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ABSTRACT

Personal comfort systems (PCS) promise individualized thermal comfort, energy-savings and may even
contribute to health by locally heating/cooling specific body segments. To date, however, insights into
PCSs’ specific design guidelines or their effectiveness on whole-body thermal comfort are scarce. The fun-
damental question on which body segments should be targeted has not yet been answered. This paper
attempts to answer this question by systematically reviewing studies on PCSs’ effects on local body seg-
ments and the whole body restricted to office scenarios.

The results imply that the local thermal discomfort distribution over the body determines the PCSs’
effectiveness and that PCSs should eliminate local thermal discomfort by targeting it directly or indi-
rectly. In a typical office scenario, local cooling may affect thermal perception in non-targeted body seg-
ments, however local heating may not. Therefore, PCSs could heat uncomfortable body segments directly
in cold environments while indirect cooling may also effectively relieve discomfort in warm environ-
ments. Moreover, moderate local conditioning does not affect skin temperatures in most non-targeted
body segments. The findings suggest that human thermoregulation may be stimulated, and hence, benefit
our health, without compromising thermal comfort. Directions for future PCS design are proposed to
bridge thermal comfort, energy-efficiency and health in offices.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

The building sector is responsible for up to 40% of the global
energy consumption [ 1], of which half is used for indoor tempera-
ture control [2,3]. The primary aim of temperature control is to
achieve thermal comfort, mostly by keeping indoor temperature
uniform and constant. However, standards (ASHRAE [4] and ISO
7730 [5]) still focus on the mean value of thermal perception rely-
ing on an ‘average person’ assumption while individual differences
caused by differences in age, gender, metabolism, body composi-

Abbreviations: PCS, personal comfort system; WTS, whole-body thermal sensa-
tion; WTC, whole-body thermal comfort; WTA, whole-body thermal acceptance;
LTS, local thermal sensation; LTC, local thermal comfort; MTSV, mean thermal
sensation vote without a PCS; MTCV, mean thermal comfort vote without a PCS;
MTAV, mean thermal acceptance vote without a PCS; T,, air temperature; T,,q, mean
radiant temperature; V, air speed; RH, relative humidity; SG, significant; NS, non-
significant; NT, no statistical test; 1, higher; O, no differences; |, lower; /, Not
applicable.

* Corresponding author.
E-mail address: wei.luo@maastrichtuniversity.nl (W. Luo).

https://doi.org/10.1016/j.enbuild.2021.111766
0378-7788/© 2021 The Author(s). Published by Elsevier B.V.

tion, and thermoregulatory ability are substantial and cannot be
neglected [6,7]. Consequently, thermal comfort complaints of
building occupants are still prevalent [8]. A study shows that only
58% of occupants express satisfaction with their thermal environ-
ment while the target satisfaction rate among occupants is at least
80% [9]. It remains challenging to satisfy everyone by applying the
same ambient climate scenario. Moreover, besides thermal com-
fort and energy efficiency, a healthy indoor climate is of great
importance as well. Literature suggests that the current strict tem-
perature design may be related to the metabolic syndrome [10-12],
whereas regular exposure to cold and heat can benefit our meta-
bolic and cardiovascular health [13]. Moreover, staying in a neutral
temperature most of the time impedes our thermal acclimatization
abilities (‘temperature training’), resulting in decreased thermal
resilience [14-16].

To overcome the aforementioned limitations of traditional
ambient temperature control, personal comfort systems (PCSs)
have been proposed: Systems that provide personal environmental
temperature control directly near the occupants [17]. A PCS directs
heating/cooling to local body parts instead of heating/cooling

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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whole environments, providing the opportunity to use precise
heating/cooling to meet the actual occupant’s demand [17,18].
Thus, the ambient temperature range can be wider than the tem-
perature range stipulated by standards, leading to potential energy
savings. Moreover, a PCS can provide thermal comfort on an indi-
vidual level. In some case studies of office environments employing
PCSs, the achieved satisfaction towards the thermal environment
was 100% [19,20]. The use of PCSs may even lead to alliesthesia
[17,21], a pleasurable sensation generated by thermal stimuli that
counteract thermal stress towards the neutral interior state
[22,23]. Alliesthesia benefits thermal comfort to a much greater
extent than a stable, neutral thermal environment [17]. Further-
more, the exposure to a wider ambient temperature range allows
acclimation (temperature training) of the body, potentially result-
ing in health benefits and temperature resilience [13,14,24].

Several literature reviews have appeared regarding thermal
comfort, energy-savings, and technology of PCSs [17,18,25-29].
Vesely et al. [18] conclude that ambient temperature can be
extended 4-5 °C higher as well as lower than the temperature stip-
ulated by current standards, resulting in annual energy savings up
to 40%. Zhang et al. [17] propose a term, corrective power, to eval-
uate the performance of a PCS. Shahzad et al. [25] reviewed four
different, existing types of PCSs to investigate if these can maintain
comfort in a broader temperature range, reduce the energy con-
sumption of a building and improve air quality. Godithi et al.
[26] focused on the energy efficiency of PCSs and reviewed control
and communication systems for these devices. Warthmann et al.
[27] reviewed the thermal satisfaction rate among occupants,
power consumption, environmental temperature, thermal sensa-
tion and comfort when applying PCS and an innovative control sys-
tem for PCS. Rawal et al. [28] summarized the thermal impact of
PCSs and discussed their energy-saving potential and economic
viability. Finally, André et al. [29] focused on the implementation
of a PCS in an open office. Overall, the studies suggest that a PCS
improves thermal comfort in non-neutral environments and has
the potential of increased energy efficiency by expanding the
indoor ambient temperature range.

To date, most of the studies followed the paradigm of ‘dose-
response’ and did not render much insight into specific design
requirements of a PCS. Furthermore, the reviews mainly focused
on summarizing the whole-body thermal comfort of different
types of PCSs, yet failed to interpret the variations in effectiveness
therein. The fundamental question, which body segments exactly
should be targeted, has not yet been fully addressed. André et al.
[29] explored this issue and concluded that there was no agree-
ment among the studies. Their conclusions, however, were based
mostly on thermal sensation, and derived from a limited amount
of research. Importantly though, the goal of PCSs is to improve
thermal comfort: Comfort and sensation are not synonymous, par-
ticularly in non-uniform and/or dynamic environments [22,30].
Therefore, which body segments should be targeted through local
heating or cooling for maximal effectiveness (i.e. energy-
efficiency), for providing sufficient comfort (i.e. user satisfaction),
and for health is still a highly relevant question to address. To
answer this question, it is important to take into account both
the thermal state of target segments directly exposed to the PCS,
the state of non-target segments which may indirectly be affected
by the PCS, and how those local effects translate to whole-body
thermal comfort.

The general aim is to systematically review the effects of per-
sonal comfort systems on local skin temperature, local thermal
sensation and comfort, and whole-body thermal comfort for the
office context. Skin temperature drives thermoregulation [31],
therefore it is used as a marker for potential (metabolic) health
effects. Results are then used to suggest guidelines for future PCS
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design and its applications, combining thermal comfort, energy-
efficiency and health benefits.

2. Method
2.1. Terms, scope and scale

One of the essential traits of a PCS is local conditioning, which
allows a personalized microenvironment without significantly
influencing adjacent occupant’s microenvironments. The concept
of ‘local’ is defined as a specific body segment. In other words,
the scope of the current paper is on PCSs targeting local body seg-
ments rather than the whole body.

Please note that the term “targeted body segments” is used to
refer to those body segments that are directly affected by local
heating or cooling. The term “non-targeted body segments” refers
to the body segments that were not heated or cooled directly, but
might be affected indirectly by the local heating or cooling. The
size of target segments of a PCS may vary from the major parts
of the body, the arms, the hands, or only the fingers. In this review,
we adopt the division of body segments as described in the original
papers.

