table 2
Average results from JOS-3 simulation of the threshold for thermoneutral zone.
Physiological Season TS M Rs c Ry Egc Qres
state (W /m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?) (W/m?)
Sweating Spring 104.82 96.96 127.10 66.67 27.63 14.12 10.80
Summer 89.24 96.90 127.44 77.39 30.67 17.53 9.51
Shivering Spring 21.80 96.96 127.10 121.82 50.49 15.75 14.19
Summer 3.30 96.90 127.44 133.69 52.98 21.23 13.14
Metabolic regulatory Thermoneutral zone Sudomotor regulatory
Zone Zone
T T
i i
cold Strong potential : Moderate potential : Strong potential heat
stress
stress for alliesthesia | for alliesthesia | for alliesthesia
1 1
! !
TS = 8.05 TSmax = 93.23
Fig. 11. The boundary and classification of thermal alliesthesia zones.
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Fig. 12. The relationship between dTS and dTCV; (a) Thermoneutral zone; (b) Sudomotor regulatory zone; (c) Metabolic regulatory zone.
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3.2.2. Relationship between dTS and dTCV in different alliesthesial
potential zones

According to previous literature, when the same thermal stimulus is
given to different zones, the amount of induced thermal comfort differs
[27,43,72]. These patterns are consistent with our dataset, as shown in
Fig. 12, which presents the relationships between dTS and dTCV in
thermoneutral, sudomotor regulatory and metabolic regulatory zones,
respectively. To account for inter-individual variability, the dTS data
was binned in increments of 20 W/m? with bins containing fewer than
three data points excluded to ensure statistical stability. The mean dTCV
for each bin was then calculated and used for the subsequent regression
analysis. Detailed regression statistics are provided in Table S10. Within
the thermoneutral zone, there is a quadratic regression relationship
between dTS and dTCV (Fig. 12 (a)). Deviations in dTS within this zone
either maintain or reduce the TCV level. Specifically, a narrow dTS range
(approximately —50 W/m?to —25 W/m? maintains TCV levels, whereas
any increase or further decrease in dTS leads to a decline in TCV.
Because the dataset contains a limited range of negative dTS values
within the thermoneutral zone, the observed decrease in TCV is mainly
associated with positive changes in dTS. The response is particularly
pronounced, as an increase of approximately 50 W/m? in dTS corre-
sponds to nearly a one-scale decrease in TCV. In the sudomotor regu-
latory zone, the relationship between dTS and dTCV follows a negative
linear trend (Fig. 12 (b)). Any cooling strategies that lower overall TS in
this zone can significantly enhance thermal comfort, with every 97
W/m? decrease in dTS corresponding to a 0.5-level increase in thermal
comfort. Fig. 12 (c) presents all the data points belonging to the meta-
bolic regulatory zone. Although the metabolic regulatory zone has a
smaller dataset compared to the other two zones, it is still evident that
when dTS is less than 95 W/m?, the TCV level remains negative. Notably,
a 192 W/m? change in dTS is required for every 0.5-level increase in
TCV. By comparing Fig. 12 (b) and (c), it is noticeable that TS changes
more readily impact TCV when individuals start sweating than
shivering.

Building and Environment 295 (2026) 114434

3.3. The impact of temporal alliesthesia on TCV

The natural thermal fluctuation along the experimental route—pri-
marily influenced by wind and radiation levels, as discussed in Section
3.1.1—enabled the fluctuation of TCV through both temporal and
spatial alliesthesia. The specific mechanisms of how these environ-
mental fluctuations modulate thermal comfort perception are sche-
matically illustrated in Fig. 13, which is a summary of the findings from
the below analysis. According to this framework, urban designers are
encouraged to prioritize controlled temporal variability in moderate
climates to evoke positive alliesthesia, while reserving absolute miti-
gation strategies for periods of extreme thermal stress. Along walking
routes, designers can strategically sequence spatial transitions that
alternate among distinct microclimates, thereby rhythmically stimu-
lating dynamic thermal pleasure. However, the application of spatial
uniformity requires more careful consideration. Within thermoneutral
zones, a uniform thermal environment is generally more desirable. In
contrast, within the sudomotor regulatory zone, spatial uniformity
created by natural settings has limited capacity to enhance thermal
comfort, whereas mechanically induced uniformity may offer more
substantial benefits.

