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Abstract

People in developed countries spend substantial parts of their lives in indoor environments both
during free time and while working. For this reason, there has been increasing interest in the quali-
ty of the indoor environment. The main emphasis of past research has been directed towards un-
derstanding the fields of human health, productivity, and comfort. One important contributor to all
three fields is the thermal aspect of the environment, which is often represented by physical quanti-
ties such as air temperature, radiant temperature, air humidity, and air velocity. While weather-
independent control of these parameters is possible via heating, ventilation, and air-conditioning
systems (HVAC), a major limitation is that these systems are related to substantial energy con-
sumption and carbon footprint. The complexity of thermal management is amplified in vehicular
cabins because of their asymmetric and transient nature. Moreover, in electric vehicles, the available
energy for microclimate management comes at the cost of driving range, and therefore, new solu-

tions for more effective and human-centred ways of managing the indoor microclimate are sought.

One of the promising ways to address these issues is via local conditioning with the vehicle seats or
auxiliary radiant panels operating in synergy with an HVAC unit. At the same time, the optimiza-
tion and research tasks are being shifted towards virtual investigation to mitigate the need for cost-
ly and often ethically concerning human studies. To do so, models of human thermo-physiology
and thermal sensation/comfort have been developed. Yet, for their reliable applications, many fac-
tors regarding high heterogeneity, clothing, the thermal mass of the adjacent surfaces, and active

seat conditioning have not been resolved.

The aim of this thesis was to develop a methodology to assess human thermal sensation while in a
sitting body position, including local conditioning factors such as heated and ventilated seats. A re-
quirement of the method was applicability in both virtual and real indoor spaces. In the latter case,
the focus was a thermal-sensation-driven feedback loop allowing for human-centred microclimate

management.

The validity of the proposed methodology was demonstrated under typical cabin conditions (5-
41 °C) and the findings from this PhD project are transferable to a broad variety of engineering
fields. In passenger transport and occupational environments with higher heat strain, environmen-
tal engineers can benefit from a tool to identify sources of thermal discomfort and potential hazards
of fatigue. Furthermore, the methodology can be of great merit to the rapidly developing electric
vehicle industry, facilitating emphasis on energy efficient microclimate management. The virtual
optimization of the conditioning strategies reduce the need for human studies, allow rapid proto-
typing, and have great potential to bring energy savings as well as increased driving range. Finally,

the know-how presented is also applicable in built environments, where similar conditions apply.
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Abstrakt

Ludia zijaci vo vyspelych krajindch travia vac¢sinu svojho Zivota vo vnatornych prostrediach budov
alebo dopravnych prostriedkov. Z tohto dévodu, zdujem o vyskum kvality vnatornych prostredim
rastie, pricom hlavny déraz je kladeny na oblasti vyskumu 'udského zdravia, produktivity a kom-
fortu. Jednym z faktorov ovplyvnujtci kvalitu prostredi je ich tepelny aspekt, ktory je najcastejsie
popisany teplotou vzduchu, radia¢nou teplotou, vlhkostou vzduchu a rychlostou prudenia vzdu-
chu. Zatial' ¢o tieto parametre je mozné riadit systémom pre vykurovanie, vetranie a klimatizaciu
nezavisle na pocasi, takéto zariadenia sa podiel'aju na vysokej spotrebe energie a zna¢nej uhlikovej
stope. V prostediach kabin dut a dopravnych prostriedkov je riadenie parametrov tepelného pros-
tredia komplikované z dévodu ich asymetrickej a ¢asovo premenlivej povahy. Této situdcia je ob-
zvlast kritickd vo vozidlach na elektricky pohon s vlastnou batériou, kde je energia na dpravu
vnutornej mikroklimy ¢erpand na tkor dojazdu vozidla. Pre uvedené dovody sa hl'adaji nové, en-

ergeticky ac¢innejsie spdsoby pre tpravu tepelnych prostredi a zabezpecenia tepelného komfortu.

Jednym z potencidlnych rieSeni st zariadenia dodéavajtce ¢loveku teplo alebo chlad lokélne, ako
napriklad vyhrievané a vetrané sedadld a sdlavé panely. Vzhladom na to, Ze experimentalny
vyskum vnatornych prostredi je naro¢ny s ohladom na ¢as a potrebné vybavenie, trendy vyskumu
vplyvov takychto zariadeni na ¢loveka smerujua k optimalizaénym tlohdm vo virtualnych prostre-
diach pomocou modelov ludksej termofyziolégie a tepelného pocitu/komfortu. Avsak pre
spolahlivé vysledky modelovania st potrebné presné vstupné parametre definujice prostredie,
odev, vplyv povrchov v kontakte s ¢lovekom (napriklad sedadla) a posobenie systémov na lokdlnu

apravu mikroklimy.

Cielom tejto dizerta¢nej prace je vytvorenie metodolégie na hodnotenie tepelnych prostredi v
kabinach automobilov s ohladom na poziciu v sede a vyuzitim technolégii na lokdlnu tpravu te-
pelnych prostredi. Jednym z poziadavkov na takato metodoldgiu je jej aplikovatelnost vo virtudl-
nych ale aj redlnych prostrediach. V pripade hodnotenia redlnych prostredi, cielom je vytvorenie
demonstratora, ktory by bol vyuzitelny ako spdtna vdzba pre riadenie systémov pre dpravu

mikroklimy na zéklade pozadovaného tepeleného pocitu.

Validita uvedenej metodolégie bola demonstrovana v typickych podmienkach kabin automobilov
(5-41 °C) a poznatky z tejto prace st prenesitelné do sirokého spektra inzinierkych aplikacii. V ob-
lasti osobnej dopravy a pracovnych prostredi s vyssou tepelnou zatazou je tato metdda uzitocna
pre identifikaciu moznych zdrojov diskomfortu. Navyse je tdto metéda vhodna i pre rychlo rasttci
segment elektrickych vozidiel, kde je mozné sledovat tok energie potrebnej na dosiahnutie urcitej
trovne komfortu a riegenie optimaliza¢nych tloh za t¢elom tspory energie a predizenie dojazdu.

Obdobné aplikacie mozno néjst i v budovach a prostrediach s podobnymi charakteristikami.
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Symbols and abbreviations

a,b )

A (m?)

Ask (m?)

BMI (kg/m?)

fo ()

hea (W-m?2K-1)
HF (W-m?)

L (m2ZK-W+)
I (m2K-W+)
ot (m2K-W+)
Q (W-m?)
Rea (m?Pa-W+)
Rea (m2Pa-W+)
Rer (m2Pa-W+)
Rr (m2K-W+)
Fair (°C)

teq 0

trad °C)

ts °C)

3D

BUT

CFD

DTS

e.g.

Empa

FPCm

GRG

HVAC

ISO

MTV

PhD

PMV-PPD

RMSD

temp.

TSV

TSZ

USA

UTCI

linear regression constants

clothed body surface area

nude body surface area

body mass index

clothing area factor

combined heat transfer coefficient

heat flux density

adjacent air layer insulation

intrinsic clothing insulation

total insulation

sensible (dry) heat loss

air water vapour resistance

basic water vapour resistance (evaporative resistance)
total water vapour evaporative resistance
total thermal insulation

ambient air temperature

equivalent temperature

mean radiant temperature

skin surface temperature

three dimensional

Brno University of Technology

computational fluid dynamics

dynamic thermal sensation

exempli gratia (Latin, for the sake of an example)

Swiss Federal Laboratories for Materials Science and Technology
Fiala physiological and comfort model

generalized reduced gradient

heating, ventilation, and air-conditioning

International Organization for Standardization

mean thermal vote

Philosophiae Doctor (Latin, Doctor of Philosophy)

predicted mean vote and predicted percentage of dissatisfied
root mean square deviation

temperature

thermal sensation model by Jin et al.

thermal sensation model by Zhang et al.

United States of America

Universal Thermal Climate Index

X1
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1 Introduction

1.1 Challenges in the vehicular microclimate

An average European citizen spends of up to 90% of her/his lifetime indoors [1], in buildings and
vehicles. This time spent indoors is one of the major reasons for elevated interest in understanding
the interactions between humans and artificial environments. The fields of human health, produc-
tivity, and comfort have been central to this research attention. At the same time, new fields are
emerging with a goal to reduce the energy expenditure and carbon footprint associated with micro-

climate management.

1.1.1 Characteristics of the vehicular microclimate

Vehicular cabins, including cabins of commercial and working vehicles, differ in many aspects from

built environments. Key characteristics more typical of vehicular cabins include:

» a broad range of temperature (-20 ° to 60 °C) and air humidity (5 % to 100 %) [2], transient
and asymmetric in nature;

» small air volume per person and consequent need for active ventilation and conditioning;

» solar irradiation and substantial heat exchange at skin induced by higher local air velocities
and contact with adjacent surfaces (e.g. seats and steering wheel);

» fixed body position; and

» priority of auxiliary HVAC functions to prevent fogging and icing of the windows.

Weather related heat load can be amplified due to the nature of cabins (e.g. by the greenhouse effect
or lack of air-conditioning) and leads to discomfort and thermal stress and strain. In private pas-
senger transportation, the duration of a typical car trip is less than 20 minutes [3]. Such a short peri-
od of time is often insufficient for the HVAC unit to establish comfortable conditions. Inappropriate
thermal conditions negatively impact a driver's performance [4] and health [5]. Thus, a state of
thermal comfort is not only important for a pleasant thermal experience but also for prevention of

driver fatigue and related hazards in traffic.

Notwithstanding, similarities between cabins and built environments also exist. The main denomi-
nators are a sitting body position and substantial body-contact with the seat. Additionally, heat
stress and thermal asymmetry in buildings can be present in a variety of occupations. For these rea-
sons, methodologies to assess cabin thermal environments can also apply to assess built environ-

ments.
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1.1.2 Microclimate management

From the technological point of view, solutions to deliver comfortable microclimate conditions are
available, mostly by well-established heating ventilation and air-conditioning (HVAC) systems.
Nevertheless, HVAC systems are typically related to substantial energy consumption and produc-
tion of environmental pollutants [6]. In steady conditions, vehicular cabin thermal management
contributes to approximately 7 % of vehicle total energy consumption, yet, a four-fold rise may oc-
cur during peak loads [6,7]. New challenges have arisen, particularly with the development of bat-
tery-powered electric vehicles. Here, the vehicle’s driving range is greatly reduced by the energy
consumption of the HVAC system as the same battery source is used to propel the vehicle and the

HVAC [7].

To sustain thermal comfort of occupants, alternative, less energy demanding and user-centred ap-
proaches are sought. Several studies examined the potential of mitigating thermal discomfort via
radiative panels, localized ventilation, as well as heated and ventilated seats [8-14]. All studies con-
firmed that local conditioning broadens the boundaries of comfortable ambient conditions at lower
energy consumption. This is mostly because of a reduced need to condition the whole environment
around the occupant. Vesely et al. [8] concluded that 40 % annual energy savings could be achieved
using a combination of the HVAC and local conditioning in the temperature range between 15 and
30 °C in buildings. Thus, similar trends in the cabin environment are expected too. Another ad-
vantage of localized conditioning is the potential to satisfy different needs of different occupants,

thus, enhancing the human thermal experience, health, and performance.

Although technologies for personalized conditioning are available, their control is solely based on
user interaction. The user reaction is delayed to a point when discomfort arises and is accompanied
by negative effects such as rebound or overshoot [8]. Additionally, manual adjustments of the con-
ditioning cause distraction and might have medical consequences when used improperly, such as
low-temperature skin burns (Erythema ab igne) [15]. In the case of prolonged use of air-conditioning,
mucous membrane irritation, fatigue, and headache are well-known symptoms. Although, their
source is not clearly defined, it is usually ascribed to a combination of factors such as poor hygiene

of the HVAC systems [16] and excessive cooling by a stream of cold, dry air.

The same regulatory principles can be found in up-to-date HVAC systems with a manual control.
An automatic control regime takes into consideration one user input, temperature, and external sys-
tem inputs such as exterior and interior temperatures, air humidity, and solar intensity, to treat and
distribute the air in the cabin [17]. Nevertheless, this approach is based on proprietary empirical
tuning of the HVAC system rather than on a well-founded method. The solution leading to en-
hanced, user-centred thermal experience can be achieved by continuous monitoring of local envi-

ronmental and/or physiological parameters. Such data can be incorporated into a feedback control
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loop for synergic operation of the HVAC and local conditioning technologies. To do so, a method

that translates a measurable physical input into a local thermal sensation or comfort vote is needed.

1.2 Human physiology with regards to thermal sensation and
comfort

1.2.1 Human thermoregulation

To sustain the vital functions of a human body, its core temperature has to be maintained within a
relatively narrow temperature range of ~36.7 + 0.5 °C [18]. This temperature maintenance can be
achieved in spite of variability of the ambient environment by equalling the heat production and
heat loss as well as by transferring the heat within the body. The two main thermoregulatory mech-
anisms are behavioural and autonomic. Behavioural thermoregulation relates to conscious changes
in body position and clothing that influence the heat balance. Autonomic thermoregulation com-
prises physiological responses, such as vasomotion, shivering, and sweating, which help to con-
serve or to dissipate the body heat. From the thermoregulatory point of view, human skin is the
most important element accounting for approximately 92 % of the heat exchange between the body

core and the ambient environment. The rest is attributed to the respiratory heat exchange [19].

Vasodilatation and vasoconstriction, the widening and narrowing of specialised blood vessels, reg-
ulates skin perfusion, which acts as a fine regulatory mechanism to control convective and conduc-
tive heat exchange between the body core and the environment. Under warm conditions, vasomo-
tion is supported by thermal sweating, which increases heat loss from the body by capitalising on
the latent heat of vaporization. Conversely, cold-induced thermogenesis is initiated to increase the
core temperature by shivering (involuntary muscle contraction) and brown fat thermogenesis [20].
While the active thermoregulation is sufficient in the majority of natural climatic conditions, its ca-
pacity is limited. Exceeding thermoregulatory limits may lead to adverse physiological effects caus-

ing health risks such as dehydration, frostbite, or death [5].

The thermoregulatory actions are controlled by the hypothalamus, where signals from temperature-
sensitive neurons (receptors) present mainly in the skin, deep body tissues, and hypothalamus itself
are integrated [21]. Vasodilatation and sweating (sudomotor response) are triggered by an increase
in core temperature of ~0.3 °C [22]. Vasoconstriction, on the other hand, occurs if skin temperature
drops below 35 °C and it is accompanied with shivering as the core temperature approaches 35 °C
[23]. However, the thermoeffector thresholds are variable and depend on the initial thermal state of
the body [24]. The likely explanation for this phenomenon is the presence of independent central

controllers for thermally dependent thermoregulatory responses [24].
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1.2.2 Perception of thermal sensation and comfort

The surrounding thermal conditions are sensed by peripheral cold- and warmth-sensitive receptors
distributed within subcutaneous tissues. The second group of thermoreceptors, central receptors,
are located along blood-vessels and in hypothalamus [25]. Although the density of the peripheral
receptors is difficult to quantify, it could be expected to see a positive correlation between their
number and sensitivity of hot and cold spots on the skin surface [26]. The distribution of such spots
is not uniform over the human body and thus heating or cooling of different body parts is per-

ceived differently [25,26].

Cabanac [27] described the sensory output by quadridimensional sensation. The first dimension is
qualitative, describing the nature of the stimulus (thermal sensation); the second is quantitative, de-
fining the intensity of the stimulus; the third is hedonic (pleasure) and may be absent; and the
fourth expresses duration of the stimulus. Not all stimuli evoke pleasure or displeasure and mostly
indifferent sensation is perceived under permanent flux inputs. However, the hedonic perception is
influenced by the combination of factors such as the nature of the stimulus, the internal state of the
subject, and the subject’s history. Cabanac introduced the term alliesthesia [27] to express the varia-
bility of the hedonic component of sensation. Positive alliesthesia indicates a change towards more

pleasurable sensation and vice versa for negative alliesthesia.

In thermal comfort studies, the thermal sensory perception has been simplified into two respective
descriptors, thermal sensation and thermal comfort. The definition of the thermal sensation can be
found in standards (e.g. ISO 7730 [28], ISO 10551 [29], and Handbook Fundamentals ASHRAE [30])
as “a conscious feeling commonly graded into the categories cold, cool, slightly cool, neutral, slightly
warm, warm, hot; it requires subjective evaluation”. The neutral thermal sensation is related to the
thermal balance between a human body and the ambient environment. This heat exchange is, natu-
rally, influenced by a number of factors, dominantly by metabolic activity, clothing, and the envi-
ronmental parameters. When the human body is cooled at a higher rate than it is generating heat,
one would perceive thermal sensation below thermo-neutrality and vice versa for thermal sensation

above thermo-neutrality.

Thermal comfort, on the other hand, is defined as “that condition of mind which expresses satisfac-
tion with the thermal environment and is assessed by subjective evaluation” [30]. Cabanac stated
that state of thermal comfort is a stable state, as opposed to the dynamic pleasure, and can last in-
definitely if the environment and the subject remain in stable conditions [27]. Moreover, the com-
plexity of predicting thermal comfort is greater than that of thermal sensation since it depends on
psychological, cultural, and other personal factors. It had been generally assumed that a neutral
thermal sensation was essential to achieve thermal comfort [31]. This was contradicted, however, in

the study by Humphreys and Hancock [32], where the participants voted for the desired thermal
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sensation other than neutral in more than 40 % of cases. Nevertheless, the votes were typically in
the close to thermo-neutral conditions, where only subtle thermoregulatory actions were needed

such as vasomotion, rather than sweating or shivering.

Although humans are most productive in monotonous thermo-neutral settings [33], Kingma [34]
expressed a hypothesis that such conditions are not automatically healthy. One of his major argu-
ments was that the reduced need for thermoregulation also reduces the ability to cope with thermal
challenges. Moreover, several indices were found that regular exposures to non-comfortable condi-
tions have preventive effects against obesity and diabetes [35,36]. Therefore, benefits for both health
and energy savings can be achieved when drifting away from the comfort zone in a controlled

manner. Yet, further investigation in this field is necessary.

The next parameter closely related to thermal comfort is a perception of wet discomfort - skin wet-
ness (sometimes addressed as skin wettedness). Skin wetness can be physically defined as the ratio
of the actual sweat rate to the potentially evaporating amount of sweat. The local threshold for dis-
comfort ranges between 0.3 to 0.4 units depending on a body part [37]. As there is no evidence of
receptors sensing skin wetness directly, it has been shown that the perception of wetness is a
learned skill based on complex thermal and tactile sensory experience [38]. From the perspective of
a vehicular cabin, the risk of wet discomfort is highest at contact points (e.g. seat and steering

wheel) and at body parts covered by impermeable clothing.

While the ultimate objective of indoor environment research is to find indices to design comfortable
indoor environments, this is difficult without knowing the sources of discomfort. Since the percep-
tion of discomfort is subjective and is mainly related to the thermal sensation, it is meaningful to fo-
cus on the investigation of thermal sensation. Further, it is of major interest to allow individual oc-
cupants to have control over the fine adjustments of the local microclimate. Primarily, this creates
the best prerequisites to mitigate the interpersonal differences in perception of comfortable condi-
tions. Secondly, this also induces the positive alliesthesia, which is always perceived as comfortable.
Besides, it was shown that the psychological aspect of having control over the environment auto-

matically improved satisfaction with the indoor conditions [39,40].

1.3 Factors influencing thermal sensation

The thermo-neutral zone of a nude healthy adult at rest, where no major thermoregulatory actions
are necessary, lies approximately within the range of ambient temperatures between 28.5 °C and
32 °C [41]. While this range can be explained by the evolution of humans and by their former natu-
ral habitat in Africa, the position of the neutral zone can be modulated by several factors. Two main

categories of factors affecting the heat exchange and so the resulting thermal sensation are recog-
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nized: environmental and personal [42]. Additionally, as individual body parts are unequally sensi-
tive to warmth or cold [43], attention should be put to local definition of such factors, where appli-

cable.

1.3.1 Environmental factors

Environmental factors are characterized by air temperature, mean radiant temperature, relative
humidity, and mean air velocity. The environmental conditions can be determined using conven-
tional methods. Otherwise, the desired environment can be simulated using tools with various lev-
els of complexity, starting with analytical single-purpose models (e.g. a cabin model [44]) and end-

ing with fine mesh CFD models [45].