2.2. Publication search

A systematic literature search was performed in three academic
research databases: Science Direct, Pubmed and Web of Science.
An overview of the methodology is shown in Fig. 1. The search
was directed to articles describing the effects of local heating/cool-
ing on local skin temperature and thermal perception. Any combi-
nation of the terms from (I), (II) and (III) were used:

(I) : “personal”, “personalised”, “personalized”, “task ambient”,
“local”
(II) : “thermal comfort”, “thermal sensation”
(1IT) : “skin temperature”, “local thermal comfort”, “local thermal
sensation”

The first term (I) indicates the topic of this paper, personal com-
fort systems or local effect. The second term (II) describes the stud-
ied outcome variables, thermal comfort and sensation. The third
term (III) refer to the explanatory variables, i.e., local effects.

‘ Search terms (1), (I1), (Il1) ‘

|

- Records excluded based on title,
Records after duplicates removed
h=422 abstract and keywords

n=371

Additional articles authors
aware of
n=2

‘ Full article assessed Records excluded based on
n=53 reasons (only refer to whole-
l body thermal perceptions)

n=23

‘ﬁ

Article included
n=30

Records classified based on the
interests

| l

Targeted body segment Non-targeted body segment
Table 1 Table 2
n=15 n=17

Fig. 1. Flow diagram of methodology.
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All the papers were peer-reviewed international journal or con-
ference papers. The publication search delivered 422 papers. The
initial selection was based on the title, abstract and keywords.
Given that we targeted insights for typical office scenarios, we
excluded papers related to 1) cooling/heating in extreme environ-
ments, 2) cooling/heating with physical exercise, and 3) thermal
manikin. Last, we included additional articles that we were aware
of that complied with the purpose of this paper, but we missed in
the initial search. The full articles of the included papers were
assessed.

Publications that only referred to whole-body thermal percep-
tion were excluded in the tables and formal analysis, although they
may be referred to in the discussion. For better illustration, the
results are divided into two parts, based on two interests. The first
interest is which body segment to target to provide the highest
effectiveness (energy-efficiency). Table 1 compares the impact of
targeted body segments on the body site itself and on whole-
body thermal comfort and sensation. Some papers used different
local stimuli (i.e., different local heating/cooling temperature or dif-
ferent sizes) among targeted body segments, or imposed the local
stimulus at multiple body segments simultaneously. We excluded
these papers from Table 1, since their methodology could cause bias
in comparing the effectiveness among targeted body segments. The
included studies may also suggest which body segments to target in
terms of the highest energy efficiency as the identical local stimuli
likely require the same supplied power. The second interest is how
to achieve a thermally comfortable state by using a PCS. Table 2
focuses on the interaction between the targeted segment and
non-targeted segments and its impact on whole-body thermal sen-
sation/comfort. For this analysis, identical stimulators (i.e., the
same local heating or cooling conditions on each skin site as in
Table 1) were not a requirement, as we are more interested in the
interaction between target segment and non-target segments and
how it affects whole-body thermal sensation/comfort.

Data on local skin temperature, local thermal sensation (LTS),
local thermal comfort (LTC), whole-body thermal sensation (WTS)
and whole-body thermal comfort (WTC) were collected. Besides
the targeted body segments, the test setup and whole-body thermal
state may also contribute to the variations in effectiveness of PCSs
on WTC. Therefore, the targeted body segments, the test setup
and the thermal conditions of environments are described. The
mean thermal sensation vote (MTSV) and mean thermal comfort
vote (MTCV) without a PCS were documented. An extra row was
supplemented below each study for the scale of thermal sensation
and comfort as the different studies employed different scales. The
resulting numbers of papers that were included are fifteen and sev-
enteen for Table 1 and Table 2, respectively (Fig. 1).

3. Results

The results section first introduces the local effect of PCSs on
targeted body segments (Section 3.1, Table 1) and non-targeted
body segments (Section 3.2, Table 2). Second, the effect of PCSs
on whole-body thermal perception is reviewed, from the perspec-
tive of targeted-body segments and non-targeted body segments
(Section 3.3, Tables 1 and 2). As the thermal conditions and the
setup may also affect effectiveness of the PCS, local heating and
cooling are discussed separately in a cold, neutral and warm con-
dition. A brief summary and conclusion per topic are provided at
the end of each section.

3.1. Impact of local conditioning on targeted body segments
Most of the studies in Table 1 were specialized studies con-

ducted with minimized clothing, imposing the local cooling/heat-
ing on bare skin sites [32-44].
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3.1.1. Effects of local conditioning on skin temperature

As expected, local conditioning (both heating and cooling) is
able to change the local skin temperature in target segments signif-
icantly, regardless of targeted body segments [32,39,40,43,45].
However, the magnitudes vary substantially. The changes in skin
temperature of targeted body segments are more pronounced in
limbs as compared to the torso and face when the thermal condi-
tions deviate from the neutral [39,40]. Near the neutral thermal
condition, the change in skin temperature in response to local
heating/cooling is larger in those targeted body segments that have
lower/higher initial skin temperature [43]. The face, neck, and
chest respond more strongly to a cold stimulus and the feet are
more responsive to a warm stimulus [43].

3.1.2. Effects of local heating on thermal perception

In total, eight studies were performed on targeted body seg-
ments in response to local heating, of which five in a thermal neu-
tral condition [34-36,43,44], four studies in a warm environment
[39-41,44] and two in the cold [39,40] (Table 1). Most studies
focused on sensation rather than comfort.

Under a thermal neutral environment, three studies showed
that the head feels the warmest during local heating, followed by
the torso, with the extremities (e.g., hands, feet) being the least
sensitive [35,36,43]. The regional variations are more marked at
relatively low local heating temperatures [36]. In contrast, one
study indicated that no regional difference was found in response
to warm stimulation in females [34], which can be attributed to the
small sample size in the study.

In a warm environment, the face feels warmer than other body
segments in response to local heating [40,41]. A relatively higher
heating-induced LTS in hands and feet was found in one study
[41] but was not found in another study [39]. Face warming is per-
ceived as more uncomfortable than heating on chest, abdomen and
thigh [40]. Hands and feet warming produces similar local thermal
discomfort as face warming does [41].

Regarding cold environments, the pattern differs, since the
heating-induced LTS proves to be homogenous among the body
segments [39,40], except that the hand has a larger change of
LTS than the neck and sole have [39]. Nevertheless, abdomen
warming was perceived as the most comfortable in a cold environ-
ment [39,40] and warming the face resulted in only minor
improvement of LTC in a cold environment [40].

Within body segments, the upper chest is less responsive than
other torso regions [43] in a thermoneutral environment. The hairy
side is more responsive than the glabrous side of hands and feet in
both thermoneutral and warm conditions [44].

3.1.3. Effects of local cooling on thermal perception

There are nine studies that compared local cooling on different
targeted body segments, of which four were conducted in thermal
neutral conditions [33,34,43,44], six in the warmth [38-41,44,45]
and two in the cold [39,40].

Two studies reported that cooling-induced LTS has a similar
response as heating-induced LTS. The head (cheek) feels the cold-
est, then the torso, and the extremities feel the least in a neutral
environment [34,43]. However, one study showed the LTS was
coldest in the torso, then in the limbs and smallest in the face
[33]. The reason for the differences might be that the duration of
the stimulus differed among the studies [33,34,43]. In studies
[34,43], the cooling stimulus was applied for 10 s (the LTS achieved
a stable state according to the authors), while in study [33] the
cooling stimulus was applied for 3 s.

In a warm environment, it appears that the head(forehead),
hands and feet are more sensitive to local cooling than torso, legs
and arms are [38,41]. However, two other studies disagreed with
this, reporting there is no significant difference in LTS [39,40].
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Table 1
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The effects of local cooling/heating on skin temperature, thermal sensation and thermal comfort of targeted body segments, and whole-body thermal sensation and comfort.