3.3.1. Temporal alliesthesia and TCV

The overall TS data was binned in increments of 5 W/m?, with bins
containing fewer than three data points excluded from the analysis.
Since human subjects were likely influenced by both forms of allies-
thesia simultaneously, these effects could not be entirely separated. To
minimize their impact on each other, data points were grouped and
analyzed accordingly. For the analysis of temporal alliesthesia, data
points were categorized into two groups: high temporal variation and
low temporal variation. The standard deviation (std) and average TS
were calculated for each route section. Borrowed from the TI calculation
method, the temporal variation of overall TS was determined by
dividing the std by the average TS for each route section. The median

A. Temporal Variation
(General Experimental Range)

Mean 7S: between -31.6 and 246.9 W/m?

Walking Route

Higher Comfort
(Positive Alliesthesia Effect)

B. Spatial Variation

(Thermoneutral zone)

Minimal Spatial Variation High Spatial Variation

&

Steady High Comfort ¥ Reduced Comfort
(Clear Negative
Liner Relationship)

C. Temporal Variation
(Extreme TS,,.,,Range)

Mean TS < -31.6 or > 246.9 W/m?

" e ‘Walking Route
§ Lower Comfort

(Ineffective Fluctuations)

D. Spatial Variation
(Sudomotor Regulatory Zone)

*Spatial Variation Generated by Nature Settings

\6¢

S

Direct Sunshine \

>
o

High Spatial Spread (std)

(Primarily Direct Sunshine)

Comfort Unchanged/Low
(Influence Less Evident: Smoother Negative Liner
Relationship with Lower R?)

Fig. 13. Mechanism of Temporal and Spatial Alliesthesia on Thermal Comfort Variation in Fluctuating Environments.
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value of this calculation (std/average = 0.48) was used as the cutoff
point: bins with std/average < 0.48 were classified as low temporal
variation, while those with std/average > 0.48 were classified as high
temporal variation.

Fig. 14 presents the regression results of overall TS and TCV for both
groups. To account for the fact that high temporal variation along a
route section does not necessarily equal high dTS for adjacent survey
points, average TS and TCV for each route section were used in the
analysis. Comparing the groups with low and high temporal variation,
across the whole experimental range of TSpeqn, the group with higher
temporal variation shows a higher mean TCV than the group with lower
temporal variation. However, when the mean TSeq, is lower than -31.6
W/m? or exceeds 246.9 W/m?, the conclusion reverses. This may be due
to the fact that the high temporal variation group with too low or too
high mean TS indicates continuous high/low mean TS with transient
fluctuations that last for too short a time to evoke an effective positive
thermal perception response to reverse the case. This finding suggests
that temporal alliesthesia along the route has considerable potential to
enhance thermal comfort; however, its effect depends strongly on the
intensity and duration of the thermal stimulus, which still need further
investigation.

3.3.2. The influence of past TS on current TCV in different seasons

To clarify when temporal variations along the experimental route
influence thermal comfort, this section analyzes the relationship be-
tween past overall TS and current TCV across different alliesthesial
zones. This analysis correlates ATS along the experimental route with
TCYV to identify the time point associated with the maximum correlation
coefficient. Taking the time of questionnaire submission as t;, the cur-
rent TS;, and TCV were obtained. TS values at past time points (TS;,)
were obtained by tracing back 105 s from t; in 5 s intervals. As illus-
trated in Fig. 15, ATS was calculated as the difference between TS;, and
TS, . Pearson correlation analysis was performed between ATS and TCV
to quantify their relationship at each time point. Fig. 15 also displays the
Pearson correlation coefficients between ATS and TCV for past time
points. The blue, pink and green dots represent data from three different
zones. Hollow point markers represent data with p-values < 0.01.

Overall, ATS from the past time points has an impact on the current
TCV, but the intensity of the impact varies. In the sudomotor regulatory
zone, the correlation coefficient fluctuates around zero, alternating be-
tween positive and negative values. A significant positive correlation is
observed at 20 s, where the coefficient reaches a peak of 0.19. The
metabolic regulatory zone exhibits the most distinct initial variation. At
5 s, the correlation coefficient shows a sharp, significant drop to
approximately -0.39, indicating the strongest negative correlation
among all zones at the onset. The data in the thermoneutral zone

®  TCVmean
Fitted Y of TCVmean
95% Confidence Band of TCVmean

y = —3.181X10°x*0. 010x-1. 016
1R? = 0.611
0

50

TS

T T
=50 100 150
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remains relatively stable, with coefficients generally ranging between
-0.2 and 0.2. However, a significant negative dip occurs at 40 s, reaching
a value of -0.24, suggesting a delayed negative correlation in this zone.
This indicates that TS variations occurring around 40 s exert the stron-
gest influence on TCV, which is consistent with our previous observa-
tions [48].