With respect to the operating conditions of car cabins, environmental parameters are typically het-
erogeneous and change with time. In summer season, for instance, the range of comfortable condi-
tions can be roughly characterized by air and mean radiant temperatures between 23 °C and 27 °C,
relative air humidity between 30 % and 60 %, and air velocity below 0.4 m's [46]. However, ther-
mal conditions after entering the cabin are usually different from the desired ones because of the
previous cabin exposure to the weather. The HVAC is usually initiated after entering the cabin with
consequent intensive cooling or heating. These situations may lead to activation of the thermoregu-

latory mechanisms and substantial discomfort.

1.3.2 Clothing

Clothing provides a barrier preventing heat and vapour transfer from the skin to the ambient envi-
ronment or vice versa. For this reason, it is one of the most important personal factors influ-
encing the thermal balance of a body and consequently thermal sensation. In the field of
thermal comfort, clothing thermal properties are described by clothing area factor, intrinsic clothing
insulation, and evaporative resistance. The clothing area factor f; represents a ratio of clothed area

Ag (m?) to nude body surface area Ag (m?).

Act

fa= 1)

Ask

Next, intrinsic clothing insulation I (m2K-W-1) describes the actual thermal insulation from the
body surface to the outer clothing surface (including enclosed air-layers). The I;can be determined
according to equation 2 [47], from the f., the adjacent air layer insulation I, (m?K-W-1), and the total
thermal insulation Ij,; (m2K-W-1). The last two parameters are defined as a temperature gradient
from the skin to the ambient environment divided by a dry heat loss measured on a naked and

clothed manikin, respectively.
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The last clothing parameter, the evaporative resistance R, (m?Pa-W-1), is defined in analogy to in-
trinsic clothing insulation (equation 3). Here the R.r (m?Pa-W-1) denotes total evaporative resistance

and R.. (m?Pa-W-) is vapour resistance of the boundary (surface) air layer around the outer cloth-

ing or, when nude, around the skin surface.

Rea
Re,cl = Re,T - f_cl (3)

All three properties are highly dependent on a local air gap distribution [48,49], which is inherently
shaped by a body position [50] as well as body movement [51,52]. In cabin environments, the num-
ber of possible body positions is reduced to a sitting position. However, the differences in clothing
thermal properties between seated and standing body positions are known for global values
(whole-body) [53-55]. However, the impact on local clothing parameters has not been examined in
detail for individual body parts. Next, the effects of body movement are negligible as the driver and

passengers usually do not perform any tasks involving considerable body motion.

With respect to the nature of the cabin environment, division of the human body should comprise
at least six major body parts (head, torso, upper and lower limbs, hands, and feet) [56], although a
more detailed division is common and dictated by its application. Nevertheless, the availability of
local clothing properties is limited since conventional sources (e.g. ISO 9920 [47]) provide only
global (whole-body) values having a unit clo (1 clo = 0.155 m?K-W-1). Additionally, the state-of-the-
art methods require dedicated equipment, such as a thermal manikin and a climatic chamber. The
equipment purchase and maintenance costs make it inaccessible for many researchers. Alternative
methods exists and can be classified accordingly: (a) analytical heat transfer modelling [57,58]; (b)
regression modelling [59]; (c) empirical modelling, e.g. the UTCI model [60]; and (d) ISO based es-
timation [47,61,62]. However, the precision of such methods has not been assessed and therefore

may be a source of an unknown error.

1.3.3 Seat

A seat plays a significant role in the thermal experience because of its large contact area with a hu-
man body, its considerable thermal mass, and potentially extreme initial temperature. Thus, the seat
may become either a heat source or a heat sink, substantially influencing the local skin temperature
and thermal sensation. Additionally, seats are frequently equipped with conditioning, such as seat
heating and ventilation. Nevertheless, seats are currently approached as thermal and evaporative
resistance [63-66] rather than an active component interacting with skin. While this approach might
be sufficient in mild and static thermal environments (e.g. offices), it is clearly unsuitable in cabin

conditions.
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To resolve the dynamic thermal interaction at the occupant-seat interface, one can carry out meas-
urements using dedicated heat flux blankets (e.g. blankets by Mahoele Messtechnik, Germany).
However, the experimental approach is laborious and applicable only in laboratory conditions. Al-
ternatively, the thermal interaction with seats can be calculated using laws of physics. However,
such models are either proprietary (e.g. a module in THESEUS-FE, Germany) or the models lack

conclusive and transparent validation [67-69].

The next parameter related to seated position is the occupant-seat contact area, which conditions
the resulting thermal interaction. However, human subject studies on this subject are scarce and the
methods usually lack details [10,70]. As an alternative, one can find contact areas determined by
circumscribing a thermal manikin seated on a seat [71,72]. Nevertheless, it is reasonable to expect
that the contact area of a hard-shell and lightweight manikin body is not the same as that of a hu-
man body with compressible tissues. To allow for personalised calculations of heat exchange be-
tween the seat and its occupant, it is of major interest to find a relationship between the contact area

and human anthropometry.

1.3.4 Metabolic heat production

Metabolic heat production is an influential factor, and results from thermogenesis induced by
exercise (muscle activity), non-exercise activity (basal metabolism), and diet-induced thermogenesis
(digestion of food) [41]. In thermal sensation/comfort research, the cold-induced thermogenesis
(muscle shivering or non-shivering thermogenesis) [73] is usually avoided, since it is a mechanism
activated far from thermo-neutral conditions. The metabolic heat production is typically related to
surface skin area or body mass to reduce the interpersonal variability in its estimation. A metabolic

rate of a healthy, sitting person at rest is 58.2 W-m2, which is also a definition of a unit met [74].

Havenith et al. [74] classified three levels of determination of metabolic heat production. The first
level uses tabular values, where the corresponding heat production is identified based upon a de-
scription of the activity. In the cabin conditions, while highway driving or resting, this is typically
between 1 and 2 met [75]. Low metabolic production, on the other hand, also implies that even

small changes in the environment may imbalance the thermal equilibrium.

In the second level, correlation of heart rate above 120 beats-min? with the heat production is de-
fined. On the one hand, such a heart rate is above the normal range of activities in car cabins, which
restricts the utilization of this method in situations with low metabolic production. On the other
hand, this approach might be used to track metabolic history of the occupant, e.g. by a smart-watch.
The third option is strictly related to laboratory conditions, where direct or indirect calorimetry

measurements are required (for more information see [74]).
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1.3.5 Influence of body composition, age, and sex

The last group of personal factors, including body composition, age, and sex, has a relatively minor
impact on the thermo-neutral zone compared to the previous factors, but it may become relevant in
greatly different populations. With regards to body composition, adipose tissues act as a natural
barrier against heat dissipation from the core. The shift in the thermo-neutral zone can be as high as
5 °C if two populations having 5 mm and 30 mm of the subcutaneous fat layer, respectively, are
compared [41]. Next, a study by Inoue et al. [76] demonstrated a decreasing ability to sense heat or
cold with increasing age as well as higher sensitivity of females to innocuous warm and cold ther-
mal stimulation than males independent of age. The justification for this trend is given in decreas-
ing sensitivity of elderly to thermal stimuli as well as impaired control of neural vasoconstriction,
which can be also related to the lower fitness level [41,76]. Finally, the differences between sexes are
usually explained by body characteristics and endocrinal physiology with an upward shift of the

thermo-neutral zone in women relative to men [77].
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2 Assessment of the thermal environment in
vehicular cabins

The prevailing ways to examine thermal comfort are field and climatic chamber studies [78]. How-
ever, with regards to the broad scope of possible situations in cabins, fully experimental research
may become unfeasible. Experimental studies require dedicated equipment and a substantial
amount of time and resources. Further, a possibility to obtain complete datasets comprising ther-
mo-physiological, environmental, and comfort data from literature is also limited. The research pa-
pers are often written in a condensed way excluding details, which are crucial for interpreting,

comparing, and generalising the results.

Methods capable of reliable predictions of thermal sensation both in the design phase as well as in
already existing spaces have multiple valuable applications. Such methods afford the efficient op-
timisation of indoor spaces and virtual monitoring of the energy demands for comfortable condi-
tions while decreasing the costs for prototyping and physical studies with human participants. In
existing spaces, such methodology can be used for shifting the contemporary paradigm of micro-
climate management to the sensation-driven microclimate control. To achieve this, the factors influ-
encing thermal sensation must be taken into consideration, most importantly the environment,
clothing, and metabolic heat production. However, as covered above, the number of factors influ-
encing thermal sensation is large and interpersonal differences in perception of thermal environ-

ment are inevitable.

An alternative to the elaborate experimentation is mathematical modelling of human physiology,
developed with the intention to substitute for physical human studies [79,80]. Such models allow
virtual investigation of a physiological response of the human body to various environmental stim-
uli. The major advantage of simulations is their versatility and instant availability of the results.
However, only a limited amount of well-documented thermo-physiological models exist having
sufficient accuracy of predicted parameters [81,82]. The thermo-physiological outputs can be cou-
pled with thermal sensation and comfort models. Thermal sensation models relate objective param-
eters (e.g. skin and core temperatures) with a thermal sensation or comfort vote, to rate the thermal

environment on a dedicated scale [83].
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2.1 Modelling of a human thermal response

2.1.1 Overview of the thermo-physiological models

The efforts to replace a human by a computational model using the laws of thermodynamics date
back to the beginning of the 20th century. One of the major applications for this is to obtain thermo-
physiological data for thermal sensation modelling. An extensive overview of more than 20 models
was described in the review paper by Katic et al. [80]. Increasing computational power gave rise to
more complex and detailed models, comprising multiple tissue layers, body segmentation, and ac-
tive thermoregulation. Although numerous models were proposed, their actual implementation is
challenging because of the vast input parameters and working knowledge required. Additionally, a
benchmark comparison of the performance of various models with respect to local predictions is
scarce [80]. For this reason, the selection of a model is usually driven by its intended application, its

availability, and range of available validation.

Depending on the intended model’s application and its complexity, the models can be divided into

the following categories:

» one-, two-, or multiple-node models (node denotes the number of human tissue layers); and

» single- or multi-segment models (segment denotes a body part).

For automotive applications, it is reasonable to use multi-node and multi-segments models with a
resolution of at least anterior and posterior aspects of the limbs, torso, and head. This is crucial for
the investigation of local as well as transient thermal responses and consequent modelling of local
thermal sensation. The most frequently cited and applied thermo-physiological models are the
65MN model by Tanabe et al. [84], the Berkeley model [85,86], and several Fiala-based models:
ThermoSEM by Kingma [34], FPCm by ErgonSim [87], Fiala-FE by Theseus FE [88], FMTK by
Pokorny et al. [89], and Human Thermal Module in TAITherm by Thermoanalytics Inc. [90].

An example of a well-documented, validated, and commonly used model is the Fiala physiological
and comfort model (FPCm 5.3, Ergonsim, Germany) [91]. The model allows simulation of local
time-dependent human thermal responses, such as skin and core temperatures and sweat rates. The
model was validated in a range of ambient temperatures from 5 °C to 50 °C and exercise levels from
0.8 met to 10 met [81,82,92,93] in both symmetric and asymmetric thermal environments and condi-
tions with constant ambient temperature, step change temperature, and temperature ramp. With
regards to the local skin temperatures, the root-mean-square deviation and bias of the predictions

was usually equal to a standard deviation of measurement.

The FPCmb5.3 consists of active and passive systems characterising a simplified virtual body of an

average unisex person (height 1.69 m, weight 71.4 kg, and skin surface 1.83 m?), where a thermal in-
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teraction between the body and the ambient environment takes place. The body was divided into
13 body segments representing major body parts. These were further divided into spatial sectors to
allow detailed computing of heat exchange between the ambient environment and specific body
parts. The active system is responsible for mimicking thermoregulatory actions that are present in a

human body, such as sweating, shivering, and vasomotion [87].

2.1.2 Input parameters for thermo-physiological models

A chain is no stronger than its weakest link and this saying is also valid in modelling, where the
weakest link is typically the quality of the input parameters, which then determine the quality of the
outputs. The most commonly used input parameters in thermo-physiological modeling are envi-
ronmental parameters (see Section 1.3.1), clothing thermal properties (see Section 1.3.2), and meta-
bolic heat production (see Section 1.3.4). Alternatively, one can prescribe heat flux density or tem-
perature, directly at the skin of a given body part. This can be used as a representation of

conductive heat exchange to simulate the effects of seats and local conditioning.

Anthropology (height, weight, adipose tissue layers), age, sex, fitness level, and acclimitisation can
be considered as a separate category of input parameters for thermo-physiological modelling. It is
because of their impact on both passive and active components of the thermo-physiological models.
As the majority of thermo-physiological models were created and validated for an average and of-
ten unisex person, efforts in thermo-physiological modelling are aimed towards a higher degree of
personalisation. Several models and studies were developed over the past three decades to include
the impact of these factors on the physiological response (e.g. [94-96]). Individualization might be
beneficial if a known population is studied. However, the amount of validation cases for different
groups of the subjects is significantly smaller than for an average population, which may already
cause a great inherent error. Therefore, in applications, where the population is not specified, use of

the average representation of human is likely to yield reliable results.

2.2 Assessment of thermal sensation

2.2.1 PMV-PPD model — global approach

One of the earliest and best-known models is the PMV-PPD model from ISO 7730 [28] predicting
thermal sensation and a rate of discomfort based on environmental parameters (ambient tempera-
ture, mean radiant temperature, air velocity, relative air humidity), clothing (whole-body thermal
insulation), and metabolic production. The range of the model’s applicability covers moderate ac-

tivities from 0.8 to 4.0 met, clothing in a range of 0 to 2 clo, air temperature within 10 °C and 30 °C,
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and air velocity below 1 m-s™. The model is valid in stationary conditions or conditions with minor

fluctuations of one or more variables [28].

While the main advantage of this approach is its simplicity to obtain input parameters, the major
drawback comes from the global thermal sensation output. In homogenous spaces without a local
source of discomfort, for instance, contact heating or cooling by a seat, PMV-PPD can be successful-
ly used. However, in the cabin conditions with characteristics previously described, it is meaningful
to use an approach that would recognise thermal sensation locally, at major body parts. A local
thermal sensation model may help to identify the local source of discomfort that can potentially
skew the resulting global thermal sensation or comfort [97]. Thus, the source of discomfort can be

addressed locally, rather than attempting to change the whole microclimate around a human body.

2.2.2 Local thermal sensation models

Numerous local thermal sensation models have emerged at the turn of the twentieth century. How-
ever, as discussed by Koelblen et al. [98,99] following a systematic study of the performance of
thermal sensation models, a thorough validation of the models is usually missing and the function-
ality of the models is demonstrated on only a few exposures. For this reason, it is essential to under-

stand the behaviour of models under asymmetric and transient thermal conditions.

With respect to the sitting body position, spatial asymmetry, and transient environment, three well-
documented thermal sensation models come into consideration to evaluate cabins. Firstly, the
model by Nilsson [100] based on heat transfer (MTV), being part of the ISO 14505 [64], was devel-
oped for automotive applications with a resolution of 18 body parts. In principle, this approach as-
sumes that a certain heat flux from the skin corresponds to a thermal vote expressed on the 7-point
Bedford scale. This scale combines thermal sensation votes with thermal comfort (much too cold,
too cold, cold but comfortable, neutral, hot but comfortable, too hot, much too hot). The method is
applicable under a range of ambient temperatures from 19 °C to 29 °C and metabolic heat produc-
tion equivalent of sedentary activities, such as driving. The main advantage of MTV is its simplicity
and possibility to couple with thermal manikin measurements. On the other hand, the model lacks

a derivative component, and thus, it might not perform well in rapidly changing environments.

The second model dedicated to the vehicular cabins by Zhang (TSZ) [21,101], relates local skin and
core temperatures (and their time derivatives) to thermal sensation at 15 body parts. These data are
typically supplied from a thermo-physiological model. The local thermal sensation is predicted on
the extended 9-point ISO scale, having two additional extreme thermal sensations votes (very cold
and very hot). The model was developed in a range of air temperatures between 20 °C and 33 °C
and is valid for seated metabolic production. The experiments to construct the model were carried

out at the University of Berkeley in California, where, the climate is rather mild, throughout the
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year, with hot summers. For this reason, subjects may perceive cool and cold thermal sensation dif-
ferently than subjects acclimatized to cold environments, which was apparent in the study by Ko-

elblen [98].

The third candidate, the model by Jin et al. (TSV) [102], uses local skin temperatures as inputs and
yields local thermal sensation on the 7-point ISO scale (cold, cool, slightly cool, neutral, slightly
warm, warm, hot) [28]. Although the TSV model contains no derivative component, it is claimed to
be suitable for transient conditions with cooling as well as for stable thermal conditions. The model
was developed on the Chinese population in conditions between 20 °C and 30 °C of ambient tem-
perature wearing summer and winter indoor clothing sets of 0.4 clo and 0.9 clo, respectively. This,
again, opens questions on applicability of the model on other populations, with different cultural

and climatic background.

2.2.3 Comments on thermal sensation scales and weighting factors

One of the factors complicating the direct comparison of thermal sensation models is the existence
of various thermal sensation scales. Firstly, there is no standardised procedure to unite the sensa-
tion scales, as discussed in a systematic comparison of thermal sensation models by Koelblen et al.
[98]. Most importantly, Schweiker et al. [103] found that the relationship between temperature and
subjective thermal sensation is non-linear depending on the type of scale used and most people do
not perceive the categories of the thermal sensation scale as equidistant. For this reason, one has to

be alert when comparing results from various scales. Yet, this topic remains open for investigation.

Next, the resolution of the model’s body parts may not be identical. In this case, various weighting
coefficients can be used to calculate the whole-body thermal sensation or thermal sensation of a
group of body parts. The most straightforward way is to use the surface area of the body parts as a
weighting coefficient, which is mostly used in benchmark studies [98]. However, this weighting ne-
glects the effect of prevailing thermal sensation on neighbouring body parts. To take this effect into
consideration, Zhang [104] defined weighting factors as the ratios of overall thermal sensation
change against local thermal sensation change during single-segment cooling or heating applica-
tion. Later, this was changed to estimated values indicating the relative importance of local thermal
sensation in predicting overall thermal sensation [105,106]. It has to be noted that each of the ap-

proaches yields different results.

2.24 Manikin-based methods

Thermal manikins are the-state-of-the-art devices applicable in various branches of clothing re-

search and environmental engineering. The most frequent research applications can be found in
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passenger transportation, workplaces, and homes. The most realistic quantification of heat and

mass transfer is achieved by their human-like shape as well as by mimicking body motion and

sweating. However, the manikin’s purchase costs are high and they can be substituted by a less

complex device dedicated to a specific application such as: (a) a body part manikin (usually head,

feet, torso, or hands); (b) an omnidirectional elliptical sensor [107]; and (c) a directional surface sen-

sor [64]. However, the shape and size of the device matters and the results from two geometrically

distinct devices may not be directly comparable [108].

Thermal manikins, body sectors, and sensors can operate in various control modes:

>

>

>

constant surface temperature (usually 34 °C) corresponds to average skin temperature in
close to thermo-neutral states under low metabolic production [108]. To determine evapora-
tive or thermal clothing resistances of a clothing system constant surface temperature and
constant sweat rate control mode is typically used. These procedures are well established
and described in several standards, e.g. ISO 15 831 [109], ISO 9920 [47], or ASTM F2370-16
[110]. In environmental comfort research, the main advantage of this method is a rapid re-
sponse to a change in the heat flux since the stored heat in the manikin is not changing and
the imbalance is compensated by the manikin’s heating system. This regulation mode was
considered as unstable in previous decades [111]. However, this was resolved with com-
puter controlled manikins, such as a Newton-type thermal manikin (Thermetrics, Seattle,
USA [112]). The main methodological limitation, here, is the point when the manikin starts
to gain heat from the ambient environment and its surface temperature cannot be con-
trolled anymore. Again, a new generation of actively cooled manikins is in development to
operate also under such conditions;

constant heat flux control mode is technically the simplest approach that can be used to
mimic certain metabolic heat production. Yet, the manikin’s surface temperature can reach
unrealistically high values compared to a human if insufficient cooling of the skin is pre-
sent. This may also lead to unrealistic convective plume and heat losses from the manikin.
More details about method can be found in the technical report FAT 109 [107]; and

comfort temperature operation mode relates the skin temperature with the metabolic heat
production according to the Fanger’s linear equation [64]. The benefits of this method
should stem from more realistic skin temperatures compared to a constant value. However,
all of the three control modes are suitable only for examination of dry heat losses and,

therefore, disregarding sweating.