Reference Ambient temperature Stimulated surface Targeted body segments Main results on comfort and sensation
(thermal state of the area (temperature OR
participants) power)
[36] 21 °C Local heating Forehead, chest, abdomen, shoulder, LTS relative to supplied heating p
(neutral*) 22 cm? (20 to 500 W/  forearm, thigh, upper arm, calf, back The warmest sensation was in the face, followed by the
m?) abdomen and back, and least in lower legs. The regional
difference declines with increasing level of local heating.
[35] 22.2 °C Local heating see reference for detailed testing sites LTS
(neutral) 25 cm? (40 °C) The warmest sensation was at the head, then the torso and
least in extremities.
[34] 223 °C Local heating and see reference for detailed testing sites LTS
(neutral™®) cooling Local heating: No significant regional difference
25 cm? (40 °C for Local cooling: Coldest sensation was at the head, then the
local heating and torso and least in extremities.
20 °C for local
cooling)
[44] 22 °C (neutral) Local heating and Hand and feet LTS relative to local skin temperature change
33 °C (warm) cooling (see reference for detailed testing sites) Local heating and cooling: hands were more responsive
1.32 cm? (36 °C for than feet and hairy skin was more responsive than
local heating and glabrous skin.
26 °C for local
cooling)
[43] 31 °C (neutral) Local heating and Forehead, neck, chest, abdomen, back, LTS relative to local skin temperature change
cooling upper arm, forearm, buttock, thigh, Local heating and cooling: the cheek, neck back, and seat
1.32 cm? (36 °C for lower leg, palm, dorsum, sole, foot area were 2-3 times more responsive, as compared to the
local heating and dorsum the foot, lower leg and upper chest.
26 °C for local Change of local skin temperature
cooling) Local cooling and heating: Larger local skin temperature
changes caused by the local warming/cooling were found
in the body parts which has lower/higher initial skin
temperature. The face, neck, and chest had higher initial
skin temperature and foot had lower initial skin
temperature.
[42] Clamping the mean Local heating and Face, abdomen, back, chest, arm, thigh, = WTC: Change of whole-body thermal discomfort
body temperature cooling forearm, leg, hand, foot relative to local skin temperature
(warm) 274 cm?(+4°C, —4°C, Local heating + 4 °C: Face warming was more
—11 °C changes in uncomfortable than limbs and extremities warming.
local skin Local cooling —4°C: No regional difference
temperature) Local cooling —11 °C: Face cooling was more comfortable
than cooling other regions, including torso and extremities.
[41] Clamping the mean Local heating and Head, upperarm, forearm, hand, chest, LTC: Change of local thermal discomfort
body temperature cooling abdomen, back, thigh, calf, foot Local heating + 4 °C: Feet, hands and head felt more
(warm) 274 cm?(+4°C, —4°C, uncomfortable than other regions.
—11 °C changes in Local cooling —4°C: No regional difference
local skin Local cooling —11 °C: Feet, hands and head felt more
temperature) comfortable than other regions
LTS relative to local skin temperature
Local heating + 4 °C: Feet, hands and head had larger
changes than other regions.
Local cooling —4°C: No regional difference
Local cooling —11 °C: Feet, hands and head had larger
changes than other regions
[40] 34.0 °C (warm) Local heating and Face, chest, abdomen, thigh Change of LTS
21.5 °C (cold) cooling Local heating: The face felt warmer than thighs in warm
270 cm?(25 °C for environments. No significant regional difference was found
local cooling and in cold environments.
42 °C for local Local cooling: The abdomen felt colder than the face in cold
heating) environments. No significant regional difference was found
in warm environments.
Change of LTC and change of WTC
Local heating: Heating the abdomen produced the most
comfort in cold environments and the least discomfort in
warm environment.
Local cooling: Cooling the face produced the most comfort
in warm environments and the least discomfort in cold
environment.
Change of local skin temperature
Local heating and cooling: The value was higher in thigh
than that in the face, chest and abdomen in both warm and
cold environments.
[39] 34.0 °C (warm) Local heating and Neck, abdomen, hand, sole, upper back, LTS

21.5 °C (cold)

cooling

270 cm? (42 °C for
local heating and
25 °C for local

lower back, arm

Local heating: the hand was warmer than the neck and
sole under a cold environment. No regional difference in
the warm environments was found.

Local cooling: the abdomen was colder than upper back,
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Table 1 (continued)
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Stimulated surface
area (temperature OR
power)

Reference Ambient temperature
(thermal state of the
participants)

Targeted body segments

Main results on comfort and sensation

cooling)

[38] 39 °C (warm) Local cooling
122 to 384 cm? (16—  lower leg
22 °C)
[37] Unknown (neutral) Local cooling
25 cm? (20 °C)
[33] 29 °C (neutral) Local cooling
20 cm? (0-30 °C)
and abdomen
[32] 22 °C (neutral) Local cooling
33 °C (warm) 25 cm? (15 °C below
local skin
temperature)

[45] 28 °C, 30 °C, and 32 °C Local cooling
(warm) 600 cm? (42 W)
[46] 2°C,4°C, and 6 °C higher Local cooling Back, buttocks

than the neutral 240 cm? (45 W)
temperature of each

subject.

Forehead, back, chest, thigh, abdomen,

under a warm environment. No regional difference in the
cold environments was found.

LTC

Local heating: The abdomen produced more comfort than
the arm in the cold environments.

Local cooling: The abdomen produced more discomfort
than other regions in cold environments and felt least
comfortable in warm environments.

WTC

Local heating: The neck produced more whole-body
thermal comfort than the hand

Local cooling: No significant regional difference.

Change of local skin temperature

Local heating and cooling: The arm, hand and sole were
higher than neck, abdomen and upper back and lower
back.

LTS relative to local skin temperature change and
surface area

Forehead showed a colder sensation per unit area and
decreased temperature than other areas (chest, abdomen,
thigh and leg)

see reference for detailed testing sites LTS

The lateral regions felt colder than the medial regions in
the abdomen and mid-back.

Forehead, cheek, upper arm, forearm, LTS
thigh, calf, upper back, lower back, chest Coldest sensation was in the torso, then the limbs, and

least in the head (cheek and forehead). However, the
regional difference declines with increasing level of local
cooling.

see reference for detailed testing sites LTS

Lateral abdomen and lower back felt colder than upper
torso region.

WTC

More unpleasant sensation to cold stimulation was in the
lateral abdomen and lateral and lower back than other
torso parts

Change of local skin temperature

Smallest change was in the medial lower back and the
largest change was in the lateral chest. In general, the
change in the medial parts was smaller than the lateral
parts.

Chest, abdomen, upper back, lower back LTS, WTS, WTC

No significant regional differences were found. However,
the value of the improvement of WTC was highest in upper
back and lowest in the chest.

Change of local skin temperature

The highest local skin temperature change was in lower
back, followed by chest, abdomen, with being the lowest at
upper back

WTS, WTC

No significant difference between back cooling and
buttocks cooling.

* No indication in the original paper. It is assumed as thermal neutral.

# No indication in the original paper. However, it used the same experimental setup as the reference [35]. Thus, it is speculated as thermal neutral.

The improvement of LTC is similar among hands, feet and head,
and is higher than in other parts [41]. Moreover, Nakamura et al.
indicate that face cooling produces more comfortable feelings than
cooling on abdomen, thigh, and chest [40].

Under a cold environment, the abdomen has a colder sensation
than the face and there are no significant differences among other
body parts [39,40]. Regarding comfort, local cooling on the abdo-
men is least preferred [39,40].

A more detailed within-torso region investigation was carried
out in several studies [32,33,37,43,45]. In general, the back appears
more thermally sensitive than the front of the torso [33], the lower
torso more sensitive than the upper torso [32] and the lateral part
more sensitive than the medial part [37]. The chest is the least sen-

sitive among the torso regions [43,45]. In addition, the within-
segment difference is similar to that of local heating, the hairy side
of hands and feet is more sensitive to cold stimulation than the
glabrous side is [44].