3.4. The impact of spatial alliesthesia on TCV

3.4.1. Spatial alliesthesia and TCV

A similar method to the one described in Section 3.3.1 was used to
analyze the effect of spatial alliesthesia on thermal comfort during
outdoor walking. The spatial TS differences across body segments were
primarily influenced by two factors: the asymmetric exposure to Ry, and
the differences in C due to varying clothing coverage. The spatial vari-
ation for each body segment was quantified using the std of all local TS
values for each dataset. To analyze the relationship between spatial
variation and thermal comfort, all original data were averaged for each
route section and grouped in 2.5 W/m? increments, ranging from the
minimum to maximum mean TS. The dataset was separated into two
groups by the upper range of thermoneutral zone (93.23 W/m? shown in
Fig. 11). The datapoints belonging to metabolic regulatory zones were
neglected from further analysis due to limited data points. Therefore, the
whole dataset was separated into thermoneutral and sudomotor regu-
latory zones.

It is interesting to note that our data indicate spatial alliesthesia
observed in natural settings does not enhance thermal comfort percep-
tion; rather, it tends to reduce it. As shown in Fig. 16(a), spatial allies-
thesia is not favored within the thermoneutral zone, where a clear
negative linear relationship is identified. In other words, when human
subjects remain in thermoneutral zones, they generally prefer minimal
spatial thermal variation. However, in the sudomotor regulatory zone,
the influence of spatial thermal differences on thermal comfort becomes
less evident, as reflected by the nearly horizontal regression line along
the x-axis, which represents the standard deviation of local TS. This may
be attributed to the fact that the high std observed in the sudomotor
regulatory zone was primarily caused by exposure to direct sunlight
during the outdoor experimental route. In these natural settings, no
mechanical devices were used to provide localized cooling. Further ex-
periments are necessary to explore the effects of spatial alliesthesia
induced by mechanical cooling in outdoor environments.

3.4.2. Relationship between local TS and overall TCV

To examine the distinct influence of TS across different body seg-
ments within each alliesthesia zone, an embedded feature selection
method based on a Gradient Boosting model was applied to identify the

®  TCVmean
Fitted Y of TCVmean
95% Confidence Band of TCVmean

Ty = -5. 038X 10 5x%+0. 014x-0. 871
IR2 = 0. 458

0

50
TS

1
200

(b)

T T
100 150

mean

Fig. 14. Regression results for overall TS and TCV; (a) Low temporal variation (std/average < 0.48); (b) High temporal variation (std/average > 0.48).
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Fig. 16. Regression results for standard diviation of TS and TCV; (a) Overall TS in thermoneutral zone; (b) Overall TS in sudomotor regulatory zone.

most influential segments.

The ranking results of feature importance are shown in Fig. 17. In the
metabolic regulatory zone, where the body is exposed to a cold envi-
ronment, the cold exposure increases M, most of which is attributed to
skeletal muscle contraction [73]. During walking, the legs constitute the
largest muscle group, serving as the primary source of metabolic heat
production while also providing a large surface area for heat loss.
Consequently, TS changes in the legs are more readily perceived by
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thermoreceptors, exerting a dominant influence on overall TCV. In the
thermoneutral zone, human thermoregulation relies mainly on vaso-
constriction and vasodilation. Due to its high thermoreceptor density,
the face exhibits elevated thermosensitivity [74] and exerts the strongest
influence on overall TCV. Within the sudomotor regulatory zone, the
abdomen and back play a notable role in sudomotor sensitivity [74] and
show a stronger association with changes in TCV.

In conclusion, when human subjects are in different thermal states,
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Fig. 17. The feature importance ranking of local TS for overall TCV; (a) Metabolic regulatory zone; (b) Thermoneutral zone; (c) Sudomotor regulatory zone.

the dominant body segments may vary. Accordingly, targeted modula-
tion of local TS in specific body segments, such as insulating the thighs
under cold stress or enhancing cooling at the back under warm condi-
tions, may effectively improve overall TCV. Compared to research on
resting situations (seated), it is noted that in a neutral environment,
when subjects are at rest [75] or walking, the face (head) emerges as the
most sensitive segment. When under warm conditions, the face was
found to be the most sensitive region at rest [76], whereas the chest
became the most sensitive during walking. Furthermore, in a cold
environment, abdomen heating is most comfortable when resting [77].
However, while walking, heating the legs has a more significant impact
on thermal comfort, providing insights into the development of
personalized thermal comfort solutions for pedestrians.