Although measurement using a thermal manikin is the most realistic approach, yielding detailed

information about heat exchange with the environment, this information alone is insufficient to de-

scribe thermal sensation or comfort. Therefore, a method translating the physical values into a sub-
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jective perception is needed. Nilsson et al. [63,100,108] introduced the so-called clothing independ-
ent comfort zone diagram that relates equivalent temperature (#;) to thermal sensation and comfort
for 18 body parts. The t,, is defined as a temperature of an imaginary enclosure with the air temper-
ature equal to the mean radiant temperature and with still air. Consequently, a manikin or subject
would have the same heat exchange as if placed into the actual heterogeneous environment having
the same clothing. This premise is valid only for matching body positions and metabolic heat pro-
duction. The equivalent temperature can be determined for the whole body or for a segment ac-

cordingly:

Q
tog = ts — (4)

hecat

where t; (°C) is the skin surface temperature, . (W-m-2K1) is the combined heat transfer coefficient,
determined under calibration conditions, and Q (W-m2) is the sensible (dry) heat loss [64]. Nilsson
worked with a presumption that the equivalent temperature correlates with the mean thermal vote
(MTV). The clothing independent comfort zone diagram was developed experimentally by cou-
pling the human subjective votes (MTV) to the equivalent temperature measured by a manikin ex-
posed to identical environment. The diagrams are, thus, constructed on the premise that a human is
equally sensitive to a heat loss independent of the clothing worn. The relationship between t.; and

MTV was described by a regression equation:
teq,zone = ts — Rr(a+ b MTV,ope) (5)
where R (m2K-W-) is the total thermal insulation; a2 and b are the linear regression constants [100].

The clothing independence stems from the possibility to measure the equivalent temperature by a
nude manikin or an equivalent temperature sensor. With the aim of evaluating the MTV, the ¢, is
plotted in a diagram corresponding to certain clothing set. This makes this method easy to apply.

However, the price for simplicity is compensated with several methodological limitations:

» equation 5 is valid in conditions where no evaporation of sweat is present; only sensible
(dry) heat loss is considered. In cabins, the risk of sweating is relatively high in warm con-
ditions and at the less ventilated body parts such as at seats. Additionally, the sweat can al-
ready present before entering the cabin and cause higher rate of cooling compared to the
model predictions;

» clothing is restricted to indoor (office) attire. This can be a major limitation in settings where
highly insulating and impermeable garments are worn (e.g. rescue services and military);

» metabolic production of around 1.2 met, which suits driving or sitting light activities only.
There is no consideration of other personal factors. In several occupations, intermittent

driving is expected and this condition may not apply (e.g. delivery and rescue services).
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2.2.5 Thermo-physiological human simulator

An alternative method exploits a thermal manikin coupled with a thermo-physiological model and
is addressed as a thermo-physiological human simulator [79,113]. The human simulator is the most ad-
vanced approach and consists of a thermal manikin controlled in real time by a thermo-
physiological model. The model is used to predict the manikin’s skin temperature and sweat excre-
tion based on the actual heat loss measured by the manikin in a given environment (alternatively
skin temperature is measured to predict the heat loss) [79,113]. Additionally, the simulator can also
be coupled with a dedicated local thermal sensation model for real-time predictions [114,115]. On
the other hand, the coupling has high requirements on the heat flux measurement accuracy and it is
prone to lateral heat fluxes between the body parts with different skin temperatures. At the same
time, a validated thermo-physiological model is required [113,114], which makes this method the

most demanding in terms of working knowledge and equipment.

2.2.6 Computational fluid dynamics

The indoor thermal conditions can be simulated using computational fluid dynamics (CFD)
[116,117]. Usually, a virtual thermal manikin is placed into a mock-up environment containing all
HVAC components to enhance realism of the simulation. In theory, arbitrary regulation mode of
the virtual manikin could be used, but in reality, constant skin surface temperature is mostly used
[63]. Despite technological progress, CFD is still a rare solution to investigate thermal interaction of

a human with the ambient environment because of substantial computational power demands.

2.3 Virtual and hardware demonstrator to predict thermal
sensation in a cabin environment

The focus of this section is to summarise knowledge gaps in modelling of human thermal physiolo-
gy and thermal sensation as well as in their practical applications with regards to vehicular cabins.
The emphasis is given to the investigation of a sitting body position and the use of local seat condi-
tioning such as seat heating and ventilation. This summary should yield the specification of a vali-
dated modelling methodology, based on physical and physiological principles to evaluate thermal
sensation. Next, similar principles should also be applicable in a physical demonstrator, which

could be utilised in a thermal sensation-driven feedback control loop.

2.3.1 Concept of the methodology

The structure of the methodology to predict thermal sensation can be divided into virtual and phys-

ical approaches (Figure 1). In virtual environments, local boundary conditions describing the envi-
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ronment, clothing, activity, and seat must be specified. These parameters are fed to a suitable ther-
mo-physiological model, which yields an average human response in the form of physical quanti-
ties, such as skin temperatures, rectal temperature, sweat rates, or heat fluxes at the skin. Finally,
the outputs from the thermo-physiological model are translated into the predicted thermal sensa-

tion vote using a dedicated model.

The second branch (Figure 1) represents an approach applicable in real cabin conditions. Here, it is
of main interest to replace costly laboratory equipment, such as thermal manikins, with cost-
effective sensors installed permanently in a cabin. The set of sensors should be able to determine the
local heat flux by a given surface temperature (equivalent temperature) with comparable accuracy
to the thermal manikin. Depending on the application, the sensor control mode has to be selected.
The measured physical quantity is again converted to a local thermal sensation vote by a thermal

sensation model.

Prediction of local thermal
sensation in a vehicular
cabin

Real (physical) cabin

Examined environemnt?

Virtual cabin

Initial seat temp.
Thermal properties of
tissue nodes

Seat
heat transfer
model

Environment
Local clothing
Seat contact area
Activity

HF density for
backrest &
seat cushion

Sensor control mode

Thermo- Integrated hardware
physiological model sensors

Physical quantity
(e.g. temp. or HF)

Thermal sensation
model

v

X

Predicted local
thermal sensation

[ —

Physical quantity
(e.g. Teq or HF)

Thermal sensation
model

v

oy

Predicted local
thermal sensation

| —

Figure 1. Structure of the methodology to predict thermal sensation in a vehicular cabin.

34



23.2

Summary of the knowledge gaps

Although the knowledge and technological advancements in the field of thermal comfort are exten-

sive, their applicability in the cabin environment is still limited. The contemporary status and inter-

action of the three main components of the methodology is presented in Figure 2. Further, the most

influential knowledge gaps on further development of the methodology are as follows:

>

>

>

>

local clothing thermal properties, clothing area factor (fu), intrinsic clothing insulation (la),
and evaporative resistance (R.) for the sitting body position are unavailable in the litera-
ture and there is dependence on own manikin measurements;

there is no realistic representation of a seat contact area in current thermo-physiological
models and the contact area dependence on the body morphology is unknown;

unavailable methodology for realistic representation of a seat conditioning and thermal dif-
fusivity of a seat and its impact on human thermal response and thermal sensation in tran-
sient conditions; and

a lack of a cost-effective hardware system capable of coupling with a suitable thermal sen-

sation model for thermal sensation-driven HVAC applications.

Clothing and seat boundary conditions Hardware demonstrator

State-of-the-art

Determination of heat
fluxes from the
manikin surface

State-of-the-art

Thermal manikin
based determination
of clothing and seat

thermal properties

Local clothing
thermal

properties in

« Clothing thermal seated position
properties - sitting

¢ Dynamic model of
seat thermal
diffusivity and
conditioning

/ Knowledge gap

Virtual &
hardware
methodology to
predict thermal
sensation in

Prediction of  seated position

Knowledge gap
o Repeatability of the
Newton type manikin
measurements
o Integration of a
hardware system into
a cabin

Hardware

local thermal demonstrator to
sensation with predict thermal
seat sensation in a
conditioning cabin
State-of-the-art Knowledge gap

Models based on
thermo-phys.
inputs

Validation of the
models in asymmetric
conditions induced by

seat

Local thermal sensation model &
Thermoregulation model

Figure 2. Summary of the state-of-the-art knowledge and knowledge gaps related to the three components of

the methodology to to predict thermal sensation in a vehicular cabin.
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3 Aim and objectives

3.1 Aim and thesis

The literature survey and knowledge about the specifics of predictions of thermal sensation in a

vehicular cabin led to the formulation of the following thesis:

A set of tools comprising a seat heat transfer model, a realistic estimate of local clothing properties, a
thermophysiological model, and a thermal sensation model can be used to evaluate thermal interactions be-
tween the human body and the surrounding environment. Further, this set of tools can be used to assess
thermal sensation in the cabin environment using an objective parameter, such as equivalent temperature.

These parameters can be measured in real-time and serve as advanced feedback for the thermal sensation-

driven control of local conditioning technologies and HVAC.

Therefore, the aim of this thesis was to develop a methodology to assess human thermal sensation
while in a sitting body position, including local conditioning factors such as heated and ventilated
seats. A requirement of the method was applicability in both virtual and real indoor spaces. In the
latter case, the focus was a thermal-sensation-driven feedback loop allowing for human-centred mi-
croclimate management. The particular interest is in an average thermal sensation response of a

pool of adult healthy subjects, rather than individuals and/or children.

3.2 Objectives

The specific objectives of the PhD project have been formulated based on the aim of the work pre-

sented in Section 3.1 and the knowledge gaps presented in Section 2.3.2, and are as follows:

1. to develop a model relating the seat contact area to basic anthropometric measures (such as
body height and weight) and to find a proper representation of the seat contact area in
thermo-physiological models;

2. to assess differences between the sitting and standing body positions in the local clothing
parameters (fu, I, and R.q);

3. to identify the impact of differences among typical approaches to determine local clothing
parameters and to perform a sensitivity analysis of these on a simulated thermo-
physiological response;

4. to develop and validate a model calculating heat transfer between a human body and a seat

including local seat conditioning technologies (heating and ventilation);
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to validate the predicted thermo-physiological responses using the local clothing and seat
boundary conditions on a basis of original and literature experimental data;

to predict local thermal sensation using several thermal sensation models under steady,
transient, and heterogenous conditions indiced by local conditioning and to identify the
best performing thermal sensation model;

to develop a hardware demonstrator capable of exploiting the validated methodology to
determine the equivalent temperature in a vehicular cabin; and

to implement the hardware demonstrator in a vehicular cabin and to demonstrate its

functionality in a vehicular cabin against a reference, the Newton-type thermal manikin.

3.3 Structure of the thesis

The aim and objectives, outlined in the previous section, have been addressed in five peer-

reviewed, scientific publications. The number of citations as of July 20 2019 is given in brackets (da-

ta from Google Scholar):

I

II

III

v

M. Fojtlin, A. Psikuta, R. Toma, ]. Fiser, M. Jicha, Determination of car seat contact area for
personalised thermal sensation modelling, PLoS One. 13 (2018) 1-16. doi:https://doi.org/
10.1371/journal.pone.0208599. (1 citation)

M. Fojtlin, A. Psikuta, J. FiSer, R. Toma, S. Annaheim, M. Jicha, Local clothing properties
for thermo-physiological modelling: Comparison of methods and body positions, Build.
Environ. 155 (2019) 376-388. doi:10.1016/j.buildenv.2019.03.026. (0 citations)

M. Fojtlin, A. Psikuta, J. FiSer, R. Toma, S. Annaheim, M. Jicha, R.M. Rossi. Thermal model
of an unconditioned, heated and ventilated seat to predict human thermo-physiological
response and local thermal sensation, Build. Environ. Under review.

M. Foijtlin, J. Fiser, M. Jicha, Determination of convective and radiative heat transfer
coefficients using 34-zones thermal manikin: Uncertainty and reproducibility evaluation,
Exp. Therm. Fluid Sci. 77 (2016) 257-264. doi:10.1016/j.expthermflusci.2016.04.015.
(8 citations)

M. Fojtlin, ]. FiSer, J. Pokorny, A. Povala¢, T. Urbanec, M. Jicha, An innovative HVAC
control system: Implementation and testing in a vehicular cabin, J. Therm. Biol. 70 (2017)
64-68. doi:10.1016/j.jtherbio.2017.04.002. (3 citations)

Each of the presented papers is a stand-alone publication consisting of an introduction focused on

its individual topic, a detailed description of the methods, results containing figures and tables, a

thorough discussion of the results, and conclusions with respect to the topic of the paper. Each pub-

lication presents original work that is an integral part of this PhD thesis. A commented overview of

the work with respect to the aim and objectives of this thesis is presented in Section 4.
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3.4 The main author’s contribution to the publications

I  Conducted the majority of the experimental work, literature survey, data analysis, and
writing of the manuscript.

I Conducted the majority of the experimental work, literature survey, data analysis, and
writing of the manuscript.

Il Contributed to the experimental study, developed the seat heat transfer model, carried out
simulations with data analysis, and did the majority of the literature survey and writing of
the manuscript.

IV~ Conducted the majority of the experimental work, literature survey, data analysis, and
writing of the manuscript.

V  Contributed to the innovative HVAC design requirements and experimental work, carried
out the data analysis, and did the majority of the literature survey and writing of the
manuscript.

3.5 Associated papers not presented as a part of the thesis

During the course of this PhD project, other research activities were carried out with the focus on an
automotive cabin. The summary of publications unrelated to completing of the objectives indicated
in Section 3.2 is presented below. The number of citations as of July 20 2019 is given in brackets (da-

ta from Google Scholar):
Peer-reviewed papers

J. Pokorny, J. Figer, M. Fojtlin, B. Kopeckova, R. Toma, J. Slabotinsky, M. Jicha, Verification of Fiala-
based human thermophysiological model and its application to protective clothing under high
metabolic rates, Build. Environ. 126 (2017) 13-26. doi:10.1016/j.buildenv.2017.08.017. (3 citations)

Conference papers

M. Fojtlin, J. Pokorny, J. FiSer, R. Toma, J. Tuhov¢ak, Impact of measurable physical phenomena on
contact thermal comfort, in: EP] Web Conf., 2017. doi:10.1051/epjconf/201714302026. (2 citations)

M. Fojtlin, M. Planka, ]J. FiSer, J. Pokorny, M. Jicha, Airflow Measurement of the Car HVAC Unit
Using Hot-wire Anemometry, in: EFM15 - Exp. Fluid Mech. 2015, EP] Web of Conferences, 2016: p.
6. (8 citations)

J. Pokorny, F. Polacek, M. Fojtlin, ]. Fiser, M. Jicha, Measurement of airflow and pressure
characteristics of a fan built in a car ventilation system, in: EP] Web Conf, 2016.
doi:10.1051/ epjconf/201611402097. (1 citation)

M. Fojtlin, ]. Fiser, M. Jicha, Repeated determination of convective and radiative heat transfer

coefficients using 32 zones thermal manikin, Extrem. Physiol. Med. 4 (2015) A160. doi:10.1186/2046-
7648-4-51-A160. (0 citations)
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J. Fiser, A. Povala¢, T. Urbanec, ]J. Pokorny, M. Fojtlin, Implementation of the equivalent
temperature measurement system as a part of the vehicle Heating, ventilation and Air-conditioning
unit, Extrem. Physiol. Med. 4 (2015) A159. d0i:10.1186/2046-7648-4-S1-A159. (1 citation)

Conference proceedings (main author only)

M. Fojtlin, A. Psikuta, J. FiSer, M. Jicha, Modelling of conditioned automotive seats. The 18th
International Conference of Environmental Ergonomics, July 2019, Amsterdam, Netherlands. Oral
presentation.

M. Fojtlin, A. Psikuta, J. Fiser, J. Pokorny, R. Toma, M. Jicha, Effects of seated posture and
automotive seat on human thermal response. The 12th International Meeting on Thermal Manikin
and Modelling (12i3m), September 2018, St. Gallen, Switzerland. Oral presentation.

M. Fojtlin, ]. Fiser, J. Pokorny, R. Toma, M. Jicha, An Innovative HVAC Control System:
Comparison of the system outputs to comfort votes. The 17th International Conference of
Environmental Ergonomics, November 2017, Kobe, Japan. Oral presentation.

M. Fojtlin and J. FiSer, Thermal manikin - utilisation in testing of protective equipment. 2nd
International Conference on CBRN Protection (HAZMAT PROTECT 2016), November 2016,
Kamennd, Czech Republic. Oral presentation.

M. Fojtlin, ]. FiSer, J. Pokorny, A. Povala¢, T. Urbanec, An Innovative HVAC Control System:

Implementation and Testing in a Vehicular Cabin. Thr 11th International Meeting on Thermal
Manikin and Modelling (11i3m), October 2016, Suzhou, China. Oral presentation.

39



4 Summary of the work conducted

4.1 Objective 1 (Paper I): Determination of car seat contact
area for thermal sensation modelling

For this work, the methods were divided into parts comprising collection of relevant previously
published data from the scientific literature, original experimental measurements, and the devel-
opment of a model to predict seat contact area using basic anthropometric descriptors (e.g. weight,
height, BMI, and total body surface area). In the literature, two prevailing approaches to investigate
seat contact area were found. One of the methods, presented by Wu [71] and McCullough et al. [72],
consists of manually circumscribing a manikin placed on a seat. The second method, by Park et al.

[70], uses dedicated pressure distribution sensors covering the seat surface.

Each method has its limitations, either in the precision (uncertain contact boarders in circumscrib-
ing) or in the equipment accessibility. Moreover, the studies presented only generalised results,
which are not suitable for development of a seat contact regression model. Therefore, a novel meth-
od was proposed that utilised easily accessible tools, and consisted of generating prints of a human
silhouette on fine paper placed on an automotive seat. The printed shapes were digitalized using a
digital camera and processed in graphical software to obtain the surface area separately for the
backrest and the seat cushion. Additionally, compared to the circumscribing method, the print

boarders are determined with much higher accuracy, particularly at the inaccessible body parts.

The actual prints were carried out on a sample of 13 participants covering approximately 82 % of
the European population with regards to BMI (body mass index), ranging from the lower limit of
normal weight (18.5 kg'm2) to the upper limit of overweight (29.4 kg-m?) [118]. To compare the
contact area of human sample and a manikin, prints of the Western Newton-type thermal manikin
(Thermetrics, WA Seattle, USA) were obtained using the same method. The seat for the investiga-
tion was selected from a middle-class passenger car, which might be likely equipped with a condi-
tioning technology, such as seat heating and/or ventilation. Finally, the experimental results were
compared to relevant scientific studies on human, manikin, and virtual manikin seat contact (full

description in Paper I, Table 2).

Although the seat and body shape deformation is likely non-linear, a linear model was proposed to
relate seat contact area with human anthropometry. This was done with respect to the range of the
examined parameters, where the linearization was expected to have strong correlation and suffi-

cient precision for the given application in thermo-physiology. Four easily accessible descriptors
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were examined: body weight, height, surface area, and BMI. Admittedly, the last two predictors are
power functions of weight and height, and therefore mathematically coupled, but their frequent oc-

currence in literature and their inclusion expand the applicability of the results.

To assess the accuracy of the linear models, the coefficient of determination, R? and root mean
square deviation, RMSD, were calculated. The first parameter expresses proportion of the variation
in the dependent variable that is explained by the model. The second parameter is used to measure
the average difference between measured and predicted values. To predict the accuracy of the slope
and intercept of the linear model, a 95% confidence interval was calculated for the best-fit line for
the collected population. Finally, prediction intervals were calculated to estimate an interval in

which future individual observations of contact area will fall with 95% probability [119].

4.1.1 Summary of the main fidnings

The results of the study revealed a mean average contact that equals 18 % of the human body sur-
face area. It was also confirmed that this surface area was in agreement with the virtual body geom-
etry of the human thermoregulatory model FPCmb5.3 at posterior parts of thorax, abdomen, hips,
and upper legs. This finding is crucial in further utilization of the FPCm5.3 for reliable investigation
of seat conditioning on human thermo-physiology and thermal perception using a heat flux density
boundary condition. Thus, the same amount of heat exchange can be guaranteed in simulations as

in humans under the same conditions.