3.1.4. Summary

Given the evidence above, in a non-neutral environment,
greater changes in local skin temperature have been shown in
extremities, as compared to the torso and head. Regarding local
thermal perception, in a neutral environment, the head (especially
the face) has the highest heating-induced LTS response from a
warm stimulus and the extremities appear to have the least. How-
ever, for a cold stimulus, the regional perception varies between



Table 2

The effects of local cooling/heating on skin temperature, thermal sensation and thermal comfort of non-targeted body segments, and whole-body thermal sensation and comfort.

Reference PCS System Targeted body segments Thermal conditions Comparison Local skin temperature Local thermal Whole-body thermal
sensation and comfort sensation and/or
comfort”
Local heating
[49] Electrically heated clothing EHC: waist, scapular, lower T, =8°C;Normal cloth EHC -Chest, stomach, finger, hand 1 SG; LTS WTS 1.62 1 SG;
(EHC) back, kneecap (NC) Versus -Forehead, thigh, upper arm, -Hands, feet 1 SG WTC 0.86 T SG
Chemically heated clothing CHC: torso, kneecap : 1.65 clo; NC forearm, calf NS;
(CHC) MTSV = —1.9;
MTCV = —1.0;
CHC -Forehead, hand, thigh, upper arm, LTS WTS 1.88 1 SG;
Versus forearm, calf NS; -Hands, feet 1 SG WTC 0.95 1 SG
NC -Finger 1 SG
EHC -Finger, hand, forehead, thigh, LTS WTS NS;
Versus upper arm, forearm, calf NS -Hands, feet NS WTC NS
CHC
Thermal sensation scale [-4, +4] [very cold, very hot]
Thermal comfort scale [0,—3] [comfortable, very uncomfortable]
[50] Kotatsu - Thox Lower body T,=14°C; ST =23, 32, 41, -Forehead, chest, back, abdomen, / WTS
Supplied temperatures (ST) Cloth = 0.7 clo; 50 °C upper arm, forearm O NT -0.8, 2.1,3.5,49 1 NT
of the device were 14, 23, 32, MTSV = —-3.0; Versus (ST =all); (ST =23, 32,41, 50°C)
41 and 50 °C MTCV = -2.5; ST=14°C -Lower back, back of the hand, WTC
finger 1 NT (ST = all); -1.6, 2.5, 2.5, 1.3 1 NT
(ST =23, 32, 41, 50 °C)
Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal comfort scale [-3, +3] [very comfortable, very uncomfortable]
[53] Heating Chair Butt, back RH = 40%; Heating Chair -Hand, feet NS (T, = all) LTS WTS
Cloth = 1.13 clo; Versus -Hand, feet NS (T, = all) -1.6,2.3,14 1 SG
V<02 m/s; No heating LTC (T.=5, 10, 15 °C) -NS
-Hand, feet NS (T, = all) (T,=20°C)
T,=5°C, Tag =5 °C; WTC
MTSV = —2.5; -1.1,1.3 1 SG (T, =5,
MTCV = -2.1; 10 °C)-NS

Ta=10°C, Trag=10°C;
MTSV = -2.0;
MTCV = —-1.5;

Ta=15°C, Traa =15 °C;
MTSV = —0.6;
MTCV = -0.5;

Ta=20°C, Traq = 15 °C;

MTSV = —-0.2;
MTCV = 0.0;
Thermal sensation scale [-3, +3] [cold, hot]
Thermal comfort scale [0, -3] [not uncomfortable, very uncomfortable
[47] Heating Chair (HC)Heating HC: torso, T,=18°C;
Desk HD: hand, forearm RH = 48%;
(HD)Heating Floor Mat HFM: feet V<02 m/s;
(HFM) Com: torso, hand, forearm, Cloth = 0.75 clo;
Combination of those three feet MTSV = —-1.2;
(Com) MTCV = —-0.2

Heating Chair
Versus
No heating

Heating Desk
Versus
No heating

-Hand 1 SG*

LTS
-Head, arm, hand, feet NS

LTS
-Head, feet NS

(T,=15,20°C)

WTS 0.91 SG
WTC 0.2 17 SG

WTS 0.4 1 SG
WTC 0.2 1 SG
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Table 2 (continued)

Reference PCS System

Targeted body segments

Thermal conditions

Comparison

Local skin temperature

Local thermal
sensation and comfort

Whole-body thermal

sensation and/or

comfort”
Heating Floor Mat -Hand NS LTS WTS NS
Versus -Head, arm, hand NS WTC NS
No heating
Com (user / LTS WTS 1.9 1 SG
control) -Head 7 SG WTC 0.5 1 SG
Versus
No heating
Com (fixed / LTS WTS 1.7 1 SG
power) -Head 7 SG WTC 0.6 1 SG
Versus
No heating
Com (auto / LTS WTS 1.6 1 SG
control) -Head 7 SG WTC 0.2 1 SG
Versus
No heating
Thermal sensation scale [-3, +3] [cold, hot]
Thermal comfort scale [-1,1] [clearly uncomfortable, clearly comfortable] 0: just comfortable/uncomfortable
# P <0.081
[48] Heating chair (HC)Heating HC: back and butt T,=18°C; Heating wrist pad  -Face, belly, forearm, leg, feet OONT /| WTS NS
wrist pad HWP: wrist RH = 40%; Versus WTA NS
(HWP)Heating shoe insole HSI: feet insole Cloth = 0.65 clo; No heating
(HSI) MTSV = —0.35;
MTAV =043
heating shoe -Face, back, belly, forearm, leg, / WTS NS
insole hand, finger O NT WTA NS
Versus
No heating
Heating chair, -Face, belly, forearm, leg O NT / WTS 1.31 1 SG
wrist pad and WTA 1.65 1 SG
insole
Versus
No heating
Heating chair and  -Face, belly, forearm, leg, feet O NT /| WTS 1.11 1 SG
wrist pad WTA 1.01 1 SG
Versus
No heating
Heating chair and  -Face, belly, forearm, leg, hand, / WTS 0.72 1 SG
insole finger OO NT WTA 1.1 7 SG
Versus
No heating
Heating wrist pad  -Face, belly, forearm, leg, hand, / WTS NS
and insole finger O NT WTA NS
Versus
No heating
Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal acceptance [—4, +4] [clearly unacceptable, clearly acceptable]
[52] Heating chair Back and buttocks RH = 50%; Heating chair / LTS WTS
Cloth = 0.95 clo; Versus -Chest, face, neck, knee, calf, arm, -0.57,0.33 1 SG
V<0.1 m/s; No heating foot, hand NS (T, = all) (T.=14,
T.=14, 16, 18 °C; -Stomach SG 1 (T, = 14C); NS 16C)
MTSV = —14, -0.8, - (T,=16, 18C) -NS (T, = 18C)
0.1; WTC

MTCV =-14, -0.7, -
0.26

-SG 0.4 1 (T, = 14C)
-NS (T, = 16, 18C)

(continued on next page)
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Table 2 (continued)