4. Limitations and future work
4.1. Limitations of the study

There are still some limitations in this study. Firstly, some assump-
tions and simplifications are made in the calculation of TS. For instance,
due to the limitations of experimental equipment, skin wetness data
were not directly measured but simulated using the JOS-3 model.

Additionally, due to the limited number of Ty ; measurement points,
heat gain and loss from the neck, pelvis, and foot were not considered.
To address this limitation, the Ty , was calculated using an eight-point
method that excluded the nodes of the neck, pelvis, and foot. The heat
production from these segments and the heat exchange between these
three segments and the external environment were not included in the
calculation. Furthermore, in the calculation of spatial TS, heat exchange
between different body segments due to blood flow was not considered,
and the heat gain and loss were assumed to occur within the same body
segment. Future studies should consider measuring more physiological
parameters, such as core temperature, blood pressure, heart rate, and
sweat rate, and making improvements to the calculation of TS. Secondly,
the limited data from the winter experiment hinders our analysis of
thermal alliesthesia effect in the metabolic regulatory zone. Finally, it
should be noted that this study focused on healthy young adults. The
exclusion of vulnerable populations, such as children and the elderly,
may limit the direct generalizability of the findings to broader public-
space planning, as these groups may exhibit different thermoregula-
tory and subjective responses.
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4.2. Limitations of the JOS-3 model in complex outdoor environments

Firstly, the model’s isotropic radiation assumption fails to capture
directional solar gradients, potentially biasing local alliesthesia assess-
ments due to neglected segment temperature variations. Secondly, the
reliance on steady-state convective coefficients overlooks outdoor tur-
bulence and walking-induced airflow, which likely underestimates heat
dissipation at the limbs. Finally, the static treatment of clothing neglects
dynamic fluctuations in thermal and evaporative resistance caused by
moisture accumulation, wind penetration, and color-dependent solar
absorption.

5. Conclusion

This study investigated the potential of applying the thermal allies-
thesia concept to enhance pedestrian thermal comfort by examining the
relationship between TS and thermal alliesthesia. 51 subjects took part
in experiments, walking along an outdoor route and stopping at 9 survey
points to record their thermal perceptions. Microclimate parameters and
Tq; were continuously measured throughout the experiments. The
boundaries of the thermoneutral zone were defined using overall TS, and
the effects of both temporal and spatial alliesthesia on pedestrian ther-
mal comfort were analyzed.

The main conclusions can be summarized in the following three
points.

1. The JOS-3 simulation was used to determine boundaries separating
the thermoneutral zone from the metabolic regulatory zone and the
sudomotor regulatory zone. These boundaries were identified as 8.05
W/m? (TSmin) and 93.23 W/m? (TSma). In the moderate alliesthesia
potential zone, the relationship between dTS and dTCV followed a
quadratic regression, whereas in the strong alliesthesia potential
zone, the relationship was linear. Specifically, in the sudomotor
regulatory zone, they are negatively correlated, while in the meta-
bolic regulatory zone, they exhibit a positive correlation.

2. Temporal thermal variation along the walking route can generate
temporal alliesthesia, influencing TCV. Compared to low temporal
variation, high temporal variation conditions along the route can
allow higher thermal comfort level compared to low temporal vari-
ation conditions within the range of -31.6 W/m? to 246.9 W/m? for
mean TS. The influence of short-term thermal history (past TS vari-
ation) on current TCV varied, with the strongest impact observed at
at a lag of 20 s in sudomotor regulatory zone, 40 s in thermoneutral
zone, and 5 s in metabolic regulatory zone.

3. Spatial variation across different body segments can induce spatial
alliesthesia, influencing pedestrians’ TCV. Spatial alliesthesia is not
favored by human subjects in thermoneutral zone: an increase of
local TS difference can lead to a noticeable decrease in thermal
comfort level. But its effect is less obvious in the sudomotor regula-
tory zone. When individuals are in different thermal states, the
dominant body segments may vary. In the strong potential of
alliesthesia zone, the most sensitive segments are back, chest and
legs, while in moderate potential of alliesthesia zone, the most sen-
sitive segment is face.
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