Next, four models to predict the total contact area based on human weight, height, body surface ar-
ea, and BMYI, respectively, were proposed. The best predicting capabilities were observed using two
predictors, weight and body surface area, having the coefficient of determination of 0.86 and 0.83,
respectively. Based on these findings, two models to predict the contact area for backrest (back) and
seat cushion (buttocks), respectively, were developed using the weight and body surface area as
two independent predictors. The applicability of the models is restricted to the ethnicities of Euro-
pean descent as well as to the scope of examined anthropometric measures. There is indication that
differences exist in the distribution of muscles and adipose tissues among ethnicities, which influ-
ence the resulting contact area. Finally, it can be expected that a plateau exists for higher values of

BMI, as the seat reaches its maximal contact surface area.

The cross comparison with data from literature revealed inconsistencies of using contemporary hard
shell thermal manikins to investigate thermal effects of the seats. The seat contact area of the New-
ton type thermal manikin was found to be 35 % and 69 % smaller than that of a human at the seat
cushion and backrest, respectively. These differences are due to the manikin’s low weight, rigid
shell, and lack of spinal flexibility, which do not facilitate a human-like seat contact. The results

from the manikin study by McCullough et al. [72] were well comparable to the humans. However,

41



the original study lacks details on both description of the manikin and the seat. More importantly,
the authors of the manikin studies, using the circumscribing method, did not specify how they de-

termined the contact margins in the inaccessible body parts such as buttocks and lower back.

We found very limited applicability of thermal manikins in evaluation of seat contact area and their
actual use with automotive seats. The rigid construction of the figurine restricts the replication of
natural contact with the seat, having no interaction with the seat at the mid back as well as signifi-

cantly lower contact at the seat cushion compared to a human.

4.2 Objectives 2 and 3 (Paper II): Clothing thermal properties

The focus of Paper II was examining the local clothing parameters in a sitting body position and the
most probable ways of their determination. However, high precision results are typically depend-
ent on access to costly equipment, such as thermal manikins and a climatic chamber. Therefore, it is
of particular interest to identify an alternative solution with sufficient accuracy comparable to the

state-of-the-art methods.

The summary of examined scenarios is presented in Table 1, organised in descending order of so-
phistication. We selected a range of methods based on manikin measurements, analytical heat
transfer modelling [57,58], regression modelling [59], empirical modelling, such as the UTCI model
[60], and ISO based approaches [47,61,62]. A detailed description of the cases is provided in Paper II,
Sections 2.3 - 2.9. Additionally, differences in the local clothing values between sitting and standing

body positions were investigated in detail.

Table 1. Summary of the examined scenarios to determine clothing thermal properties.

Case fa (-) Lo (m*K.W) Rea (m?Pa. W) Position Segments
1 3D scanning Manikin heat loss [109] Manikin heat loss [110] sitting 13
2 Photography [47] Manikin heat loss [109] Manikin heat loss [110] standing 13
3 Physical model [57,58] Physical model [57,58] Physical model [57,58] sitting 8
4 Physical model [57,58] Physical model [57,58] Physical model [57,58] standing 10
5 Regression model [59] Regression model [59] Physical model [57,58] standing 11
6 ISO based model [61] ISO based model [61] ISO based model [62] standing 3
7 ISO database [47] UTCI model [60] ISO database [47]; Eq. 31 standing 7
8 ISO database [47] ISO database [47] ISO database [47]; Eq. 31 standing 1
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4.2.1 Summary of the examined scenarios

Case 1 was composed as the reference case with the state-of-the-art methods used. The most realis-
tic way to determine the f; is a three-dimensional (3D) scanning method. A dedicated scanner was
used to digitalise the nude and clothed body surface of a sitting manikin (more details about the
equipment can be found in [49]). Each measurement was repeated four times. The resulting scans
were subsequently processed in software (Geomagic Control 2014, 3D Systems®, USA) to obtain
the ratio of the clothed and nude manikin. This was done for 13 body parts, namely: chest, back, ab-
domen, lumbus, anterior pelvis, buttocks, upper arm, lower arm (forearm), anterior thigh, posterior thigh,
shin (anterior leg), calf (posterior leg), foot to copy the body segmentation of the FPCm5.3 virtual man-
ikin (ErgonSim, Germany [87]). This guarantees consistency of the inputs for thermo-physiological

as well as thermal sensation modelling.

Determination of I; and R, was carried out using a 34-zone Western Newton-type manikin (Ther-
metrics, Seattle, USA) seated onto an adjustable perforated plastic chair in a climatic chamber (de-
tailed description of the chamber and the manikin in Papers II and IV). The experimental conditions
were in accordance with ISO 15831:2004 [109]. The resulting I; was calculated according to equa-
tion 2 from Section 1.3.2. The evaporative clothing resistance R.q was determined using a pre-
wetted tightly fitting, long sleeve overall [120,121]. The measurement was carried out at under iso-
thermal conditions of 34 °C (skin temperature equal to ambient temperature), relative humidity of
18 % (partial water vapour pressure of 957 Pa), and air speed of 0.1 £ 0.05 m-s™. The calculation of

evaporative resistance was done according to heat loss method described in ASTM F2370 [110].

Case 2 was designed as a reference measurement in an upright standing body position under labor-
atory conditions, where a non-articulated thermal manikin and a camera are available. The local f
values were obtained according to the standard ISO 15831 [109] by superposition of photographs of
a nude and dressed manikin using graphical software (CorelDRAW X8, Corel Corporation, USA).
These were taken from four azimuth angles (front 0°, two side views 45°, 90°, and 180°) and a hori-

zontal view of 0°. The experimental procedure to determine I and R. ¢ was identical with Case 1.

Cases 3 and 4 represented emerging methods to realistically and rapidly simulate fi, I, and R.q. The
model exploits basic thermodynamic phenomena (conduction, radiation, and convection) and al-
lows the calculation of local clothing parameters of multiple, layered garments. Most importantly,
distribution of the heterogeneous air gaps entrapped in the clothing for a corresponding body part,
both in sitting and standing positions, is accounted for. The clothing simulations were carried out

using the in-house analytical clothing model developed at Empa [57,122].

Case 5 was based on a linear regression model by Vesela et al. [123], who related local values of f
and Iy to clothing ease allowances. The models were constructed on data from single-layer gar-

ments and while in the standing position. However, we also investigated two-layer winter clothing.
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Therefore, we applied principles from the study by Mark et al. [124], where the main findings indi-
cated that the inner layer was negligibly influenced by the outer layer as long as the ease allowance
of the outer layer was bigger than that of the inner one. This premise applies to the majority of cas-
ual clothing, including the clothing investigated in this study. The corresponding values of f. and I
were, thus, calculated according to the ease allowance of the outer layer. The methodology to calcu-

late R, was not presented in the study by Vesela et al. [123] and was adopted from Case 4 [57].

Case 6 exploited an algorithm for reverse calculations of all three local clothing parameters from
their global values [61,62]. This approach was developed from global clothing databases by
McCullough et al. [125] and ISO 9920 [47] valid for 106 garments. However, the resolution of the
algorithm is limited to individual clothing items covering given body parts, such as trousers cover-
ing the whole lower limbs. As the method does not clarify an approach to calculate the resistances
of multi-layered garments lying atop one-another, the clothing resistances were instead totalled to
match the procedure of Veseld et al. [126]. The clothing area factors were determined for the outer-

most layer of the clothing ensemble.

Case 7 was based on estimation of clothing thermal parameters based on the ambient temperature
[60]. The model has a resolution of 7 body parts (head, torso with upper arms, lower arms, hands,
upper legs, lower legs, and feet). This model was applied despite its original focus on outdoor ap-
plications under the presumption of similar clothing preferences for indoor and outdoor environ-
ments based on two mild ambient temperatures of 24 °C (summer indoor clothing) and 21 °C (win-
ter indoor clothing). These two temperatures were defined according to the PMV-PPD thermal

sensation model [28] as thermo-neutral for the given clothing sets.

Case 8 was based on the clothing thermal properties listed in standard ISO 9920 [47]. From a practi-
cal perspective, this approach is of the main interest for a variety of engineering applications, since
no dedicated equipment is required. The clothing thermal properties are presented in a form of
global, whole-body values. By definition, the global values should be applied as a uniformly dis-
tributed insulation across the human body, which is typically not the case in reality. Two clothing
sets were selected from the standard (Table A.2 [47]), Ensemble 108 and Ensemble 114 to represent

summer and winter indoor clothing, respectively.

4.2.2 Clothing and definition of body positions

Since the research focus of this thesis was indoor environments, two ensembles were examined that
correspond to the summer and winter seasons. The first clothing set represents summer indoor
clothing, consisting of a collar shirt, light cotton jeans, briefs, socks, and leather sneakers. The sec-

ond, winter set comprised a turtle-neck shirt as well as a cotton T-shirt worn underneath, heavier
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cotton jeans, briefs, socks, and leather shoes. All garments were selected from the database by Psi-

kuta et al. [127] and were used throughout the study to guarantee consistency of the method.

To analyse differences in local clothing thermal properties, two body positions were investigated.
The sitting body position was selected to mimic driving, operating machinery, or office work. The
specifications for the sitting were adopted from the work of Mert et al. [49] having an elbow angle
of 120°, a hip angle of 110° and a knee angle of 120°. Secondly, an upright standing position with
hands down was examined since it is typically reported in the literature and was used to contrast

the differences from one another (Paper 11, Figure 1).

4.2.3 Determination of seat thermal properties

At this stage of the investigation, the seat was substituted with thermal and water vapour resistanc-
es since steady-state conditions were examined. Direct measurement of these two parameters with a
thermal manikin does not yield realistic results, because of the manikin's rigid body construction
and low body weight (see paper Paper I). As a result, the corresponding data was adopted from a
study on aeroplane seats with similar construction to automotive seats, with moulded foam cush-
ioning and leather covering. Using a stamp tester, a thermal resistance of 0.55 m2K-W-! [65] was
measured for the seat, whilst an evaporative resistance of 100 m2Pa-W-! [65] was determined using
the same seat in human trials. Finally, we estimated the seat clothing area factor to be 2.0 units

based on the dimensions of the seat.

4.2.4 Sensitivity analysis

Comparison of the absolute values of clothing thermal properties is beneficial for the process of
clothing development. However, in practical applications, it is of major interest to understand the
impact of such differences on the human thermal response, which may be dampened [82]. Thus, the
eight cases were supplied to the FPCmb5.3 in order to reveal their impact on the development of
thermo-physiological parameters such as local skin temperatures, core temperature, sweat produc-
tion, and skin wettedness as well as the global thermal sensation indicated by DTS (Dynamic Ther-
mal Sensation). The environmental conditions were selected as thermo-neutral with the following
characteristics: operative temperature summer case (tur = 0= 24 °C), operative temperature winter
case (tur = twa= 21 °C), air speed of 0.1 m-s7, and relative humidity of 50 %. The metabolic produc-
tion was selected with respect to the sitting body position as 1.3 met (driving or office work) and

the simulations were carried out in a span of four hours with a five-minute simulation interval.
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4.2.5 Summary of the main findings

The results of this study showed substantial variation among the methods for all examined clothing
parameters, ranging from 13 - 43 % in f4, 35-198 % in Iy, and 53 - 233 % in R.a of the reference
value (Case 1). The most realistic results yielded the approaches based on analytical heat transfer
modelling including realistic distribution of the air gaps (Case 3) [57,58] and the regression model
(Case 5) [59] relating a garment ease allowance to the clothing insulation and clothing area factor.
The least realistic approaches were the ISO based model (Case 6) [61,62] and the database values
from the ISO standard itself [47]. The main reason for this lack of realism was a lack of method de-

tail, in which the local values were lumped into larger areas, thus, neglecting the local extremes.

Altering the body position from standing to sitting causes a change in the orientation of several
body parts and a redistribution of the air gaps. This also implies changes in all three clothing ther-
mal parameters. While only minor changes were found for the global thermal and evaporative re-

sistances [55], the local parameters showed much higher error margins:

» up to 31 % of the reference value (Case 1) for f; depending on body part;
» up to 80 % of the reference value (Case 1) for I, depending on body part; and

» upto 92 % of the reference value (Case 1) for R, depending on body part.

There was a substantial influence of the discrepancies among the methods on predicted thermo-
physiological responses. In mean skin temperature, the variation was within 0.6 °C and 1.3 °C in
summer and winter clothing, respectively. This parameter is influential in thermal sensation mod-
els, where a considerable error in local thermal sensation can be expected in a range from 0.5 to
1.5 units depending on the thermal sensation model and its scale as demonstrated by Koelblen et al.
[99] and Vesela et al. [126]. On the other hand, the differences in mean skin temperatures between

the body positions were negligible, being within 0.3 °C.

The local thermo-physiological responses were clearly affected by the variation of the local clothing
inputs. For example, relatively low differences in the clothing properties at the chest resulted in the
absolute differences in skin temperatures of 0.5 °C among the methods and of 0.2 °C between the
body positions. Quite the reverse, higher variability of input parameters, e.g. as at the anterior thigh,
leads to a spread of the predicted local skin temperature of 1 °C and 2 °C in summer and winter
clothing, respectively. The variability in input parameters also influenced the predicted amount of
sweat as well as the onset of sweating. For instance, the sweat excretion amounted between 5 g
(Case 7 winter clothing) and 138 g (Case 4 summer clothing) and the sweating onset varied between

60t (Case 8) and 190t minute (Case 7) using the winter clothing.

The error induced by clothing inputs, in this case, has no critical medical relevance such as uncom-

pensated heat storage or dehydration. However, in thermal sensation and comfort studies, error in
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the local clothing input can cause substantial error in the thermal sensation modelling. Next, this
study confirmed our hypothesis that the whole-body clothing properties are neither suitable nor
sufficient for local thermal sensation modelling. Two non-experimental methods, physical and re-
gression modelling, were recommended to substitute resource demanding manikin measurements
for a variety of engineering applications. Finally, a sensitivity study revealed a dominant influence
of the thermal insulation on the predicted thermo-physiological parameters. Therefore, to get a
high-quality prediction of physiological responses in a sitting position, it is crucial to always choose

the most reliable method to determine the local thermal insulation, respecting the body position.

4.3 Objectives 4 — 6 (Paper III): Conditioned seats

Paper 11I addressed three major knowledge gaps in modelling of sitting exposures: (a) determination
of heat exchange between the seat and its occupant; (b) validation of thermo-physiological respons-
es under asymmetrical conditions induced by the seat; (c) prediction of thermal sensation under
cold and hot environmental conditions using seat conditioning technologies such as seat heating
and ventilation. Next, the findings from Papers I and II also contributed to reliable thermo-
physiological simulations by determination of the seat contact area and by the use of the most accu-

rate methods for determining the clothing thermal properties in a sitting body position.

4.3.1 Development and validation of the seat heat transfer model

The seat heat transfer model was developed using the fundamental principles of heat transfer. The
aim of the model was to provide sufficient approximation of the heat exchange between a seat with
a considerable thermal mass and an adjacent body part such as the buttocks and back. A thermal
system comprising human body tissues, clothing layers, and seat construction layers was designed

and solved under the following presumptions:

» dominant heat flux in a direction perpendicular to the plane of the seat;

» neglected convection, evaporation, and radiation between the internal calculation nodes
due to the high evaporative resistance of the seat and the negligible convection and radia-
tion in the highly compressed layers of clothing and seat. Although the cooling in the venti-
lated seat is caused by sweat evaporation, in practical applications, it is not feasible to de-
termine all necessary parameters for psychrometric calculations in the seat contact (e.g. air
velocity, relative humidity, air temperature). The evaporative cooling was, thus, represent-
ed by a heat sink or a possibility to prescribe a time-dependent temperature profile at the

seat surface, yielding equivalent heat flux as if the evaporation was considered;
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» neglected evaporation and radiation at the exterior calculation nodes (back of the seat) due
to high evaporative resistance of the seat and partial shading of the back of the seat result-
ing in major simplification of the calculation;

» constant thermal properties of all human tissues, clothing, and seat construction layers;

» uniform thickness (but not the same) of all tissue, clothing, and seat construction layers;

» no thermoregulatory actions in the human tissues for a simplified solution; and

» solution using the finite-difference method with a discrete time step of 0.05 s.

The model yields calculated heat flux separately for the seat cushion and backrest. The model’s val-
idation was performed against original experimental measurements of heat flux, under cool (tar of
18 °C) and hot (tair of 41 °C) environmental conditions in the climatic chamber at Brno University of
Technology. The validation procedure comprised unconditioned, seats heated to constant surface
temperature, and ventilated seats. Details about the validation cases and participants can be found

in Table 2, Cases 18 °C and 41 °C.

Table 2. Complete overview of the cases used for validation of the methodology.

Pre-condition =~ Chamber Males Females BMI
Case 60 min 30min Seat conditioning Uncond.  Uncond./ M/F Available data for validation
tair (°C) tair (°C) / Cond. Cond. (kg.m?)
Uncond./ Heated 8 skin temp.**; backrest & seat
~ 18 °C 22.5 18 8/14 2/6 25/23 i
S const. temp. cushion temp. and HF; TS votes
k7]
;;:'Q Uncond. / 8 skin temp.; backrest & seat
= 41°C 25 41-25* K 717 2/2 26 /28 X
Ventilated cushion temp. and HF; TS votes
Uncond./ Heated Skin temp. at backrest & seat
5°C 2 5 8/8 - 18.6/- )
const. HF cushion
Uncond./ Heated Skin temp. at backrest & seat
= 10°C 22 10 8/8 - 18.6 / - .
= const. HF cushion
@
E’ Uncond./ Heated Skin temp. at backrest & seat
o) 15°C 22 15 8/8 - 18.6/- .
const. HF cushion
Uncond./ Heated Skin temp. at backrest & seat
20 °C 22 20 8/8 - 18.6 / - .
const. HF cushion

tair — ambient air temperature; BMI — body mass index; temp. - temperature, HF — heat flux density, TS — thermal sensation.

*25°C reached after 20 min of exposure; **skin temperatures unavailable for unconditioned case

4.3.2 Coupling with thermo-physiological and thermal sensation models

In the next step, the seat heat transfer model outputs were coupled with the FPCm5.3 to obtain the
predicted thermo-physiological response for the body parts in contact with the seat as well as for
the rest of the body. Local skin temperatures were available for comparison to predictions at eight
body sites (forehead, right scapula, left upper chest, right upper arm, left forearm, left hand, right
anterior thigh, and left calf; segmentation from the ISO 9886:2004 [128]). The measurements were
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carried out with the use of a junction semiconductor device, iButton (also known as a silicon diode
temperature sensor, Maxim Integrated, USA, accuracy * 0.5 °C), attached to the participants’ skin
by medical tape (Hypafix 16002, BSN Medical GmbH, Germany). To calculate mean skin tempera-

ture, the eight skin temperatures were averaged using the weighting coefficients from the standard.

The range of validation cases of the skin temperatures in the seat contact was extended using data
from a paper by Oi et al. [10] at ambient temperatures of 5 °C, 10 °C, 15 °C, and 20 °C (details in Ta-
ble 2). The seat used in the study was a front automotive seat heated by silicone rubber heating
pads placed underneath the leather upholstery. The heating was reported as a constant heat flux of
268 W-m2 delivered both to the seat cushion and backrest [10]. The thermal interaction with the seat

was modelled using the seat heat transfer model based on the description from the paper.

In the final step of this study, the thermo-physiological predictions were used to predict thermal

sensation. In total, the performances of three local thermal sensation models were investigated:

» the model by Nilsson (MTV) [100] was used due to its standardisation (part of the ISO
14505 standard [64]) and possible coupling with equivalent temperature sensors. The model
uses a seven-point Bedford scale that combines thermal sensation votes with thermal com-
fort (much too cold, too cold, cold but comfortable, neutral, hot but comfortable, too hot,
much too hot) that correlate with a heat loss from a given body part or equivalent tempera-
ture. The range of applicable conditions covers ambient temperatures from 19 °C to 29 °C;

» the model by Zhang (TSZ) [21,101], which was developed for automotive applications and
predicts local thermal sensation using an extended nine-point ISO scale with two additional
extreme thermal sensation votes (very cold, very hot). The model requires local skin and
core temperatures as inputs. The range of applicability is between air temperatures of 20 °C
and 33 °C; and

» the model by Jin et al. (TSV) [102], which yields a local thermal sensation on the seven-point
ISO scale (cold, cool, slightly cool, neutral, slightly warm, warm, hot) [28]. The model was
developed based on a sample from the Chinese population and is applicable in the temper-

ature range from 20 °C to 30 °C.