Reference PCS System Targeted body segments Thermal conditions Comparison Local skin temperature Local thermal Whole-body thermal
sensation and comfort sensation and/or
comfort”
Thermal sensation scale [—3, +3] [cold, hot]
Thermal comfort scale [-3, +1] [very uncomfortable, very comfortable] 0: comfortable
[51] HB1 (heating radiant panel, HB1: feet, crus, forearm, EHC -Forehead | SG (T, = all) LTS WTS
heating table pad)HB2 hand T.=15,18°C; Versus -Upper arm NS (T, = all) -Neck 7 SG (T, =15 °C); NS -0.61, 1.27 1 SG
(heating chair, heating floor RH = 50%; HB1 (Ta=18°C) (T,=15,18°C)
mattress)EHC HB2: back, butt, feet Cloth = 0.99 clo; WTC NS (T, = all)
(heating trouser, heating V=0.1m/s
jacket) EHC: back, abdomen, butt,
thigh, pelvis
EHC -Forehead, upper arm, forearm, LTS WTS NS (T, =all)
Versus calf, hand NS (T, = all) -Neck 1 SG (T, =15 °C); NS WTC NS (T, = all)
HB2 (T,=18°C)
-Hand NS (T, = all)
HB1 -Forehead 1 SG (T, = all) LTS WTS NS (T, =all)
Versus -Abdomen, upper arm NS (T, = all) -Abdomen, neck NS (T, = all) WTC NS (T, =all)
HB2
Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal comfort scale [-3,0] [very uncomfortable, comfortable]
[54] Heating Chair (HC) HC: Back and buttocks RH = 60%; Heating chair / LTS WTS
Leg Warmers (LW) LW: Legs Cloth = 1.1 clo; Versus -Head, chest, abdomen, arm, leg, -0.68, 0.33, 0.54 1 SG
V<0.1 m/s; No heating feet NG (T, = all) (T, =14, 16, 18C)
T, =14, 16, 18 °C; -Hand NG (T, = 16, 18C); 1 SG WTC
MTSV = -1.3 -0.87, - (T,=147) -0.63, 0.63, 0.69 1 SG
0.57; LTC (T, =14, 16, 18C)
MTCV = -1.0, 0.16, -Head, chest, arm, leg, feet NG
0.73 (T, =all)
-Abdomen, arm 1 SG (T, =14 C);
NG (T, =16, 18C)
-Hand 1 SG (T, = 14, 18 C); NG
(Ta=18C)
Heating chair and | LTS WTS
leg-warmers -Head, chest, abdomen, arm, feet -1.06, 0.75, 0.54 7 SG
Versus NG (T, =all) (T,=14, 16, 18C)
No heating -Hand NG (T, = 16, 18C); 1 SG WTC
(T,=147) -2.13,10.8,0.84 1 SG
LTC (T.=14, 16, 18C)

Thermal sensation scale [-3, +3] [cold, hot]
Thermal comfort scale [-3, +3] [very uncomfortable, very comfortable] 2: comfortable

Local cooling
[48] Ventilation chair (VC) VC: torso, T,=29°C;
Cooling wrist pad (CWP) CWP: wrist RH = 40%;
Desk fan (DF) DF: face Cloth = 0.5 clo;
MTSV =1.18;
MTAV = 0.9

Desk fan and
cooling wrist pad
Versus

No cooling

Desk fan and
ventilation chair
Versus

No cooling

-Back, belly, leg, foot OO NT
-Forearm, hand |SG

-Belly, leg, feet 0 NT
-Forearm, hand |SG

-Head, arm, foot: NG (T, = all)
-Chest, abdomen, arm NG (T, = 16,
18C); 1 SG (T,=147)

-Hand 1 SG (T, = all)

WTS 1.03 | SG
WTA 0.83 1 SG

WTS 1.5 | SG
WTA 1.35 1 SG
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Table 2 (continued)

Reference PCS System Targeted body segments Thermal conditions Comparison Local skin temperature Local thermal Whole-body thermal
sensation and comfort sensation and/or
comfort”

Desk fan, -Back, belly, leg, feet OO NT / WTS 1.55 | SG
ventilation chair -Forearm, hand |SG WTA 1.57 1 SG
and cooling wrist
pad
Versus
No cooling

Thermal sensation scale [—4, +4] [very cold, very hot]

Thermal acceptance [—4, +4] [clearly unacceptable, clearly acceptable]

[55] Local ventilation air- T, =26, 28, 30 °C; Chest cooling* -Back, forearm, NS (most cases) / WTS 0.48 | SG*
conditioning mode RH =50 %; Versus -Neck, upper arm, thigh, calf NS Percentage of
(ventilation temperature V =0.06 m/s; No cooling (all cases) satisfaction 24 1 SG*
(Tv) =20, 26, 28 °C; Cloth = 0.5 clo;
ventilation velocity = 0.17 m/ Sedentary;

s) Average MTSV = 0.6#
Average percentage of
satisfaction = 52°%
Back cooling* -Chest | SG (most cases) / WTS 0.44 | SG*
Versus -Forearm, thigh NS (most cases) Percentage of
No cooling -Neck, upper arm, calf NS (all satisfaction 26 T SG*
cases)
Chest cooling™ -Neck, thigh, upper arm NS (most  / WTS NS#
Versus cases) Percentage of
Back cooling -Forearm, calf NS (all cases) satisfaction NS*
Thermal sensation scale [-3, +3] [cold, hot]
Thermal satisfaction [0, +100]
* The study tested five conditions in total. Those five conditions were in combination between Tv and T,
# The value is the average of all five conditions

[57] Conventional fan Face cooling: conventional T.=32.3°C; Face cooling -Proximal skin temperature NS / WTS 0.48SG
Cooling panel fan RH =29.3%; Versus -Distal skin temperature | SG WTC 0.531 SG
Water perfused seat Underarm cooling: cooling Cloth = 0.64 clo; No cooling

panel Metabolism = 1.2MET;

Foot sole cooling: cooling MTSV = 1.7;

panel MTCV = -0.36

Back cooling: water

perfused seat
Underarm cooling -Proximal skin temperature | SG / WTS NS
Versus -Distal skin temperature 1 SG WTC NS
No cooling
Back cooling -Distal skin temperature | SG / WTS NS
Versus WTC NS
No cooling
Foot sole cooling  -Proximal skin temperature NS / WTS NS
Versus WTC NS
No cooling
Face-underarm -Proximal skin temperature NS / WTS 0.66/SG
cooling -Distal skin temperature NS WTC 0.457 SG
Versus
No cooling

(continued on next page)
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Table 2 (continued)

Reference PCS System Targeted body segments Thermal conditions Comparison Local skin temperature Local thermal Whole-body thermal
sensation and comfort sensation and/or
comfort”
Thermal sensation scale [—3, +3] [cold, hot]
Thermal comfort scale [-2, +2]; [very comfortable, very uncomfortable]
[59] Cooling vest torso T,=34°C; Torso cooling -Forehead | NT / WTS 0.76 [NT
RH = 60%; Versus -Calf 1 NT WTC O NT
V=0.4m/s No cooling
Cloth = 0.75 (0.67) clo;
Metabolism = 1.05 Met
MTSV =1.1;
MTCV = -0.5
Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal comfort scale [-2, 0] [uncomfortable, comfortable]
[56] Water perfused cooling pad Neck, Breast, Back, Loin, T.=30°C; Local cooling® -Cooling of breast and back affect |/ /
Upper-arms, Lower-arms, RH = 50%; Versus both proximal and peripheral
Hands, Thighs, Legs, Feet V=0.2m/s No cooling regions NT
Cloth = 0.24 clo* -Cooling of extremities influence
only limited peripheral regions NT
* The clo value is estimated, based on the participants’ wearing (brassiere, short and chair).
# The study cooled ten targeted body segments individually.
[58] Conventional desk fan (DF) VC: torso T, =28, 30, 32 °C; Convention desk -Upper arm, anterior thigh, / WTS NS (T, = all)
Air ventilation cloth DF: forehead and hands RH = 50%; fan anterior calf NS (T, = all) WTC NS (T, = all)
(VC) V<0.1 m/s Versus
Cloth = 0.66 clo; Air ventilation
cloth
Thermal sensation scale [—3, +3] [cold, hot]
Thermal comfort scale [-3, +3] [clearly uncomfortable, clearly comfortable]
[60] Personalized ventilation Face, back, chest T,=28, 32, 35°C; Local cooling® / LTS /
system RH = 40%; Versus -Face, chest, back, lower body | SG
V< 0.1 m/s No cooling (in most cases)
Cloth =0.18 clo*
Thermal sensation scale [—3, +3] [cold, hot]
* The clo value is estimated by the information provided in the paper, including metal chair, men’s underwear and walking short
# The study included three local cooling strategies -face cooling, back cooling and chest cooling.
[45] Cooling pad lower back, upper back, T, =28, 30, 32 °C; Local cooling* -Head, chest, abdomen, upper LTS WTS*

abdomen, chest

RH = 50%;