In each step of the methodology, the accuracy of all predicted parameters (heat flux, seat tempera-
tures, skin temperatures, and thermal sensation votes) was assessed by means of RMSD and bias.
Predictions were assumed to have high precision if the RMSD and bias were within the standard

deviation of the measurement.
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4.3.3 Summary of the main findings

The proposed seat heat transfer model successfully predicted development of the heat
fluxes at the seat-occupant interface. Throughout the exposure, the typical error of the
calculated heat flux oscillated between 3 % and 10 % and the RMSD and bias were within
two standard deviations of the measurement, with somewhat lower precision in the high-
ly transient period after taking the seat. Psikuta et al. [129] stated that an error of 2 % has
a negligible impact on the development of mean skin and core temperatures being less
than £0.18 °C and £0.01 °C, respectively. Since the discrepancies in the predicted heat
flux were close to these margins, a sufficient precision of the seat heat transfer model for

coupling with FPCmb5.3 was concluded.

Thus, in the next step, the seat heat transfer model was coupled with the FPCm5.3 to pre-
dict the temperatures in the contact with the seat as well as skin temperature in the non-
contacting body part. Again, we found a good agreement between the predictions and
measurements in terms the RMSD and bias. These findings were supported by the RMSD and bi-
as being lower than the standard deviation of the measurement and, at the same time, within typi-
cal inter- and intra-human variations in skin temperatures (approximately 1 °C) [81]. Such precision

is also sufficient for reliable thermal sensation modelling [99,126].

The outliers were discussed in Paper 111, where the highest inaccuracies were found in the 5 °C case
with seat heating. The error was attributed to a combination of factors including a brief description
of the experiment from the literature, the neglected lateral heat losses, and constant thermal proper-
ties of the tissues in the seat heat transfer model. In this case, the error was proportional to decreas-

ing ambient temperature, which peaked at 2.6 °C in the 5 °C case.

The benefits of the model were displayed against two simplified assumptions. For the uncondi-
tioned seat, the seat was assumed as thermal insulation and evaporative resistance. In the heated
case, the seat was replaced with a heat generation boundary condition without dissipation to the
ambient environment. These simplifications yielded not only four-times higher errors than that of

the proposed methodology but also unrealistic development of the skin temperatures.

The best performing thermal sensation models, in general, were MTV and TSZ, in which the RMSD
and bias were within two standard deviations of the human votes having an average of 1.1 units.
The two standard deviations of the thermal sensation votes were selected to cover 95 % of their dis-
persion due to the relatively low number of participants (details of this are given in Table 2). The
worst performance was found in the TSV model. Here, the RMSD and bias exceeded two standard
deviations in more than half of the body parts examined. Furthermore, TSV did not respond either

to the temperature step change or to the cooling ramp, which is not acceptable in any application.
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Although the skin temperatures were predicted accurately at the seat contact, the predicted thermal
sensation was clearly less accurate than for body parts without seat contact. Since the TSZ contains
a derivative component, it performed well in the transient conditions (the first six minutes of the
exposure), with an RMSD and bias within two standard deviations. Nevertheless, after this period,
TSZ drifted towards higher thermal sensation votes and exceeded the two standard deviations lim-
it. In the first six minutes of the cool exposure, the MTV model tended to over-estimate the effects of
the cold seat by up to 2.3 units. This error was mainly because of the high initial cooling rates (up to
150 W-m2) and no derivative component of the model. The remaining part of the cool exposure
(18 °C) typically followed the trends of the experimental data. Under hot conditions, on the other
hand, the accuracy of the predictions by MTV was the best out of the three models, having the

RMSD and bias of approximately one standard deviation.

The lower accuracy of the thermal sensation predictions in the contact can be attributed to several
dominant factors. Firstly, the range of temperatures that can occur during contact is wider than that
without contact. Thus, the thermal sensation models were at or beyond their limit of applicability.
Next, Oi et al. [10] concluded that comfortable skin temperatures at the seat contact are higher by
lower ambient temperatures, what can influence thermal sensation voting and acceptability of local-
ly higher skin temperatures. Similar findings were also demonstrated by Zhang et al. [130] for heat-
ed and cooled seats in a range of ambient temperatures of between 15°C and 45°C. Nevertheless,
none of the examined models captures this dependence. For the aforementioned reasons, further re-

finement of current thermal sensation models is needed to achieve more consistent predictions.

4.4 Objectives 7 — 8 (Papers IV and V): Development and
implementation of the demonstrator

In this part of the thesis, we examined the idea to develop a hardware demonstrator consisting of
several cost-effective equivalent temperature sensors and their integration into a vehicular cabin in
proximity of an occupant. The demonstrator is aimed to be an integral part of the cabin interior, ra-
ther than a manikin or a dedicated laboratory instrument. The spatial distribution of the directional
equivalent temperature sensors was expected to provide detailed information about the local effects
of the environment on the occupant. Further, the equivalent temperature was shown correlate with
thermal sensation [56,100] (see Section 2.2.4) and thus, could be translated into a local thermal sen-
sation vote. Such system input could be used to evaluate thermal sensation in real time and serve as

a basis for thermal-sensation-driven HVAC control.
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4.4.1 Evaluation of the manikin measurement uncertainty

The Newton-type manikin was used for the calibration of the equivalent temperature system in the
actual cabin environment. However, no detailed statistical analysis of repeated manikin measure-
ments was available. For this reason, we carried out a study on measurement uncertainty of the
Newton-type manikin in typical laboratory conditions in both sitting and standing position (Pa-
per IV). The experimental data were obtained from three independent repetitions of measurements
in steady conditions inside a climatic chamber with a calibration box to ensure homogenous envi-
ronmental conditions. A series of tests were carried out to reveal statistically significant differences
(95% confidence) among repeated measurements of radiative and convective heat transfer coeffi-

cients as follows:

» Kolmogorov-Smirnov test for normal distribution of data. Normality is a fundamental
premise for the calculation of succeeding tests. The assumption of normality was satisfacto-
ry for all cases except for the head;

» Bartlett test for homogeneity of variances. Homogeneity is accepted if the variances of stud-
ied populations are sufficiently equal. This criterion is also essential premise for the test for
the means. The assumption of homogeneity of variance was satisfactory for most of the
body parts, but not for the posterior forearms, upper thighs, and calves; and

» test for the means using one-way ANOVA. The test revealed statistically significant differ-
ences of the means for most of the body parts. Therefore, A and B type uncertainty evalua-

tion was further expressed.

The A type uncertainty evaluation represents a statistical analysis of series of independent observa-
tions having normal distribution. The typical expanded uncertainty (95% confidence level) was
found below 8 % of the mean. The B type uncertainty is determined by means other than statistical
analysis of series of independent observations. It is a function of partial uncertainties that enter the
calculation of the studied physical value (e.g. measurement of air and manikin’s surface tempera-
tures, heat flux etc.) [131]. The typical expanded uncertainty (95% confidence level) was found be-
low 4 % of the mean. These findings are in line with other manikin studies and are within bounda-
ries for reliable manikin applications [79]. Therefore, we found the Newton-type manikin suitable

for calibration of the equivalent temperature system.

44.2 Development of the demonstrator

The modular system of equivalent temperature sensors was designed and produced (full descrip-

tion in Paper V) based on the criteria defined by the intended application of the sensors:

»  precision of temperature measurement and heating temperature stability better than 0.1 °C;
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» sufficient heating power to start up from temperature of -20 °C within 2 minutes - achieved
by maximal heating power of 1000 W-m-%;

» stable control characteristics in the typical conditions, approximately from 20 to 100 W-m-%;

» small size (20 x 20 x 10 mm) allowing unobtrusive installation in the cabin; and

» system modularity, with the ability to add or remove an arbitrary number of sensors.

4.4.3 Integration of the demonstrator into the cabin

Sixteen t.; sensors were distributed in the vicinity of the driver to capture the orientation of 16 body
parts (Paper V, Figure 2). Nevertheless, the optimal placement and orientation of the sensors was in
some cases restricted. This was most critical for upper and lower limbs, where the sensors could not
be placed with the same spatial orientation. To mimic segmental equivalent temperature (such as
output from a manikin) one or more sensors were allocated in an aggregation map to each body
part. The aggregation map served as a platform, in which the individual signals were scaled (cali-

brated) according to the manikin measurements under the same conditions.

To eliminate weather disturbances from the ambient environment, the calibration was carried out in
climatic chamber conditions under three basic conditions:

» acold case, 10 °C, no solar irradiation;

» neutral case, 20 °C, no solar irradiation; and

» hot case, 25 °C, solar simulator set to 700 W-m2, 70° elevation, facing the left (driver) side.

The calibration procedure began with a preconditioning of the experimental vehicle in a climatic
chamber until stable conditions in the cabin were reached. At the same time, the Newton-type man-
ikin was seated at the driver’s seat and was operating with a constant surface temperature of 34 °C.
Next, the vehicle was started and the proposed system of equivalent temperature sensors was initi-
ated. The cabin microclimate was managed by the on-board HVAC system, which was set to a con-
trol regime *Automatic 22°C’. Each trial lasted for one hour and for the calibration purposes, the last
five minutes of the measurement period were evaluated. All the examined cases were pooled to
find optimal scaling coefficients for the aggregation map. To do so, the differences between the
equivalent temperature obtained from the manikin and the system were minimized by the GRG

(generalized reduced gradient) optimization scheme.

4.4.4 Summary of the main findings

In steady conditions and at the majority of body parts, the system of equivalent temperature sen-
sors was capable of determining the f,; with precision better than 1 °C. In cold conditions, the sys-

tem underestimated t,; by 1.9 °C for the lower legs. Conversely, in neutral conditions, the system
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overested teq by 1.8 °C for the anterior thighs. In hot conditions, the prediction accuracy of the sys-
tem was the highest. In general, the limbs are the most challenging body parts to determine their
corresponding equivalent temperature using the flat-surface sensors. It is because of their cylindri-
cal shape and positioning in the cabin. Next, the sensors were not equipped with guarding (heated)
surfaces that would prevent lateral heat losses from the measurement surface to the body of the
sensor. The guarding was substituted by thermal insulation, but this was not sufficient since we
found a decreasing trend in the accuracy of the measurement with decreasing ambient temperature.
At the same time, guarding is essential for examination of rapid changes in teq to avoid the influence

of the thermal capacity of the sensor’s body.

The comfort zone diagram by Nilsson [100] is used to relate the equivalent temperature to mean
thermal vote of a given body part. The width of the zones depends on the clothing and body part
sensitivity. However, to cross one zone, such as to go from hot but comfortable down to cold but
comfortable, a difference in the equivalent temperature of at least 3 °C is needed. For this reason we

concluded sufficient precision of the demonstrator for its further applications.
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5 Conclusions

As formulated in the objectives, this project presents a model to calculate seat contact area; clothing
thermal properties in a sitting body position; method to address local seat conditioning; and a phys-
ical demonstrator integrated into a cabin. This PhD thesis has demonstrated the applicability of cer-
tain methods to predict thermal sensation in a sitting body position with regards to the respective

factors typical of vehicular-cabin environments.
The summary of the main conclusions from individual studies is as follows:

» the seat contact area of an average person is approximately 18 % of the total body area;

» The seat contact area in FPCmb.3 can be realistically represented by posterior parts of the
thorax, abdomen, hips, and thighs;

» within a range of the typical European population, the seat contact area can be described
using linear equations and predicted based on weight and/or total skin surface;

» thermal manikins without adjustments are not suitable for research of contact microclimate;

» two-fold differences exist in local clothing thermal properties between the standing and sit-
ting positions and these differences have substantial impact on local predicted thermo-
physiological responses;

» physical modelling with a realistic air-gap distribution and regression modelling was found
to be sufficient for replacing the state-of-the-art measurements of clothing thermal proper-
ties. This applies to indoor (office) clothing for summer and winter season;

» the seat heat transfer model significantly contributed to the improvement of predicted
thermo-physiological responses and thermal sensation for the contact body parts with or
without conditioning;

» uncertainty of the Newton-type thermal manikin was defined and was found sufficiently
accurate to be used for calibration of the on-board equivalent temperature measurement
system; and

» the modular system of directional equivalent temperature sensors was shown to determine

equivalent temperatures for individual body parts in the cabin to the precision of +1°C.

The knowledge gaps addressed in this thesis were mostly related to the quality of input parameters
and extension of the applicability of already existing methods. This brought the modelling ap-
proach much closer to realistic applications and tackling challenges in engineering, rather than cre-
ating “just another” model of thermal sensation or thermo-physiology. The engineering community

can benefit from the prompt calculations of both physical variables and consequent subjective
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thermal sensation for a given environment with a known error. This ability for rapid calculation en-
ables the effective evaluation of human interactions with indoor spaces, reducing the dependence

on costly, logistics-intensive, and labour-intensive human subject studies.

5.1 Future perspectives

One of the most influential contemporary motivations for thermal comfort research is to efficiently
create comfortable and healthy conditions with respect to low energy consumption and other envi-
ronment impacts. These demands are still conflicting. However, the proposed methodology can be
used to carry out parametric studies focused on investigating strategies to mitigate the energy con-
sumption using local conditioning technologies or by changing the construction of the cabin (e.g. al-
tering the position of air inlets, glazing, and shading). Such knowledge is of major interest in the
field of battery powered electric vehicles, where the microclimate management operates at the cost

of driving range.

The system of inexpensive equivalent temperature sensors demonstrated an opportunity to shift
traditionally laboratory based equipment into a consumer market. In asymmetric and transient
thermal environments, such a device can be used for personalisation of the thermal experience and
zoning with much higher accuracy than any commercially available solution. Furthermore, the user
can define his/her thermal expectation from the HVAC system in more natural way, via a desired
thermal sensation for individual body parts, rather than a desired ambient temperature. This would
likely lead to an enhanced thermal experience and higher thermal comfort. Indeed, it was shown
that the psychological aspect of having control over the environment automatically improved satis-

faction with the indoor conditions [39,40].

Additionally, computational methods can be also used for academic purposes. Here, the thermo-
physiological model with realistic input data can be applied to reconstruct studies from the litera-
ture as well as field-based studies where thermal sensation was investigated, but no thermo-
physiological data were collected. Very often, this is the case because specialised equipment and
approval of an ethical board is needed to carry out research with human participants. Therefore,
such efforts would contribute to extending the pool of exposures and could serve as a basis for re-

finement of local thermal sensation modelling.

5.2 Limitations

The complexity of the mechanisms behind human thermal perception is much higher than the con-
temporary understanding. Because of this, many parameters influencing thermal perception are not

considered by the models. Thus, the major weakness of thermal sensation modelling is still a gener-
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alisation of the results, which cover only a certain population and certain conditions with typical

accuracy better than one thermal sensation unit.

The predictive power of the examined thermal sensation models was lowest at the body parts in
contact with the seat. The range of skin temperatures under seat contact is much wider than the rest
of the body exposed to the ambient conditions, either because of the initial seat temperature or be-
cause of the seat conditioning. Moreover, in highly asymmetric conditions, the local exposure may
significantly affect local thermal sensations of an unexposed body parts [106] and comfortable skin
temperatures are higher with lower ambient temperatures [10]. However, none of the examined

models captures these effects and subsequent extension is required.

The proposed seat heat transfer model was developed to calculate realistic heat exchange between
the seat and its occupant. In order to reduce number of input parameters and, at the same time, po-
tential sources of uncertainty, the cooling effects of latent heat of sweat vaporisation was replaced
by a heat sink or a possibility to prescribe a time-dependent temperature profile at the seat surface,
yielding equivalent heat flux as if the evaporation was considered. While thermal sensation models
require only inputs such as skin and core temperatures or heat flux, the neglect of the water propa-

gation restricts the investigation of discomfort induced by skin wetness.

Finally, several limitations of the method should be noted for the hardware demonstrator. The
equivalent temperature approach captures the sensible heat only. This might not be sufficient for
hot conditions where a larger amount of sweat is likely to be excreted by a human body and, thus,
evaporation starts to play a dominant role in cooling. In such case, the predictions would be inaccu-
rate. Next, in hot conditions, the method can be used only up to the temperature of the heated sur-
face. Beyond this limit, the sensor receives heat from the ambient environment and is no longer ca-
pable of heat flux measurements. On the other hand, Nilsson [108] commented that the sensor
could be used in a passive thermometer mode, when the surface temperature can be approximated
to the equivalent temperature. Finally, this methodology is applicable under transient ambient con-
ditions. However, a transient state can arise also on the side of the human with regards to metabolic
heat production and prior environmental exposures. Under human-centred transients, it is likely to

see a substantial error in predictions of thermal sensation.
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Abstract

A lot of daily activities are conducted in a sedentary posture. This includes a thermal interac-
tion between the human and the seat that has implications on thermal perception and
comfort. These interactions are investigated by simulating heat and mass transfer, thus,
reducing a need for costly and time demanding subject studies. However, it is not clear,
from the available literature, what portion of the body surface area is actually affected by the
seat with respect to human anthropometry. The aim of this study was to develop a predicting
function of the seat contact area based on anthropometric parameters. The results showed
strong linear correlation between the contact area obtained by printing a body silhouette on
paper placed at the seat and body weight, height, body surface area, and body mass index.
The body surface area and the body weight were identified as the best predictors for the
contact area.

Introduction

Western lifestyle is bound to seated posture during work, travelling or leisure time with more
than 50% of wake time spent sitting [1,2]. For this reason, the effects of sitting on health and
comfort have been investigated in detail [3-6]. Moreover, the state of comfort is closely related
to vigilance and well-being that is needed to ensure productive conditions at a workplace or
safe and enjoyable experience while driving or travelling [7-9].

Various aspects of comfort and discomfort in an office environment in sitting were exam-
ined by Zhang et al. [10]. Office features with the highest importance to office workers were
ascribed to chair comfort (12% of responses) and effects of an ambient microclimate (11% of
responses). Moreover, similar conclusions were found in an airplane passenger comfort study,
where again the best predictor for general comfort on the flight was found the seat comfort [9].

One of the aspects of comfort is thermal comfort that expresses satisfaction with the thermal
environment. In addition to a clothing resistance, the seat creates thermal and water vapour
barrier at the contact body parts. As a result, the seat’s high thermal insulation and low water

PLOS ONE | https://doi.org/10.1371/journal.pone.0208599 December 11,2018 1/16

75



OPLOS |on

Car seat contact area for thermal sensation modelling

the [Brno University of Technology] under the
project Reg. No. [FSI-S-17-4444]. The funders had
no role in study design, data collection and
analysis, decision to publish, or preparation of the
manuscript.

Competing interests: The authors have declared
that no competing interests exist.

vapour permeability affect local microclimate at the body surface that may lead, under certain
circumstances, to a local discomfort, sweating, and perception of wetness [11-13].

A very specific application of seats are the ones used in vehicular cabins that are often
exposed to a broad variety of outdoor conditions ranging from temperatures below 0 “C to
over 50 °C. On one hand, cabins are typically equipped with heating ventilation and air-condi-
tioning system (HVAC) to create a comfortable environment [14]. On the other hand, the
HVAC is usually activated right after entering the cabin and its response time is insufficient to
satisfy passengers’ needs and expectations immediately. Hence, the seats may be equipped
with contact heating and ventilation systems to compensate rapidly for the extreme conditions
and to help overcome adverse effects of excessive heating or cooling of the body through accu-
mulated heat in the seat causing thermal discomfort. Such seat constructions have to be tested
in the process of their development with regards to thermal comfort in human studies. Because
of high cost and time requirements of human trials, there is a substantial effort to simulate
human thermal perception virtually [15-17]. For this reason, numerous virtual manikins or
reference models of human anthropometry were developed to reproduce average observed
characteristics of a human for human thermal physiology simulations. The most frequently
referenced models are the 65MN model by Tanabe et al. [18], the Berkeley thermoregulation
and comfort model [19,20], and several Fiala-based models—ThermoSEM by Kingma [21],
FPCm by ErgonSim [22], Fiala-FE by Theseus FE [23], FMTK by Pokorny et al. [24], and
Human Thermal Module in TAITherm by Thermoanalytics Inc., Michigan, USA [25].

The virtual manikins are usually composed of basic geometric solids, such as cylinders or
spheres, representing individual body parts. This division is generally dictated by the resolu-
tion needed for proper simulation of human thermoregulation in conjunction with clothing,
e.g., changes of skin temperature during vasomotory response, sweating patterns, or typical
clothing body coverage. In addition, some models are further divided into sectors facing envi-
ronment or neighboring body parts, such as anterior, posterior, inferior and/or superior sec-
tors. Such fine resolution of body segmentation allows a much more precise determination of
the environmental influence, for instance, projected area factors for detailed direct and diffuse
solar radiation and longwave radiation analysis. The summary of the parameters of individual
models is presented in Table 1. Despite the clearly defined segmentation of the virtual mani-
kins, it is not clear if the surface area of the assumed sectors in contact with the seat correspond
to the seat contact area of a human with the equivalent anthropometry (e.g. height, weight).
This is especially critical for the identification of the contact body parts and their surface area
involved in seat heating or ventilating. Moreover, skin sensitivity to a thermal stimulus is nei-
ther homogeneous over the surface of a human body, nor is the distribution of sweating [26-
29]. As a result, there is a need to specify the total seat contact area with a resolution of at least
two major body parts—seat and back, both having distinct physiological and perceptual
responses.

To the best of our knowledge, there is no standard methodology for determining contact
area between the body and the seat, and a variety of different methods has been applied.
Park et al. carried out a study on seat pressure distribution and preferred driving position of
Korean drivers wearing tightly fitting clothing [3]. This was done using dedicated seat pres-
sure blankets with resolution of eight and nine segments on the seat and back, respectively.
The test subjects consisted of 10 males and 10 females in body weight groups of: < 59 kg, 60
to 79 kg, >80 kg. Each weight group was evaluated individually, however, there were missing
details about subjects” heights and mean, maximal, and minimal body weights in each weight
category.

Another method to determine seat contact area is to draw a border line around a seated
manikin on paper placed on the seat [30,31]. The first manikin study employed thermal
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Table 1. Examples of virtual manikins.

Source Body parts/ body sectors | Sex Weight (kg) Height (m) ‘ Total skin area (m?)
FPCm [22 13/41 | Unisex 71.4 1.70 | 1.83
65MN [18] 10/- Male 744 - 1.87
ThermoSEM [21] 10/22 Unisex 73.4 1.73 1.85
Berkeley thermoregul. and comfort model [19,20] 10/- ' Female - - 147
EMTK [24] 12/32 | Unisex 73,5 1.71 _ 1.85
Human Thermal Module in TAITherm* [25]% 13/41 | Male 78.6 1.76 | 1.95

Pair body parts are counted as one.

*50™ percentile male body was selected;

"Help desk, ThermoAnalytics Inc., Michigan, USA.

https://doi.org/10.1371/journal.pone.0208599.t001

manikin Fred (height of 1.79 m, body surface area of 1.8 m”, unknown weight) placed on vari-
ous office chairs. In the second study, an Asian Newton type thermal manikin (height and
weight of 1.70 m and 65 kg) was employed to examine contact area on airplane seats [31].

In some cases the method was not explicitly stated and the seat contact area was stated as
aside information, e.g. study by Oi et al. [28], who presented the seat contact area based on
a pool of eight Japanese males sitting on an automotive seat. The group of volunteers was
rather homogenous with mean body weight of 57.2 kg (SD + 3.2 kg) and height of 1.75 m
(SD + 0.01 m). Clothing in the study comprised of long pants, a long sleeved shirt, and a light
jacket.

To sum up, the anthropometric data for human subjects was often presented in a narrow
range or there were even missing details about subjects’ body weight or height, which makes it
impossible to compare various literature sources using objective parameters. In addition, the
use of thermal manikins on seats seems not to be representative of human contact area because
of their low body weight, unrealistic weight distribution, a rigid body surface without local
skin resilience, and no spinal flexibility. Another parameter that is often missing in literature is
the precise description of the examined seat and subjects’ clothing. Studies by McCullough
[30] and Wu et al. [31] have demonstrated positive correlation between the seat contact area
and thermal insulation of clothing. However, the practical use of these results is limited, as
they both used thermal manikins.

Another possibility would be to use commercially available seat testers that are dedicated
for realistic testing with respect to weight distribution and geometry of the contact parts, e.g.
manikin STAN (Thermetrics, Seattle, WA, USA) [32]. However, contact areas examined with
this device have not been found in the scientific literature. All the above mentioned issues pre-
vented reliable utilization of literature data in thermophysiological simulations.

The aim of this study was to develop a model describing the body contact area with the
automotive seat in relation to body characteristics, such as body weight and height. Human
subjects and the Western type Newton thermal manikin were seated on a serial-production
automotive seat and the contact area was examined separately for the seat and the back using a
modified method based on the study by Park et al. [3]. Finally, the results were compared to
the available literature data for both humans and thermal manikins. Since the contact area is
crucial not only for accurate manikin measurement of thermal effects of seats, but also neces-
sary for setting up the boundary conditions in simulations using human thermoregulation and
thermal perception models, we have also addressed the body resolution of humanoids used in
such models. The findings from this study are applicable in clothing, indoor, and transporta-
tion research.
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Methodology
Measurement principle

The methods comprise experimental determination of the seat contact area of human subjects
as well as a thermal manikin. The determination of seat contact area for this study was based
on printing of a human or manikin silhouette on paper placed on an automotive seat (see sec-
tions Seat and Protocol for more detailed characterisation). The method is proposed because of
its relative simplicity and no need for special equipment. In addition, a higher resolution of
this approach is expected compared to the circumscribing method, especially on inaccessible
parts for circumscribing, e.g. lower back and pelvis area.

After the printing, the paper prints were immediately laid flat and photographed using a 50
mm lens from a distance of 1.3 m. The area of seat print images were determined using graphi-
cal software CorelDRAW X8 (Corel Corporation, Ottawa, Canada) by manual tracking of the
print borders. The number of the print pixels was compared to the number of pixels of a
known reference area in the picture. Additionally, the actual prints were divided into two
weight groups split by the median of the sample (80 kg) to visualize potential differences in the
shapes of the seat prints depending on the subjects” weight.

Human subjects

The research was approved by Ethical committee at Department of Biomedical Engineering at
Brno University of Technology (document EK:01/2018, approved on 5. January 2018) and all
13 subjects (12 males and 1 female) agreed to enter the experiment voluntarily signing a writ-
ten informed consent. The subjects cover a majority of European population (approximately
82%) in terms of body mass index (BMI) ranging from the lower limit of normal weight (18.5
kg/m?) to the upper limit of overweight (29.4 kg/m?) [33], and represented the white ethnic
group with average characteristics: body weight of 80.6 kg (SD 11.7 kg), height of 1.80 m (SD
0.05 m), body surface area of 1.99 m* (SD 0.02 m?) calculated according to the Du Bois equa-
tion [34], BMI of 24.8 kg.m'2 (SD 3.0 kg.m’z), and age of 30.5 (SD 3.4 years). The participants
were instructed to wear a pair of long cotton pants, underwear, and T-shirt with normal fit
(Fig 1A). The individual in Fig 1A has given written informed consent (as outlined in PLOS
consent form) to publish these case details.

Fig 1. Illustration of the seating position. A human subject (A), the Newton manikin (B), and the detail of insufficient contact of the manikin’s lower back with the
back rest (C).

https://doi.org/10.1371/journal.pone.0208599.9001
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Thermal manikin

The Newton type thermal manikin (Thermetrics, WA Seattle, Western type manikin) was
employed for comparison of the contact area with the one measured by human subjects using
the same method. The manikin body size corresponds to a 1.79 m tall western male. The con-
struction of the manikin is intentionally lightweight (27.5 kg), thus, having lower thermal iner-
tia and allowing easier manipulation in its typical application in clothing research. Here, it is
necessary to easily dress, undress, and set the manikin in the desired position. For this reason,
the manikin is also equipped with ten movable joints (ankles, knees, hips, elbows, shoulders).
However, it does not allow spinal flexing and its surface is rigid (Fig 1B).

Seat

The seat used for the study represented a serial-production front seat of a middle class passen-
ger car. The construction of the seat consists of metal chassis, polyurethane cushioning, and
polyester upholstery. The thicknesses of the seat and back rest cushioning are approximately
5.5 and 4.5 cm, respectively, and the participants rated the stiffness of the seat as medium
(scale: soft, medium, hard). The setup of the seat was fixed in all trials (details in Figs 1 and 2)
with the adjustable lumbar support set to maximum. Height of the front lip of the seat was
approximately 37 cm above the floor. The trunk-thigh angle was set to 110° based on the pre-
ferred driving posture of a bodyweight group ranging from 60 to 79 kg [3].

Protocol

The method to determine the seat contact area separately for the buttocks and the back was
firstly validated using water based paint applied to a plastic foil attached to the back, buttocks,
and lower thighs of the participant. Next, the person sat down on the seat covered by two sepa-
rate sheets of paper (specific weight of the paper 80 g.m ) and stood up again after approxi-
mately 15 seconds. The subjects were asked to sit in a comfortable position, but without
slouching and with fully rested thighs on the seat (Fig 1). The print of the contact area of the
body on the paper padding of the seat was then used for further processing. Finally, the paint
was replaced by spraying water directly on the participants’ clothing. The aim of this was not
to soak the clothing, but to create a thin film of water droplets on the clothing that was later
transferred to the paper with mitigated effects of lateral wicking. The specific weight of the
paper used in this study was approximately 40 g.m" to improve uptake of the water, and
hence, leaving a clear print border. The finer paper is also capable of copying the seat surface
deformations without major buckling. These changes were sufficient to identify the contact
area on the paper with better time efficiency and no contamination hazards. The contact area
of the Western type manikin was determined using the same method and clothing (all gar-
ments size M). In this case, the head rest of the seat was removed to allow the manikin to sup-
port its back on the seat, since the neck does not flex (Fig 1B).

Cross-comparison with literature data

In the final step, the experimental results were compared to the findings from literature. This
was done to assess differences among data from the human, manikin, and virtual manikin
studies using various approaches and the possibility to use virtual thermal manikins for simu-
lations with a seat contact. Despite not having the realistic contact areas from the seat tester
STAN, the surface areas of its active parts were assumed for the comparison. Next, for the Fiala
virtual manikin [22], following segments were selected to stand for contact surfaces: back—the
sum of posterior thorax and posterior abdomen, and buttocks—the sum of posterior hips and
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Fig 2. Projected dimensions of the seat used in this study.
https://doi.org/10.1371/journal.pone.0208599.g002

posterior upper legs. In case of the TAITherm virtual manikin [25], the back contact was
selected to consist of back and a half of upper abdomen with assumption of manikin symme-
try. Finally, the buttocks contact was assumed to be posterior thighs and a half of lower abdo-
men. An overview of the cases and selected clothing is shown in Table 2.

Model description and statistical analysis

The collected data was evaluated in the Microsoft Excel (Microsoft Corporation, Redmond,
WA, USA) and the linear regression model was proposed to fit the data from the seat prints
with predictors, namely: weight, height, body surface area, and BMI. This was done despite the

PLOS ONE | https://doi.org/10.1371/journal.pone.0208599 December 11,2018 6/16

80



OPLOS |on

Car seat contact area for thermal sensation modelling

Table 2. Overview of the cases for cross-comparison with the literature data.

Study Subjects Ethincs Seat v Clothing Method
This study 12 M; 1F White Automotive | Normal fit—T-shirts, Trousers [ Printing a silhoutte
77139{15@3!.7,729 15 10M; 10 F Korean Automotirv’eg Tightly fitting outfit Pressure sensitive blankets
Oietal, 2012 SM Japanese Automotive Shirt, Jacket, Trousers Unknown
Wueet al, 2016; Asian Newton Asian Airplane Shorts, T-shirt Circumscribing
McCullough, 1994 Manikin Fred Unknown Executive chair | Trousers, Shirt | Circumscribing
This study Western Newton White Automotive | Normal fit—T-shirts, Trousers | Printing a silhoutte
Fiala virtual man. [22 Unisex Global - Nude Posterior parts
TAITherm virtual man. [25] Male White - | Nude [ Posterior parts
STAN seat tester ¥ Male White - Nude Active areas of the manikin

M-males, F-females.

“Help desk, ThermoAnalytics Inc., Michigan, USA.

https://doi.org/10.1371/journal.pone.0208599.t002

non-linear behaviour of the seat and body deformation that affects resulting contact area.
However, in the examined range of the predictors (see section Human subjects for the details),
linearisation of the interaction of the human body with the seat is expected to have strong cor-
relation and sufficient precision for the given application in thermophysiology. Further, both
body surface area and BMI are power functions of weight and height, but both were included
in this study as additional parameters because of their frequent occurrence in literature and
praxis. Finally, selected cases from literature (Table 2) were added to the comparison, wherever
applicable, with respect to the scope of the published parameters.

Next, the coefficient of determination R” was calculated to express the proportion of the
variation in the dependent variable that is predictable from the independent variable. Further,
the root mean square deviations RMSD between the measured data and predictions were
expressed to assess the accuracy of the models. Finally, two intervals were defined for the linear
regression models. Firstly, a confidence interval for the best-fit line for the collected population
with 95% confidence level was plotted. This allowed visualisation of margins for the slope and
intercept for each regression model. Secondly, prediction intervals were calculated to estimate
an interval in which future individual observations of contact area will fall with 95% probabil-
ity [35].

Results

Fig 3 relates total seat contact area to two basic anthropometric measures, body weight and
height, and two derived measures, total body surface area and BMI. The average total seat con-
tact area is 18% of the body surface area. Fig 4 shows the predictive functions of the seat and
back contact area separately in relation to body weight and body surface area being selected on
the basis of the highest R values and the lowest values of RMSD. The points marked with violet
colour stand for human studies, whereas green and red markers represent manikin and virtual
manikin studies, respectively. Error bars indicate the standard deviation if reported in the orig-
inal source. A special case is the study by Park et al. (2015), in which neither the actual mean
values of each bodyweight group were presented, nor the upper and lower weight limits. Thus,
we interpreted the results from the study as areas (Figs 3A, 4A and 4C). Moreover, 95% confi-
dence intervals were plotted for each linear regression model with dotted lines, and the dashed
lines depict prediction intervals covering 95% of the population (Figs 3 and 4). The complete
dataset on which this publication is based, is provided in the supporting information file S1
Dataset.

PLOS ONE | https://doi.org/10.1371/journal.pone.0208599 December 11,2018 7/16

81



. \d
@ i PLOS | ONE Car seat contact area for thermal sensation modelling

0.55 . 0.55 1 .
656 A: Total contact / body weight o B: Total contact / body height e
045 0.45 4
~ 040 ~ 040
E 035 E o35
8 030 & 030
c L= e c
8 0255 T 8 025
S o20f 2, o S o020
- i - o - 2
- B R A e
R 3333333 045 y = 0.622x - 0.755
e y = 0.004x + 0.062 e
i R:=088 o RM';:)_—Obegas f
0.05 RMSD =0.021 m* 0.05 FiUedm
0.00 ' : i 0.00 + + ; + + ]
50 55 60 65 70 75 80 85 90 95 100 1.65 1.70 1.75 1.80 1.85 1.90 1.95
Weight (kg) Height (m)
0.55 0.55 -
C: Total contact / body surf. area D: Total contact / BMI
0.50 0.50 -
045 0.45 +
~ 040 . 0.40 4
£ oss E 0351
& o030 8 0301
[ e
8 025 8 0251
= = |
3 0.20 z 0.20
0.15 y =0.266x - 0.169 0.15 4 y=0.013x + 0.031
R?=0.86 R?=0.61
0.10 RMSD = 0.020 m* 0.10 RMSD = 0.033 m’
0.05 0.05 -
0.00 F st 1 0.00 by
155 165 175 185 195 205 215 225 235 18 19 20 21 22 23 24 25 26 27 28 29 30
Body surface area (m’) BMI (kg/m’)
HUMAN DATA: ©  This study - prints X Oietal 2011 ++e Parketal 2015;<59kg 7~/ Parketal. 2015;60-79 kg m= Park et al. 2015; > 80 kg
MANIKINS: ¢« Wuetal. 2016 4 McCulloughetal. 1994 4  STAN seat tester area Newton print
REGRESSION: «==- Min / max prediction ~=-=- Min/ max confidence — Linear regression (prints)

Fig 3. Total seat contact area. The total seat contact area dependent on body weight (A), body height (B), total body surface area (C), and Body Mass Index (D).
https://doi.org/10.1371/journal.pone.0208599.g003

Discussion
Total contact area predictions

Body weight and total skin area were identified as the best predictors for the total contact area.
The values of R ranged from approximately 0.60 (body height, BMI) to 0.86 (body weight,
body surface area). Correspondingly, the values of RMSD were of 57% lower if body weight
and body surface area were used as predictors compared to body height and BMI. This indi-
cates that changes in body weight or body surface area have a greater impact on the changes in
total contact area than height or BMI within the scope of this study.

Next, if we intuitively presume that the height has a dominant effect on the print length and
the weight on the print width, a partial support for this statement could be found in Fig 5. The
back prints exhibit greatest standard deviation in the lumbar width (SD 0.08 m, min/max
width 0.24/0.49 m), as opposed to the back length (SD 0.06 m, min/max length 0.36/0.57 m).
Similarly, the variability of the seat print width is greater (SD 0.05 m, min/max width 0.43/0.61
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m) than the seat print length (SD 0.03 m, min/max length 0.37/0.48 m). On the other hand,
since the seat width is 0.51 m and several prints exceeded this size, we can also assume that
higher weight contributes to a greater imprint of a person into the seat, thus, leaving a larger
print area in all directions.

Secondly, total body surface area calculated according the Du Bois equation has the highest
explanatory power as opposed to the BMI. In both skin area and BMI formulas, the weight has
a lower power than the height, but the weight has a greater impact on the result in a range of
meaningful values for adult seat occupants, e.g. from 45 to 120 kg. These values were calculated
using the limits for underweight and overweight (from 18 to 30 kg/m?) and a likely range of
the occupants’ body height (from 1.6 to 2.0 m). Most importantly, the interpretations of the
formulas are different. The BMI can be explained as a screening tool for indication of high
body fat content, calculated as weight over square of height, and its nature has been criticized
for not capturing the distribution and proportion of lean mass and body fat [36]. This is likely
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Fig 5. Centred shapes of the seat prints. Back prints (left) and buttocks prints (right). Dashed line indicates a subjects group with
body weight of more than 80 kg, continuous line with less than 80kg, and red dotted line depicts the contact of the Western Newton
type manikin.

https://doi.org/10.1371/journal.pone.0208599.9005

the cause for the relatively low R? of 0.61 if compared to the straightforward parameter, such
as the skin surface area (R? = 0.86).

Local contact area predictions

The models for the local contact surface with the buttocks and back were based on the body
weight and body surface area as they showed the best predicting capabilities out of the exam-
ined parameters. In both cases, the models for back contact area have smaller values of RMSD
and higher R’ compared to the seat area models, in other words, the models for back are more
accurate.

In Fig 5, the prints for seat and back are divided into two weight groups split by median of
the sample (80 kg). The shoulder width remains in the majority of cases almost identical and is
outlined by width of the seat, whereas, in most of the cases under 80 kg, the lumbar contact
has narrower contours (Fig 5 left). This shaping reflects the distribution of muscles and body
fat with increasing weight, where the larger fat deposits occur in the lumbar region [37]. On
the other hand, the differences in the print shape and size are less pronounced in case of the
buttocks (Fig 5 right).

Finally, literature on an apparel design discusses several predominant male and female
body types based on the proportions of hips-waist-back dimensions, lengths of the limbs and
crotch [37,38]. The variability of the body shapes is also projected into the seat prints, where
a contact area of two subjects with a similar anthropometric measure is not identical. For
instance, in Fig 5 left, the widest seat print belongs to a person weighing less than 80 kg with
muscular thighs that leave wider print than ones of heavier subjects with less developed mus-
culature at thighs. This also explains differences between lower and upper prediction lines that
are, in the best-case scenarios, of around 0.10 m? for total contact (Fig 3C), 0.07 m? for seat
(Fig 4B) and 0.06 m” for the back (Fig 4C).
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Cross-comparison with literature data

The findings from this study were compared to two human studies, two manikin studies, and
two virtual manikin geometries. The first human study by Oi et al. [28] yields the total contact
area of 33% lower compared to the mean prediction of this study. Yet, these values are on the
edge of the prediction intervals unless the height was used as a predictor (Fig 3). Next, the seat
contact area is below the mean predictions too, but within the confidence and prediction inter-
vals (Fig 4A and 4B). The situation is different on the back, where the local contact is of 68%
lower compared to mean predictions and out of prediction intervals in all cases (Fig 4C and
4D). The consistency of the seat contact and mismatch of the back contact areas point out
potential differences in the seat involved in the study that was described only as an automotive
seat. Secondly, the discrepancies might be caused by differences in body shapes between the
Japanese and white ethnicities. Possible explanation of this hypothesis may be found in the
Nakanishi and Nethery [39] who examined differences in anthropometry of Japanese and
white-American university male students. Significantly lower girths in Japanese at all body
parts that build a contact with a seat were found, but no significant differences in percentage
of body fat. Wang et al. [40] carried out a study on differences between Asians and white males
and females in range from 18 to 94 years. The main findings show the Asians having lower
BMI, while having an increased amount of adipose tissues than the white of both sexes. This
can be explained by a different muscle constitution between the ethnicities that may be the
cause for significant differences in the back contact area, and less pronounced differences in
the seat contact.