V<0.1 m/s;

Cloth = 0.5 clo;
Metabolism = 1.1 met;
MTSV =0.53, 1.11,
1.78;

MTCV = —0.16, -0.50, -
1.39

Versus
No cooling

back, lower back, arms, thighs,
calves, hand, feet NS (T, = all)

-Head, chest, abdomen, upper back,
lower back, arms, thighs, calves,
hand, feet | NT (T, = all)

LTC

-Head, chest, abdomen, upper back,
lower back, arms, thighs, calves,
hand, feet 1 NT (T, = all)

-0.48, 0.83, 0.67 | SG
(T, =28, 30, 32 °C;
chest cooling)
-0.42,0.94, 0.72 | SG
(T,=28, 30, 32 °C;
abdomen cooling)
-0.42,1.11, 0.95 | SG
(T,=28, 30, 32 °C;
upper back cooling)
-0.48, 0.83, 0.89 | SG
(T,=28, 30, 32 °C;
lower back cooling)
wrc*

-0.42, 0.33, 0.33 1 SG
(T.=28, 30, 32 °C;
chest cooling)
-0.37,0.28, 0.67 1 SG
(T.=28, 30, 32 °C;
abdomen cooling)
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Table 2 (continued)

Reference PCS System Targeted body segments Thermal conditions Comparison Local skin temperature

Local thermal
sensation and comfort

Whole-body thermal
sensation and/or
comfort”

Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal comfort scale [-3, +1] [very uncomfortable, very comfortable] 0: comfortable
* The study included four local cooling strategies -lower back cooling, upper back cooling, abdomen cooling and chest cooling.

[46] Cooling chair back, buttocks Ta=2, 4, 6 °C higher Local cooling™* /
than individual neutral Versus
temperature; No cooling
V<0.1 m/s;

Cloth = 0.4 clo;
Metabolism = 1.1 met;
MTSV = 0.85, 1.30,
2.05;

MTCV = -0.58, -1.21, -
2.05

Thermal sensation scale [—4, +4] [very cold, very hot]
Thermal comfort scale [-3, +1] [very uncomfortable, very comfortable] comfortable (0)
* the study included three local cooling strategies, namely back cooling, buttocks cooling and combination (back and buttocks) cooling.

LTS

-Head, chest, abdomen, waist, back,
buttock, arms, thighs, calves, hand,
feet | SG (T, = all)

LTC

-Head, chest, abdomen, waist, back,
buttock, arms, thighs, calves, hand,
feet T NT (T, = all)

-0.37,0.39, 0.72 1 SG
(Ta =28, 30, 32 °C;
upper back cooling)
-0.27, 0.39, 0.67 1 SG
(Ta=28, 30, 32 °C;
lower back cooling)

WTS*
-0.85, 0.85, 0.85 | SG
(Ta=2, 4, 6 °C higher;
back cooling)
-0.92,0.83, 1.19 | SG
(Ta=2, 4, 6 °C higher;
buttocks cooling)
-1.08, 1.00, 1.58 | SG
(T2=2, 4, 6 °C higher;
back and buttocks
cooling)
wrc*
-0.34, 0.65, 0.91 1 SG
(T2=2, 4, 6 °C higher;
back cooling)
-0.40, 0.48, 0.78 1 SG
(Ta=2, 4, 6 °C higher;
buttocks cooling)
-0.40, 0.91, 1.28 1 SG
(Ta=2, 4, 6 °C higher;
back and buttocks
cooling)

1 In this column, the ‘WTS 1.55 1 SG (T, =22 °C)’ means that WTS is significantly 1.55 unites higher than the reference condition under a thermal environment of T, = 22 °C.
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studies. The reason for the difference between studies may be that
those studies employed different durations of the local stimulation.
Regional differences in response to local heating and cooling are
more pronounced at relatively low local heating/cooling tempera-
ture. Furthermore, in terms of LTC, the skin of the face is more sen-
sitive to warmth discomfort and prefers local cooling while the
abdomen is the opposite. Finally, within-segment results show that
the chest presents the least thermal sensitivity to both warm and
cold stimulation compared to other torso regions and the non-
glabrous side of both hands and feet is more responsive than the
glabrous side.

3.2. Impact of local conditioning on non-targeted body segments

3.2.1. Effects of local heating on non-targeted body segments

In most cases, heating of certain target segments did not result
in a significant change in skin temperatures of non-targeted body
segments, including head, torso, arms and legs [47-52]| (Table 2-
upper part). On other hand, one study [49] observed significantly
higher skin temperatures of the front torso under back torso heat-
ing and heavy clothing (1.7 clo). In another study, the forehead also
showed a difference in skin temperature under various indirect
heating strategies [51]. However, this result derives from method-
ological differences - one of the strategies increases the ambient
temperature, resulting in increased forehead temperature [51]. In
contrast, extremities seem more easily affected by indirect heating
[47,49,50]. An increase in hand or finger temperature was found by
torso heating [47,49] and lower-body heating [50]. The skin tem-
perature can increase with 3 °C [47,49] and even more than
10 °C with sufficiently high heating (50 °C local heating tempera-
ture on whole lower body) [50].

In line with these effects on local skin temperature, LTS was not
affected by local heating in non-targeted body segments, with the
exception of hands and feet [47,49,51-54]. Only a negligibly war-
mer sensation (<0.1 unit in standard 7-point thermal sensation
scale) in the forehead was found by heating torso, hands, forearms
and feet [47]. Also, the warmth perception in the neck seems can
be significantly elevated by heating the torso in some cases [51].
For the hands and feet, local torso heating with heavy clothing
(1.7 clo) did result in a significant increase of 1.7 and 0.8 units in
LTS (9-point scale) in the hands and feet respectively [49]. In con-
trast, studies employing normal clothing for office contexts (0.75 -
1.1 clo) showed no effects on the hands in terms of LTS [47,52,53].

Only one study [54] presented the effect of local heating on LTC
of non-targeted body segments. In a majority of cases, heating on
the back torso, buttocks and legs also cannot result in a significant
improvement of LTC in the head, arms, feet, chest, abdomen, under
ambient temperatures ranged 14 °C to 18 °C [54]. On the other
hand, the LTC of hands can be enhanced significantly by heating
on the back torso, buttocks and legs [54]. However, this improve-
ment was caused by the subjects putting their hands on the heat-
ing devices [54], a behaviour not suitable in an office scenario.

3.2.2. Effects of local cooling on non-targeted body segments

In non-targeted body segments aside from extremities, there is
no significant effect of local cooling on skin temperature in most
cases [45,48,55-58] (Table 2-lower part). However, local cooling
in one part of the torso region did slightly decrease the skin tem-
perature in other parts of torso [55], forehead [59] and slightly
increased skin temperature in calves [59]. In contrast, hands and
feet are more susceptible to indirect cooling. Remarkably, higher
skin temperatures were observed in extremities by face cooling
[57], underarm cooling [57] and torso cooling [56,57] with subtle
magnitude (<0.5 °C).

Interestingly, cooling on the torso and face can substantially
affect the LTS of non-target body regions [45,46,60], resulting in
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improvement of local thermal comfort there [45]. Yang et al. [45]
explored the effect of local cooling on different torso regions. The
skin temperature of non-targeted body segments did not change
significantly. However, the LTS changed from nearly 0.2 to 1.0 units
on a 7-point thermal sensation scale, along with the enhancement
of local thermal comfort (especially in the uncooled parts of the
torso).

3.2.3. Summary

To summarize, local heating does not significantly affect the
skin temperature and local thermal perception in most non-
targeted body segments, but an increase of local skin temperature
in hands and feet can be established by moderate indirect heating.
With sufficient indirect heating or heavy clothing, indirect heating
may also result in more considerable alterations in the thermal
perception of the hands and feet.

With regard to local cooling, although indirect cooling can
hardly influence the local skin temperature, moderate cooling of
the head and torso can result in substantial changes in local ther-
mal perception of non-targeted body segments, including hands,
feet, legs, arms, torso (non-targeted body segment in head cooling)
and head (non-targeted body segment in torso cooling).

3.3. Whole-body thermal comfort by local temperature manipulation

3.3.1. Effect of local heating/cooling of targeted body segments on
whole body thermal comfort

Six studies [32,39,40,42,45,46] on targeted skin sites also mea-
sured the effect on WTC (Table 1). In a warm environment, face
cooling resulted in the largest improvement of whole-body com-
fort [40,42]. Cooling on the abdomen is least preferred [39,40].
Moreover, back cooling has a similar improvement on WTC as but-
tocks cooling [46]. In a cold environment, face warming is per-
ceived as less comfortable as compared to heating on chest,
abdomen and thigh, while abdomen warming shows the greatest
comfort [39,40]. Within the torso region, only studies of local cool-
ing in warm environments [32,45] were conducted. One study [45]
suggested that there is no significant difference among upper back,
lower back, abdomen and chest while another study [32] indicated
that more whole-body discomfort to cold stimulation was felt in
the lateral abdomen and lateral and lower back than in other torso
parts.

3.3.2. Effects of local heating on whole-body thermal comfort from the
perspective of non-targeted body segments

Only the studies in Table 2 about torso heating/cooling provide
the local thermal perceptions of non-target body parts and whole-
body thermal comfort [47,49,52,53]. Whether torso heating (heat-
ing chair) can provide a comfortable state on a whole-body level
seems to depend on whether the comfort of hands and feet is
affected [47,49,52,53]. For example, Yang et al. [52] found that
when an active heating chair is unable to warm the hands and feet,
only a minor improvement of WTC was accomplished in 14 °C and
no improvement emerged in 16 °C and 18 °C. Song et al. [49]
showed that torso and kneecap heating can increase finger temper-
ature together with WTC up to a comfortable state when exposed
to a temperature of 8 °C with thick clothing (about 1.7 clo). Torso
heating (improving the local thermal comfort of the torso) also did
result in a higher overall thermal sensation than the combination
of hands and feet heating (improving local thermal comfort of
extremities) [51]. However, whole body thermal comfort did not
differ between these two heating strategies [51]. This is supported
by another study, observing an elevation of the WTS by a heating
chair as compared to by a heating desk, but there was no difference
between the two settings in WTC [47]. Torso heating in combina-
tion with warming the extremities induced more comfort than sin-
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gle torso heating or extremities heating, even up to a ‘comfortable’
state [47,48].

3.3.3. Effects of local cooling on whole-body thermal comfort from the
perspective of non-targeted body segments

Regarding local cooling, torso cooling can maintain a comfort-
able state of all body parts at ambient temperature of 28 °C with
normal summer office clothing (0.5 clo) and also reach comfort
on a whole-body level [45]. With increasing temperature, the parts
receiving cooling have the highest comfort, while the uncooled
parts show diminishing comfort [45]. The discomfort of uncooled
parts causes the whole-body to still experience discomfort, despite
the locally increased thermal comfort. This similar phenomenon
can be found in another study [46].

3.3.4. Summary

In conclusion, with respect to whole body comfort, face cooling
is most comfortable in a warm environment while abdomen
warming is the most comfortable in a cold environment. Though
torso cooling/heating can provide comfort in a range close to ther-
moneutral, it is insufficient to keep the whole body in a comfort-
able state when the environmental temperatures become more
extreme (ambient temperature is less than 18 °C with clothing
insulation around 1.0 clo or more than 28 °C with clothing insula-
tion around 0.5 clo).

4. Discussion

We performed a systematic literature search of the effects of
PCSs on local body segments (targeted segments and non-
targeted segments) and how those local effects influence whole-
body comfort (WTC). We found quite some agreement existing in
the complex body of literature. Local conditioning can substan-
tially change the skin temperatures and thermal perceptions in tar-
geted body segments [32,39,40,43,45]. When comparing different
targeted body segments using identical local stimuli, face cooling
in warm environments [40,42] and torso warming in cold environ-
ments [39,40] present the greatest improvements of WTC (maxi-
mum effectiveness). On the other hand, the results of local
conditioning on non-targeted body segments are not consistent.
The review reveals that moderate local conditioning does not influ-
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ence skin temperatures in most non-targeted body segments.
Moreover, under the conditions of a typical office setting with nor-
mal clothing (0.65-1.1 clo), moderate local heating does not result
in a substantial change of thermal perception in non-targeted seg-
ments [47,51-53]. Interestingly, local cooling of the torso and head
can significantly influence the thermal perception of other regions
with clothing insulation around 0.5 clo [45,46,60]. The results also
show that simply heating/cooling the torso wearing normal cloth-
ing is insufficient to keep the body as a whole in a comfortable
state when the environmental temperatures become more
extreme (ambient temperature is less than 18 °C with clothing
insulation around 1.0 clo or more than 28 °C with clothing insula-
tion around 0.5 clo) [45,46,52,53,60].

4.1. Factors affecting PCSs’ effectiveness and methodological
considerations

Research on thermal comfort is notoriously difficult as many
factors and their interactions co-affect human perception. This also
holds for the study of PCSs aiming to provide comfort. Overall,
three main categories of factors may affect the effectiveness of
PCSs (Fig. 2): environmental factors, user factors and system fac-
tors. To unbiasedly compare different targeted body segments
regarding the highest effectiveness, we strictly included only the
within-subject studies that used identical local stimuli (same tem-
perature/power and sizes) among targeted body segments in the
same environments. Those studies may also indicate which body
segments to target in terms of energy efficiency since the identical
local stimuli may demand the same supplied power. Furthermore,
those studies were grouped according to their environmental con-
ditions. The results reveal that the body’s regional differences in
LTS and LTC (thermal sensitivity patterns) differ between cold,
neutral and warm conditions. However, even among the studies
that were conducted in the same environmental conditions, there
is sometimes no consensus, which may be attributed mostly to
user factors and system factors. For example, the heat transfer
mode may be a factor as the convective heating/cooling may
increase evaporate heat loss from the skin compared to radiation
or conduction [17]. On the other hand, there is substantial consen-
sus among studies investigating typical office environment scenar-
ios with normal clothing, which indicates that the effectiveness of
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the PCS may be not sensitive to small differences in those factors.
In this sense, the fact that this consensus emerged, in spite of the
variety in experimental designs and experimental environments
we reviewed is quite remarkable.

4.2. Which body segments should be targeted to provide comfort?

The ultimate goal of a PCS is to provide comfort. It is hence quite
striking that most of the well-controlled studies regarding the
effect of temperature manipulation of targeted body segments
focus on temperature perception rather than WTC (Table 1). Nev-
ertheless, the studies that did include WTC showed that targeting
the face in warm environments [40,42| and the torso in cold envi-
ronments [39,40] present the greatest improvements of WTC. The
most likely explanation for this is that those body segments are
reported to be the most uncomfortable prior to local cooling/heat-
ing start, hence intervening directly in these body segments max-
imizes the likelihood for improvement of WTC. This can be
explained by the complaint-driven feature found in the studies
by Arens et al. [63], Zhang et al. [61], and Pellerin et al. [62]. This
states that whole-body thermal discomfort is dominated by the
one or two body segments experiencing most local thermal dis-
comfort. Our explanation that the torso is the most uncomfortable
part in cold conditions contrasts with previous studies of local
thermal discomfort [63-65] that reported that in a cold environ-
ment the feet and hands experience the most discomfort. Differ-
ences in clothing level may explain the discrepancy between
these results. During the latter studies [63-65] the subjects had
their torso covered (whole-body clothing was around 0.35 clo)
while in the first two studies [39,40], the subjects were dressed
in shorts only. The (local) clothing level can be the key factor in
local thermal perception [66]. Without clothing on the torso, the
torso most likely becomes the most uncomfortable segment in
the cold. However, for office environments, the absence of clothing
in laboratory studies [39,40,42] limits their value in informing the
design of PCSs and hence lowers their ecological validity. There-
fore, future studies conducted with standardized office clothing
and using the same local stimuli for various body segments are
required to find out which body segments should be targeted for
the highest effectiveness (i.e., energy-efficiency) of a PCS system.