The seat contact areas from the second human study by Park et al. [3] were presented in
three body weight categories and the results are again below predictions of this study (Figs 3A,
4A and 4C). The mean contact area on the back for 70 kg person is substantially lower of
about 0.1 m? compared to predictions from this study (difference of 169%). On the other
hand, the seat contact area intersects with the lower prediction intervals (Fig 4A). The first
likely explanation for the mismatch may stem from the focus on driving conditions by which
the contact area distribution is asymmetric and variable, thus, being lower than that of a rested
person. The decrease of the contact is caused by the use of the right leg and arms to control the
vehicle [3]. Secondly, the subjects in the study were Korean with differences in the anthropom-
etry when compared to the white [40]. Thirdly, the contact area was examined by pressure sen-
sitive blankets with a resolution of 1296 sensing points, and size of 45 x 45 cm, whereas the
print sizes in this study exceeded 45 cm in the majority of cases. Therefore, the blankets might
not have been sufficient to cover all possible contact areas, especially on the back and in high
body weights, where the dimensions of the prints are the greatest (Fig 4C).

Next, data from both Asian, Western Newton type manikins, and the seat tester STAN
shows great discrepancies (Figs 3 and 4). The STAN has its contact area below predictions,
however, this is expected since the assumed contact areas are not actual prints, but active sens-
ing areas of the device. The seat contact area of the Asian type manikin is greater by 58% com-
pared to the predicted mean from this study and is out of the prediction interval, whereas the
back contact area matches the confidence and predictions intervals. Admittedly, the ratio
between seat and back was not presented in the original paper and was adopted from literature
being equal to 60:40 [28]. Yet, this does not have an impact on the total contact area that is still
relatively high compared to the predictions (Fig 3C). The disagreement may stem from a dif-
ferent way of determining the contact area. This was neither explained in detail, nor was it
explained how the contact area on inaccessible parts was identified (e.g., lower back and hips).
For instance, authors may have taken into consideration the contact border line wherever the
clothing touches the seat. In this study, the contact was ascribed to areas determined by both
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applying a pressure and moisture from the clothing. Additionally, the authors have not
explained how they adjusted the manikin parameters given by the manufacturer, such as 1.69
m and 27.5 kg of manikin body height and weight, respectively [41]. The additional weight
and its distribution were not explained in the paper and may have contributed to a larger
seat contact. Finally, the examined seat was an airplane seat with unspecified dimensions and
setup.

The Western type manikin, used in this study, has smaller seat and back contact areas
of 35% and 69%, respectively, if compared to the mean human predictions. This is rather
anticipated with regards to the rigid and lightweight manikin body construction (27.5 kg for
manikin as compared to approximately 65 kg human of a similar anthropometry), and conse-
quently, lower print area. In reality the manikin touches the back rest only at the upper back
and hip level with an air gap covering the whole lumbar area. These findings are supported by
Fig 1C, where the gap is photographed, and also by the shape of the manikin prints in Fig 5
(red dotted line).

Another manikin study presented by McCullough [30] shows a good match with the total
and local predicted values. In this case the weight of the manikin is unknown, but with respect
to the year 1994 when the paper was published, the manikin could have been made of metal
with consequently higher construction weight. This might imply more realistic immersion to
the seat, resulting in the larger contact area with the seat. Further, the manikin might have had
different curvature on the back that allows better contact with the seat. The seat involved in the
study was executive chair with a similar shape to the car seat.

The total and local contact areas of the Fiala virtual manikin match the predictions well and
are in all cases within the prediction lines (Figs 3 and 4). Such findings are favourable to the
further utilization of the virtual manikin in the simulation of the local effects of the seat on the
thermo-physiology and human thermal perception. The TAITherm manikin has similarly
good match with human observations in case of the total contact and buttocks, whereas the
back contact area is above prediction lines.

Virtual manikins with verified contact area could be effectively used to predict effects of
seat heating or ventilation on a human. On the other hand, despite the match of the proposed
contact parts of the virtual humanoid and human contact area, it is still questionable, whether
the humanoid geometry is adequate for the seat simulations. Today, the humanoids used in
thermophysiological models are usually composed of basic solids, e.g. cylinders (Table 1),
whereas the shape of the back contact is rather conical in majority of cases (Fig 5). Greater con-
tact area is thus at the upper back rather than on its lower part. Insight into the seat contact
opens up opportunities to refine the segmentation on contact parts with respect to different
level of sensitivity to hot and cold stimuli [27] and distribution of sweat [29].

Practical implications

As discussed in section Local contact area predictions, the differences between the lower and
upper prediction lines are not negligible. This may have further impact on practical applica-
tions of the results, such as additional thermal insulation provided by the seat, seat heating or
ventilation, etc. To demonstrate this, by example, we considered a seat heating of 268 W.m
[28] and uniformly distributed power over the surface of the seat. The total contact heating
power for the virtual manikin anthropometry would be 77 W. For a human with the same
skin area, the range of the heating power is between 72 and 98 W. Such variation should be
accounted for in representation of simulation results and it needs to be explored further what
would be the influence of this variability on the human thermo-physiological response in a
specific application.
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The study captures the range of predominant European weight in terms of BMI (Details in
section Human subjects) and the extremes were not examined. With regards to finite dimen-
sions of the seat, it is expected that the upper limit of contact area exists as the seat gets filled
with the body with increasing BMI. Therefore, an extrapolation of the results, especially in
direction of higher body weights, might not be valid.

Another implication of the findings is in utilisation of thermal manikins in measurement of
seat thermal properties. This study shows that different manikins and approaches of determin-
ing seat contact area yield different results. Therefore, it is advisable to ensure similar contact
of the manikin to the one of humans before performing any measurements, e.g. by applying an
additional weight to the figurine.

Limitations and sources of error in the experimental work

The resolution of the proposed method is limited by wicking and soaking of the water into the
paper. However, the amount of applied water was controlled and kept low to eliminate these
effects. Next, the seat print borderline was circumscribed manually in graphical software
(Details in section Protocol), therefore, the borderline might not be copied perfectly. However,
the contribution of these two sources of error is expected to be negligible compared to the vari-
ations in human data.

Finally, the sample of participants is relatively low, but it corresponds to the aim of this
study to provide an overview into the problematics of seat contact area with regards to thermo-
physiological simulations, which was not as clear as to present. A consistent and robust
method to carry out contact area measurements for any population and seat of interest was
proposed. This allowed us to discuss and compare various approaches from the literature
sources in a broader context.

Conclusions

To conclude, linearity between the contact area and body weight, height, skin surface area, and
BMI was found within the scope of this study. The most reliable and precise predictors for the
contact areas are the body weight and the body surface area. Next, the numerical results are
valid for the white ethnicity and might not be applicable in other ones, e.g. in the Asians
because of differences in body constitution. Further, the cross-comparison shows inconsisten-
cies in determination of the contact area using thermal manikins. The reasons for this are pos-
sible differences in methodologies, manikins’ rigid structure, low body weight, and no spinal
flexibility of the manikins. In case of the virtual manikin used in the human thermoregulation
model by Fiala, it was verified that posterior thorax, abdomen, hips, and upper legs can be
used as representatives of the seat contact area.
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Thermo-physiological modelling has become a frequently used and valuable tool for simulations of thermo-
regulatory responses in a variety of applications, such as building and vehicular comfort studies. To achieve
reliable results, it is necessary to provide precise inputs, such as clothing thermal parameters. These values are
usually presented in a standing body position and scarcely reported locally for individual body parts. Moreover,
as an air gap distribution is both highly affected by a given body position and critical for clothing insulation, this
needs to be taken into account. Therefore, the aim of this study was to examine eight probable approaches to
assess the clothing parameters using state-of-the-art measurements, analytical and empirical models, and esti-
mation. Next, we studied the effects of the eight clothing inputs on predicted thermo-physiological response
under the same environmental conditions conducted with the Fiala model. Secondly, the study focuses on dif-
ferences between seated and standing positions, both using two clothing sets representing typical European,
indoor, summer and winter ensembles. The results show clear differences in clothing thermal properties between
sitting and standing positions on both lower limbs and torso. The outputs of the eight examined methods showed
discrepancies between them, in the range of up to 200%. The discrepancies from the eight clothing inputs were
also propagated in the results of thermo-physiological responses. These varied significantly in terms of their
impact on predicted thermal sensation, highlighting the importance of using adequate inputs for modelling.

1. Introduction

Efforts to minimize energy expenditure for heating ventilation and
air-conditioning (HVAC) in a variety of indoor environments — such as
transportation and occupational settings — with help of local con-
ditioning technologies are a subject to substantial research attention
[1-4]. Effects of localised heating and cooling on a human thermo-
physiological response are usually investigated in human or thermal
manikin studies [5,6]. Alternatively, one can utilise validated thermo-
physiological models that allow prompt simulations of human thermo-
physiological responses and reduce the need for costly physical studies
[7-9]. In addition, these responses can be further translated into the
prediction of thermal sensation or thermal comfort using dedicated
models [10].

At the same time, to accurately simulate thermal interactions be-
tween the human body and the surrounding environment, using
thermo-physiological models, there is a need for precise inputs de-
fining: the environmental conditions, metabolic activity, and clothing
[11]. Clothing governs heat and mass transfer between the human body

and the ambient environment. Local clothing thermal properties may
vary considerably over the body, thus, having a major impact on the
development of skin temperatures, sweating, and perception of thermal
sensation and comfort [12]. Yet, these properties, namely intrinsic
clothing insulation (I,), evaporative clothing resistance (R..), and
clothing area factor (f,)), are rarely reported in literature [11]. More-
over, previous research has shown that body posture change has a
significant impact on the resulting global clothing properties [13-15],
however, only globally as an average for the whole body. The findings
by Mert et al. [16,17] show differences in air gap thicknesses between
sitting and standing positions that change relative to localised body
parts and directly influence the local thermal and evaporative re-
sistance of a garment. Nonetheless, the impact of variations between
body postures on the human thermo-physiology has not been in-
vestigated and the majority of authors provide the local clothing
properties applicable only for the standing body position [18-25].
The most realistic method to determine local clothing thermal
properties is the use of a thermal manikin with detailed body seg-
mentation [5]. Nevertheless, the accessibility of this apparatus is
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restrictive on the account of the high costs of both the device and the
necessity of additional equipment, including a climatic chamber.
Therefore, other ways to obtain clothing properties can be found in the
literature, which do not require specialised equipment. The most
common approach is to choose a desired ensemble from an exhaustive
database of clothing from standard ISO 9920 [18]. According to the
definition of the clo unit, measured using a standing thermal manikin,
all three clothing parameters are presented as global values for the
whole-body (in essence virtual insulation covering the whole body)
[18]. As a matter of fact, the uniform distribution yields unrealistic
physiological responses, since the local extremes are averaged and the
mean value is prescribed even for body parts without clothing in reality,
typically face and hands [17,26]. To address this problem, Curlee [19]
and Nelson et al. [23] developed a method to calculate local clothing
parameters based on global parameters from McCullough et al. [24]
and ISO 9920 [18] valid for 106 garments. This approach was presented
only for single-layer clothing and the resolution of the model is limited
to a single value for parts covered by the garment. Yet, there are ob-
vious differences within air gaps, between some of the body parts
considered by the model [16,17].

Another option is to estimate local clothing properties based on
empirical formulae relating outdoor temperature and clothing insula-
tion, such as the UTCI clothing model [20]. The data for the model was
gathered from several independent studies on clothing habits of Eur-
opeans. The model has a resolution of 7 body segments, applicable for a
standing person, and temperatures from approximately —30 °C to 32°C
[20]. The paper also presents compensation of thermal insulation for an
increased air-speed.

Local air gap thickness mainly affects local clothing parameters and
because of this, one of the emerging methods to precisely examine these
parameters is three-dimensional (3D) body scanning. This allows de-
tailed assessment of the mean local air gap thicknesses, percentage of
clothing contact area, and calculation of clothing area factors [27,28].
With the use of this information, prediction of thermal clothing in-
sulation is possible based on basic laws of physics, using dedicated
models for major body parts [29,30].

The optimal number of body segments for thermo-physiological
modelling is conditioned by the specific application. The standard ISO
14505-2 [31] addresses cabin environments with seated positions and
proposes segmentation of at least 16 body parts (11 parts if right-left
symmetry is assumed for limbs) where distinct thermal conditions are
expected, such as shade or a seat. Another standard ISO 15831 [32]
recommends at least 15 segments (9 parts if right-left symmetry is as-
sumed for limbs), and the most cited thermo-physiological models have
similar resolutions to the ISO 15831 of up to 19 segments, with an
additional spatial subdivision [33]. Similarly, the prevailing local
thermal sensation models, such as models by Zhang [34,35], Jin [36],
and Nilsson [37], have resolution covering major body parts of up to 13
segments assuming right-left symmetry. It is therefore reasonable to use
a number of clothing segments equal to the number of segments of
thermo-physiological and thermal sensation models to achieve the most
realistic simulation of heat and mass transfer between the body and the
environment.

Table 1

Building and Environment 155 (2019) 376-388

Other parameters that are bound to the seated position are the
thermal properties of the seat. Their determination requires specific
instrumentation that can mimic contact pressure of a seated person,
such as a seat tester STAN (Thermetrics, USA) [38] or a stamp tester as
presented by Bartels [39]. The additional pressure is important because
of the compression of seat layers, as well as the consequent changes in
their thermal properties [39] and contact area with the body. There-
fore, a measurement using a thermal manikin without realistic weight
distribution and seat contact yields unrealistic results [40]. Values of
additional thermal insulation provided by chairs were presented by
McCullough et al. [41] and Wu et al. [42], both used thermal manikins,
however, without explaining whether and how the realistic contact was
achieved.

The next parameter that is often neglected is the clothing fit and the
associated air gap distribution, which influences resulting thermal and
evaporative resistance [17]. Standard ISO 9920 recommends using
clothing with normal fit, whereas ISO 14505 recommends tightly fitting
clothing to get repeatable results. Thus, there is a need for an objective
parameter that would describe fit of the clothing, for example, clothing
ease allowance (EA) that is defined as a difference between girths of the
body and clothing at given body landmarks. This parameter was found
to be strongly correlated with air gap thickness, and hence, clothing
thermal and evaporative resistance [21,27,43].

The aim of this study is to examine typical approaches of obtaining
the local clothing thermal properties for simulations of physiological
and perceptual responses with respect to their use in spatially hetero-
geneous conditions. Next, the focus is on differences between seated
and standing body positions that to the best of our knowledge have not
been addressed locally. The impact of the differences is shown by means
of simulated thermo-physiological responses that are directly linked to
thermal sensation. The application of the findings is in passenger
transportation and a range of occupational settings, including but not
limited to professional driving, machinery operation, and the office
environment.

2. Methods
2.1. Study design

The study included the determination of clothing thermal properties
for two clothing sets based on distinct approaches comprising mea-
surement, modelling, and estimation of clothing properties. Thus, this
study provides relevant information for laboratories following different
approaches and with potential access to equipment listed in Table 1.
Cases 1 and 2 are assumed as references for sitting and standing posi-
tions, respectively, because of the state-of-the-art methods used.
Moreover, the consistency of the methodology was achieved using the
same clothing throughout the study.

The second part of the work is focused on the investigation of the
sensitivity of the thermo-physiological model by Fiala [46] (FPCm5.3,
Ergonsim, Germany) to changes in boundary clothing conditions. The
model was chosen on a basis of its broad validation documentation
[47-49]. The study focuses on the seated position in a neutral steady

Overview of the examined cases and methods to determine clothing area factor (f,), intrinsic clothing insulation (I,), evaporative clothing resistance (R, ). Right-left

symmetry is assumed.

Case fa (=) Ia M*KW™Y) Re,ct (m?Pa.W™ 1) Position No. of segments
1 3D scanning Manikin heat loss method [32] Manikin heat loss method [44] sitting 13

2 Photography [18] Manikin heat loss method [32] Manikin heat loss method [44] standing 13

3 Physical model [30,45] Physical model [30,45] Physical model [30,45] sitting 8

4 Physical model [30,45] Physical model [30,45] Physical model [30,45] standing 10

5 Regression model [21] Regression model [21] Physical model [30,45] standing 11

6 1SO based model [23]; Table 1 ISO based model [23]; Table 1 ISO based model [19]; Appendix A di 3

7 ISO Database [18]; Table. A2 UTCI model [20] ISO Database [18]; Formula 31 standing 7

8 ISO Database [18]; Table. A2 ISO Database [18]; Table. A2 ISO Database [18]; Formula 31 standing 1
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Fig. 1. Illustration of the manikin used and the clothing sets

lied. A —

ion of a nude manikin with an artificial skin, posterior parts in

brackets; B - summer indoor clothing; C - winter indoor clothing; D - seated posmon Note: segmentation from Fig. 1A — 1 Chest, 2 Back, 3 Abdomen, 4 Lumbus, 5
Anterior pelvis, 6 Buttocks, 7 Upper arm, 8 Lower arm, 9 Anterior thigh, 10 Posterior thigh, 11 Shin, 12 Calf, 13 Foot.

environment that is typical for a broad variety of indoor environments,
and should serve as a benchmark for comparison of the eight individual
approaches.

2.2. Definition of clothing sets and body positions for the study

The clothing sets included in this study represent typical indoor
summer and winter clothing and were selected from the database of
clothing presented by Psikuta et al. [27]. Most importantly, the focus
was on the consistency of the clothing ease allowances (defined as the
difference between the girth of clothing and a nude manikin at relevant
body landmarks) throughout the study, as they affect resulting clothing
area factor, thermal resistances, and evaporative resistances. The
summer set consists of a collar shirt, light cotton jeans, briefs, short
socks, and leather sneakers (Fig. 1 B). The winter set was comprised a
turtle-neck shirt with a T-shirt worn underneath, heavier cotton jeans,
leather shoes, as well as the same underwear as in the summer case
(Fig. 1C). Detailed descriptions and the ease allowances of the clothing
are given in Table 2.

A seating position typical of postures adopted for driving, operating
of machinery, or office work, was adopted from the work of Mert et al.
[28] in which an elbow angle of 120°, hip angle of 110°, and knee angle
of 120° are specified (Fig. 1D). The thermal manikin was seated on a
plastic chair with openings accounting for approximately 40% of its
surface. The standing upright position with hands down (Fig. 1) is ty-
pically reported in literature and was used to quantify the differences in
comparison to the sitting position.

2.3. Case 1 - 3D scanning and heat loss method in seated position

The first studied case was considered as a reference case providing
highest precision for determination of clothing thermal parameters in
the seated position. The clothing area factor was measured by a 3D
body scanning technique combined with post-processing software,
which allows for the quantification of nude and dressed surface areas of
individual body regions in a given position [17,27,50]. Details of the
methodology and equipment were adopted from the study by Mert et al.
[28]. The surface area was quantified four times for each clothing set,

Table 2
Overview of clothing and ease allowance (EA) related to the size of a western type Newton thermal manikin.
Indoor summer set Indoor winter set Both sets

Type Smart shirt Jeans light Sneakers Shirt T-shirt Jeans Shoes Briefs
Item in Psikuta et al. [27] 21 45 - 3 24 33 - 31
Fit Regular Regular Regular Regular Regular Loose Regular Regular
Fibre content (%) 100 CO 100 CO Leather 100 CO 95 CO/5EL 100 CO Leather 100 CO
Specific weight (g/m?) 137 179 Size 227 176 366 Size 145
Fabric structure Plain weave 3/1 twill EUR 42.5 Interlock Single jersey 3/1 twill EUR 42.5 1 x1rib
EA chest (cm) 14.5 - - 10.5 11.5 - - -
EA waist (cm) 24.0 - - 30.0 22.0 - - -
EA hips (cm) 13.0 8.0 - 12.0 10.0 14.0 - -4.0
EA biceps (cm) 9.0 - - 4.0 - - - -
EA lower arm (cm) 8.0 - - 2.5 - - - -
EA thigh (cm) - 6.0 - - 3.0 - -
EA lower leg (cm) - 6.0 - - - 7.0 - -

Notes: CO - cotton, EL - elastane.
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as well as for an undressed flexible manikin [28]. This manikin has,
however, a different body geometry than the western Newton type
thermal manikin (Thermetrics, USA) used to measure thermal and
evaporative resistances. The differences in griths at given body land
marks were typically of 2cm, having the maximum of 6 cm at Upper
arm. Linear interpolation was therefore used to compensate for the
discrepancies between the manikins girths and consequently clothing
ease allowances based on the clothing presented in Mert et al. [28]. This
was done according to the findings by Vesela et al. [21], where the
linear relationship between the garment ease allowance and f,; was
demonstrated.