A general finding in the current review is that for participants in
normal clothed conditions, conditioning the torso [46,52,53,60]
cannot provide sufficient comfort when the environmental tem-
peratures become more extreme. Again, this can be explained by
the complaint-driven principle found in the studies by Arens
et al. [63], Zhang et al. [61], and Pellerin et al. [62]. For example,
in Yang’'s study [52], the active-heating chair (45 W) slightly
improved WTC at an ambient temperature of 14 °C, but resulted
in no improvements in 16-18 °C as compared to a well-insulated
chair. Two things could explain this phenomenon. Firstly, the
extremities were rated exceedingly cold in all environmental con-
ditions, whereas the torso only felt slightly cold at 14 °C, and
hence, benefitted from local warming. Secondly, providing heating
on the torso does not result in a change of local thermal discomfort
in the extremities. In normal clothed conditions, discomfort in the
extremities is probably the main driver of thermal discomfort on
the whole-body level.

The complaint-driven feature implies that the effect of a PCS on
WTC heavily rests on the local thermal discomfort profile. For
example, in contrast to Yang's finding described above, Pasut
[67,68] showed that the heating chair (42 W, which is similar to
Yang's study [52]) significantly improved thermal comfort in 16-
18 °C, as compared to a mesh chair and a cushion chair. The diver-
gence can be attributed to the difference in local thermal discom-
fort profiles: in Pasut’s study [67], the back and gluteal region felt
cold discomfort in 16-18 °C conditions while In Yang's study [52],
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the torso region felt neutral. Mitigation of torso discomfort by the
heating chair in Pasut’s study brings two benefits. First, it solves
the local discomfort sources, therefore improves WTC. Secondly,
the relief of local unpleasantness may trigger alliesthesia (thermal
pleasure) [21,69], harvesting overshoot in WTC.

Most of the evidence seems to point to the necessity of elimi-
nating local discomfort in an office environment. In the short term,
eliminating local discomfort may elicit alliesthesia, thus attaining
thermal pleasure, and in the long term, it solves the main sources
of whole-body thermal discomfort and enables people to achieve a
comfortable state. Therefore, the local thermal discomfort profile is
an essential factor for predicting the effects of a PCS on the WTC.
The environmental conditions, the tested population, and clothing
can all contribute to the local thermal discomfort profile. Unfortu-
nately, relevant studies of local thermal comfort profiles in differ-
ent contexts are still sparse in the literature. Hence, studies on
local thermal comfort profiles are suggested for the future to
increase our understanding of the underlying mechanism of the
effect of PCSs on WTC.

Although we cannot yet equivocally conclude which specific
body segments need to be targeted, we may conclude that a PCS
first and foremost needs to eliminate local thermal discomfort by
targeting specific skin sites directly or indirectly. This review
shows that the local conditioning can exert a substantial influence
on targeted body segments. However, with respect to local thermal
perception under local heating, it cannot affect the non-targeted
body segments in a typical office scenario whereas local cooling
can. Therefore, it is suggested for a heating PCS to directly target
specifically the uncomfortable body segments (or at least near
those segments). For a cooling PCS, it is not necessary to directly
target uncomfortable body segments because cooling the head or
torso can result in a change of thermal perception in other body
parts.

4.3. Future perspective - which body segments should be targeted to
combine thermal comfort, energy efficiency and health?

The classical mantra of thermal comfort is that it occurs when
the thermoregulatory effort is minimized [4]. This implies that
the building is primarily responsible for regulating the thermal
state of the human body. In contrast, exposure to both cold and
warmth can exercise our thermoregulatory system (heat and cold
acclimatization) and increase energy expenditure to offset excess
energy intake [13]. More importantly, regular exposures to mild
cold/warmth can benefit our glucose metabolism (increase insulin
sensitivity) [70,71] and reduce the risks of cardiovascular diseases
[72,73]. The details are documented in a review paper by van Mar-
ken Lichtenbelt et al. [13].

According to the statements above - one indicating thermal
comfort occurs when the thermoregulatory effort is minimized,
the second one suggesting exercising thermoregulatory system
can benefit health - it seems that maximizing both comfort and
health are incompatible. However, it should be noted that the idea
of minimized thermoregulatory effort leading to thermal comfort
was proposed in the context of stable environments, striving for
thermal neutrality. In dynamic environments, this insight may
need modification. Especially, the precise targeted conditioning
of PCS is a potential way to eliminate local thermal discomfort
while maintaining the thermal stimulus to other body parts. This,
in turn, may evoke considerable metabolic health benefits due to
continued activation of the body’s thermoregulatory system. The
main findings of the current review, showing that moderate local
conditioning does not influence skin temperatures in most non-
targeted body segments, yet can result in higher whole-body com-
fort, support this notion.
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Fig. 3. Novel PCS schemes target head, hands and feet, which eliminates the discomfort sources from the head, hands and feet, and retains the cold excitation to the torso, in

mild cold and warm environments.

The current knowledge indicates that, in an office context, in
mild excursions outside the thermal comfort zone, hands and feet
are the sources of thermal discomfort in the cold and the head is
the source of thermal discomfort in the warmth [63-65]. A novel
PCS scheme, which targets only the extremities and head, is sug-
gested, as shown in Fig. 3. This scheme may eliminate the local
thermal discomfort of the extremities and head while maintaining
the thermal excitation to the torso in mild cold/warm conditions,
thus providing a solution for creating a healthy and comfortable
indoor environment.

5. Limitations

The results of this paper will depend on the division of the body
segment, i.e. the specific part of the body segment and its size. For
example, if the size is too small, like targeted heating on fingers
only, this may result in a thermal perception change in the palm
as non-targeted body segment. However, this division is meaning-
less as the reduced local thermal discomfort in the finger may not
affect WTC. If, on the other hand, the size is very large, it may not
conserve energy. For instance, upper-body cooling may have a sim-
ilar effect as back cooling while consuming more energy. Tables 1
and 2 covered all the important body segments and classified body
segments as head(face), torso (back, chest, abdomen), legs (thigh,
calf), arms (upper arm, forearm), hands, and feet. A different divi-
sion of the body segments may affect the conclusion. Hence, a
well-funded division of body segments in relation to thermal com-
fort and health on the one hand and buildings energy efficiency on
the other is fundamental for future work in this domain.

6. Conclusions

This study addresses the question which body segments exactly
should be targeted through local heating and cooling in terms of
thermal comfort, energy efficiency and health. The effects of PCS
and/or local conditioning on local and whole-body thermal percep-
tions have been reviewed. The main conclusions are as follows:

1) The effectiveness of a PCS in an office environment depends
on its ability to directly or indirectly eliminate local thermal
discomfort. The choice of targeted body segments and the
local thermal discomfort distribution substantially affect
the effectiveness of PCSs.

2) From all uncomfortable body segments, targeting the most
uncomfortable body segment may induce the largest ther-
mal comfort improvement.
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3) Local cooling (head or torso) may affect the thermal percep-
tion in non-targeted body segments in a typical office sce-
nario, whereas local heating may not. To provide sufficient
comfort, PCSs could heat uncomfortable body segments
directly in cold environments while indirect cooling may
also effectively relieve uncomfortable body segments in
warm ambient conditions.

4) Moderate local conditioning does not influence skin temper-
atures, and hence, cardiovascular vasomotion, in most non-
targeted body segments, but can improve whole-body com-
fort. This finding implies that human thermoregulation may
be stimulated in non-neutral dynamic ambient tempera-
tures without compromising thermal comfort by using a
PCS.

5) A novel PCS scheme targeting the head, hands and feet is
proposed to balance thermal comfort, energy-efficiency
and health in office environments.
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