The local intrinsic clothing thermal (I.;) and evaporative resistances
(Re,c)) were determined using the 34 zones Newton type manikin in a
climatic chamber (detailed description of the chamber and the manikin
in Fojtlin et al. [51]). The manikin was seated onto an adjustable plastic
chair with perforation wearing the garments listed in Table 2. The 34
zones were merged into 13 segments (Fig. 1A) to represent body seg-
mentation of the Fiala model with resolution of upper and lower limbs,
anterior and posterior torso. The measurement of both clothing sets and
clothing resistances was executed three times independently, including
dressing and undressing of the manikin.

The test conditions for the local intrinsic thermal resistances were
adopted from ISO 15831 [32], which establishes requirements of a
34 °C manikin skin temperature, as well as air, mean ambient, and ra-
diant temperatures of 24 °C, and relative humidity of 50%. The air
speed in the test was 0.1 * 0.05m/s that suits the target application in
indoor environments with low air velocities. The calculation of the
thermal resistances was done using the heat loss method according to
Equation (A.3a) from ISO 15831 [32].

The evaporative clothing resistance was determined using a tightly
fitting, long sleeve overall (Fig. 1A) that was pre-wetted and worn only
during evaporative resistance measurements [52,53]. The fabric for the
overall was selected according to the recommendations from the study
by Koelblen et al. [54] with thickness of 0.92 + 0.03mm, specific
weight of 208 g/m, and fibre composition of 95% cotton and 5% elas-
tane. The measurement was carried out at isothermal conditions of
34°C (skin temperature equal to ambient temperature), relative hu-
midity of 18% (partial water vapour pressure of 957 Pa), and air speed
of 0.1 = 0.05m/s. This setup allowed measurements in steady state
conditions for at least 20 min to ensure reliable calculation of eva-
porative resistance. The calculation of evaporative resistance was done
using the heat loss method described in ASTM F2370 [44].

2.4. Case 2 — photographic and heat loss method in standing position

Case 2 represents an example of experimental approach when an
upright standing, non-articulated manikin (Fig. 1A) and a camera are
available. The methodology to determine Icl and Re, cl is identical with
Case 1, whilst the calculation of f; is based on superposition of pho-
tographs of nude and dressed manikin using graphical software (Cor-
elDRAW X8, Corel Corporation, USA) according to the standard ISO
15831, Equation (A7) [32]. In this case, the western Newton type
thermal manikin was photographed using a full frame camera with a
35mm lens placed 4.33 m in front of the manikin from four azimuth
angles (front 0°, two side views 45°, 90°, and 180°) and a horizontal
view of 0°. The standard [32] suggests using one additional horizontal
angle of 60°, however, this was not feasible due to the ceiling clearance
limitation of the laboratory. Although the original method was pro-
posed to calculate the whole body f;, we divided the manikin's body
into Upper arm, Lower arm, Chest, Abdomen, Anterior hip, Back, Lumbus,
Posterior hip, Upper leg, Lower leg, and Foot, before determining their
local values.

2.5. Cases 3 and 4 — analytical heat transfer model

Cases 3 and 4 represent one of the emerging methods to realistically
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and rapidly simulate f, I, and R, taking the air gap thickness and
contact area into account for a corresponding body part both in seated
and standing positions. All three local clothing parameters were cal-
culated using the in-house analytical clothing model developed at Empa
[30,43]. The model exploits basic thermodynamic phenomena (con-
duction, radiation, and natural convection) and allows the calculation
of local clothing parameters of multiple, layered garments. The physical
model resolution is equal to the number of input parameters that were
calculated according to the linear regression model proposed by Psikuta
et al. [27] in Case 4. The model yields corresponding air gap thickness
and contact area, in standing positions, based on the ease allowances of
clothing (Table 2) for 14 body parts excluding feet. However, the upper
and lower chest as well as upper and lower back were averaged (area
weighed) into two respective body parts to match the segmentation in
Fig. 1A and the body resolution of the thermal manikin.

In Case 3, the resolution of the model was reduced to eight parts,
since the four body parts in contact with the seat were not considered.
The air gap thickness and contact area were taken from the database of
garments in the seated position by Mert et al. [16] (positions U5, L4).
The air gap thickness and contact area were obtained by linear inter-
polation based on the ease allowances.

2.6. Case 5 — regression and analytical heat transfer models

Case 5 represents an approach based on predictions of local f; and
I; on clothing ease allowances proposed by Vesela et al. [21]. This al-
lows simple calculation of the clothing properties based on readily
available parameters. The regression models were derived from single
layer garments in standing position. Yet, the behaviour of the multi-
layer clothing was described in the study by Mark et al. [55] using the
3D scanning technique. The main findings indicate that the inner layer
is negligibly influenced by the outer layer as long as the ease allowance
of the outer layer is bigger than that of the inner one. Further, for the
majority of casual clothing, it can be assumed that the representative f,;
and I can be calculated according to the ease allowances of the outer
garment, and was also performed in this study. The overview of the ease
allowances is given in Table 2. The methodology to calculate R, was
not presented in the study by Vesela et al. [21] and was adopted from
Case 4 [30].

2.7. Case 6 — ISO 9920 based model

Curlee [19] and Nelson et al. [23] developed a method to calculate
all three local clothing parameters valid for 106 garments from
McCullough et al. [24] and ISO 9920 [18]. However, the resolution of
the algorithm is limited to individual clothing items covering given
body parts, such as a shirt covering the whole torso and arms. As the
method does not clarify an approach to calculating the resistances of
multiple, layered garments lying atop one-another, the clothing re-
sistances were instead totalled to match the procedure of Vesela et al.
[11]. The clothing area factors of the outer layers were calculated as
described in section 2.6.

Following clothing was selected for this study from Appendix A
[19]:

e Summer clothing: Long sleeve collar shirt (broadcloth); Straight
long fitted trousers (denim); Soft soled athletic shoes; Calf length
dress socks.

e Winter clothing: Long-sleeve turtleneck (thin knit); Short sleeve
collar shirt (broadcloth); Straight long lose trousers (denim); Hard
soled athletic shoes; Calf length dress socks.

2.8. Case 7 — empirical model

The UTCI clothing model predicts local thermal insulation for 7
body parts (head, torso with upper arms, lower arms, hands, upper legs,
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lower legs, feet) [20]. Despite the model's focus on outdoor applica-
tions, we assumed similar clothing preferences for indoor and outdoor
environments based on two mild ambient temperatures of 24°C
(summer indoor clothing) and 21 °C (winter indoor clothing). These two
temperatures were defined according to the PMV-PPD thermal sensa-
tion model described in the ISO 7730:2005 [56] as a thermo-neutral
environment for activity level representing office work or driving at 1.3
met, clothing insulation according to ISO 9920 of 0.62 (summer) and
1.01 clo (winter), and air speed of 0.1 m/s.

2.9. Case 8 — estimation based on 1SO 9920

Standard 1SO 9920 [18] provides an exhaustive list of civil,
working, and non-western clothing properties determined by a standing
thermal manikin. Therefore, this approach is of main interest for a
variety of engineering applications where there is no dedicated equip-
ment available. The I; and f, are presented as a resultant insulation
prescribed to all body parts, even to those parts, which are not covered
by the clothing in reality. Similarly, the R, was calculated as a whole
body value according to Equation (31) from the standard [18] as in-
trinsic thermal insulation multiplied by a constant of 0.18.

Two clothing sets were selected from the standard (Table A.2) [18]
based on the closest match of the description of the garments as follows:

e Summer clothing: Ensemble 108 - briefs, long-sleeve shirt, fitted,
trousers, calf-length socks, shoes.

e Winter clothing: Ensemble 114 — briefs, T-shirt, shirt, loose trousers,
round-neck sweater, calf-length socks, shoes.

2.10. Determination of seat thermal properties

As a consequence of the seat, the body segments in contact with it
experience increased thermal and water vapour resistances. Direct
measurement of these parameters with the Newton type manikin is not
accurate because of the manikin's rigid body construction and low body
weight, which inhibit the resulting contact area from imitating the in-
teraction of a representative body and seat [40]. As a result, lower
compression of seat layers and smaller contact area with differences in
shape are expected for manikins when comparing to humans. For this
reason, the corresponding data was adopted from the study on aero-
plane seats with similar construction to automotive seats, with moulded
foam cushioning and leather cover. Using a stamp tester, a thermal
resistance of 0.55 m*K/W (Fig. 7 in Ref. [39]) was measured for the
seat, whilst an evaporative resistance of 100 m?Pa/W [39] was de-
termined using the same seat in human trials. Finally, we estimated the
seat clothing area factor to be 2.0 units based on the dimensions of the
seat.

2.11. Thermo-physiological simulations

Benchmark tests of clothing thermal properties are helpful in the
development and evaluation of clothing systems, but thermo-physio-
logical responses do not show a similar sensitivity to clothing properties
as can be detected by benchmark tests [48]. Therefore, the eight studied
cases were used as separate inputs for thermo-physiological modelling
under the same environmental conditions to quantify the resulting
differences in physiological responses among the methods.

To do so, two setups corresponding to summer (tz;, = tqq = 24°) and
winter (tur = trea = 21°) indoor environments with an ambient air
speed of 0.1 m/s, and relative humidity of 50% were carried out using
the broadly validated Fiala model FPCm 5.3 [46]. The metabolic pro-
duction of 1.3 met was selected from a database presented by Ains-
worth et al. [57] as an average from reading, typing, and driving. The
simulations were run for 4 h with a 5 min simulation interval to reveal
the development of thermo-physiological response in a long steady
exposure.
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In the simulations, the clothing thermal properties of shoes were
obtained from Case 2 and considered in f for Cases 1,3,4,5, I, for Cases
3,4,5, and R,  for Cases 3,4,5,6. Additionally, the simulations account
for the thermal effects of the seat (Section 2.10). The seats were applied
as the clothing boundary conditions to posterior thighs, posterior hip,
posterior abdomen, and posterior thorax of the virtual humanoid ac-
cording to the findings from Fojtlin et al. [40]. This was done for Cases
1 to 7, whereas the eighth case was executed according to the directions
from ISO 9920 [18], such that an additional thermal insulation of 0.039
m?K.W ™! was added to the whole-body resistance. As the standard does
not clarify how to treat f; and R, , the values were unchanged for Case
8 in the standing position.

Firstly, to assess the effects of clothing boundary conditions, we
examined mean skin and rectal temperatures to provide a global
overview of the body thermal state. Secondly, the cumulative sweating
was investigated to quantify the amount of liquid sweat excreted from
the whole body. Next, to measure the development of local parameters,
skin temperatures were examined at Chest and Anterior thighs, which
were selected because of their dominant surface area that is not in the
contact with the seat and their distinct susceptibility to change air gap
thickness with the change of position. Furthermore, dynamic thermal
sensation (DTS) was calculated to predict whole body thermal sensation
on the 7-point scale ranging from - 3 Cold, through 0 Neutral, to 3 Hot
[56]. Finally, skin wettedness was examined at Chest and can be con-
sidered as a perception of wet discomfort being physically defined as
the ratio of the actual sweat rate to the potentially evaporating amount
of sweat.

3. Results
3.1. Comparison of the methods

Local clothing properties f., I, and R, were divided into four
groups of body parts, namely anterior and posterior torso, and upper
and lower limbs (Figs. 2 and 3). Furthermore, Figs. 2 and 3 show the
local clothing properties obtained from all examined methods for a
given body part in one plot. A result from one body part is connected
with a dashed line for easier tracking of its development depending on
the method. The results from methods having body parts resolutions
lower than reference (13) were either left blank, if missing, or presented
as one value for related body parts, for instance lower leg from UTCI
model [20] covers Shin and Calf. Where applicable in Figs. 2 and 3,
error bars represent standard deviation of the repeated measurements.
The differences between repeated manikin measurements in I fell
within the recommended 4% [32], thus, the standard deviation was too
small to be visualised and was not plotted. Despite the anatomically
unrealistic contact of the manikin with the seat [40], the I; and R. 4
from the contact area in Case 1 (Figs. 2 and 3 — Back, Lumbus, Buttocks,
and Anterior thighs) are shown for full overview. Because of the lim-
itations of the 3D scanning method in the contact area, in Case 3, the f,
was calculated based on an increase of the skin surface area by the
thickness of the fabrics. As reference body geometry we used a virtual
humanoid from the Fiala thermo-physiological model [46]. Further, the
I and R, was estimated as thermal and evaporative resistances of the
fabrics only.

Assuming that Case 1 (manikin measurement in seated position) is
the most accurate method, the variation between all the methods for
both clothing ensembles was as follows:

- 13-43% of the reference value for clothing area factor (f,) de-
pending on body part;

- 35-198% of the reference value for intrinsic thermal insulation (I
depending on body part;

- 53-233% of the reference value for intrinsic evaporative resistance
(R,,c) depending on body part.
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Fig. 2. The clothing thermal properties of the summer indoor clothing set shown for 13 body parts excluding the seat thermal properties. Error bars depict standard

deviation.
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These variations were found to be very similar for both clothing
ensembles with somewhat higher values for the looser, multilayer
winter ensemble (Figs. 2 and 3). When comparing 6 cases based on
standing body position only (Cases 2, 4, 5, 6, 7, and 8, Table 1), their
variation was as follows:

- 6-36% of the reference value for clothing area factor (f.;) depending
on body part;

- 32-204% of the reference value for intrinsic thermal insulation (I.)
depending on body part;

- 45-232% of the reference value for intrinsic evaporative resistance
(R.,c)) depending on body part.

3.2. Differences in manikin measurements between sitting and standing
body positions

The differences between parameters for both sitting and standing
positions are depicted in Fig. 4 for selected representative body parts
with and without a major change in their orientation. The body parts in
contact with the seat were considered without the seat thermal in-
sulation. The following difference margins between sitting and standing
positions were found, namely:

- up to 31% of the reference value (Case 1) for f,; depending on body
part;

- up to 80% of the reference value (Case 1) for I; depending on body
part;

- and up to 92% of the reference value (Case 1) for R, depending on
body part.

Absolute differences, Cases 1-2
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Fig. 4. Absolute differences between clothing thermal properties between the
positions (Cases 1-2) for summer and winter indoor clothing, respectively. The
transparent field depicts a range of three standard deviations of the methods
used in Case 1 covering 99.7% of observations being + 0.17 units for f;, = 0.02
m?K/W for I, and *+ 15 m*Pa/W for R,
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3.3. Effects of the clothing and body position on thermo-physiology

The results for the whole-body and local thermal responses from
thermo-physiological simulations are depicted in Fig. 5, separately for
summer and winter scenarios. In total, eight responses were plotted
such as mean skin temperature, rectal temperature, skin temperature at
chest, skin temperature anterior thigh, cumulative sweating, dynamic
thermal sensation (DTS), and skin wettedness at Chest. Each line re-
presents a development of a given simulated response corresponding to
one of the examined methods to determine the clothing properties. To
differentiate between sitting and standing body positions, the sitting
positions are represented within the plots by continuous lines, whilst
standing positions are denoted by dashed lines.

4. Discussion
4.1. Comparison of the methods

In this study, we compared six various methods to obtain clothing
area factor, seven methods for intrinsic thermal insulation, and five
methods for intrinsic evaporative resistance determination. These
methods were combined into eight distinct cases corresponding to dif-
ferent availabilities of advanced equipment to determine the clothing
properties in an exemplary laboratory. In theory, all the examined
methods should yield the same results. Contrary to this, large differ-
ences of more than 200% were found for all three clothing parameters
and body parts covered by the clothing (Figs. 2 and 3) assuming that
Case 1 (manikin measurement in seated position) is the most accurate
reference method (13-43%, 35-198%, and 53-233% of the reference
value for clothing area factor (f), intrinsic thermal insulation (I.;) and
intrinsic evaporative resistance (R, ), respectively, depending on body
part).

It is worth to mention that this variation cannot be predominantly
attributed to the body position. When comparing 6 cases based on
standing body position only (Cases 2, 4, 5, 6, 7, and 8, Table 1), their
variation was slightly lower, such as 6-36%, 32-204%, and 45-232% of
the reference value for clothing area factor, intrinsic thermal insulation,
and evaporative resistance, respectively, depending on body part.

The error in f,; was greater at the limbs (0.16-0.81 units of differ-
ence among the methods) than at the torso (0.15-0.38 units of differ-
ence among the methods). The median of error among all cases was
0.36 units, whereas the most outstanding difference was observed at
calves of up to 0.81 units (Fig. 3, Case 3). Here, the method assumes a
cylinder as a base shape wrapped by clothing which includes the
average air gap thickness. This does not fully represent the real situa-
tion of the hanging trouser leg in the sitting position. Regarding I; and
R., amongst the methods tested the upper limbs presented the best
matching predictions, resulting in differences of 0.05-0.15 m*K/W and
15.8-25.7 m?Pa/W, respectively. The rest of the body parts did not
show any clear trends in prediction accuracy, having average differ-
ences among the methods in I; and R, ; of 0.14 m?K/W and 38.8 m?Pa/
W respectively, with the greatest span of predictions of 0.2 m?K/W in I;
and of 60.1 m?Pa/W in R, at Anterior pelvis.

The predictions of all clothing parameters were the most realistic in
Cases 3, 4, and 5 compared to the reference values from Case 1.
Presumably, the rest of the methods poorly capture changes in the
clothing parameters because of their limited body resolution. Cases 1
and 2 were carried out with resolutions of 13 segments as well as Cases
3, 4, and 5, whereas the methods used in Cases 6, 7, and 8 work with
body segmentation of three, seven, and one components, respectively.
Thus, distinct body parts (such as Chest, Abdomen, Ant. Pelvis, Back,
Lumbus, and Arms in Case 6) are lumped into one segment that yields an
averaged value in Case 6 of 0.12 m?K/W for summer clothing and of
0.24 m?K/W for winter clothing when neglecting local extremes. Area
weighted average from the same segments from the more detailed Case
2 shows comparable results of 0.15 m*K/W and 0.20 m*K/W in summer
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Fig. 5. Results of the thermo-physiological simulations separately for summer and winter clothing.
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and winter clothing, respectively. At the same time, the local values in
Case 2 differ substantially from their average, with extremes at Chest
and Anterior Pelvis of 0.06 m’K/W and 0.24 m?K/W for summer
clothing and of 0.10 m?K/W and 0.33 m?K/W for winter clothing, re-
spectively. Therefore, it is essential to account for local extremes.

4.2. Differences in manikin measurements between sitting and standing
positions (cases 1 and 2)

The change of body position implies a change in orientation for
several regions of the body to varying extents. This is particularly evi-
dent when one considers the significant degree of thigh reorientation,
when contrasted to the minor reorientation of the chest when moving
between standing and sitting positions. The differences in all three
clothing thermal properties for both positions were found and are de-
picted in Fig. 4 for selected representative body parts with and without
a major change in their orientation. The least pronounced deviations (of
up to 31%) were discovered in f;. Despite slight postural changes at Calf
and Upper arm, here, an error in f,; was three standard deviations higher
than of other typical measurements (Fig. 4).

Although minor variations would be expected due to slight postural
changes, it was found that the an error in f at the Calf and Upper arm
was three standard deviations higher than of other typical measure-
ments. Despite minor changes were expected only because of the minor
posture change, we found the opposite in f; at the Calf and Upper arm,
being higher than three standard deviations of typical measurement
(Fig. 5). The error at Calf can be explained by the hanging trouser leg in
the seated position yielding a difference of approximately 0.5 f. units.
The discrepancy at Upper arm is plausibly related to methodological
differences between Cases 1 and 2.

The photographic method is based on the projection of a three-di-
mensional object to a two-dimensional plane. Whilst there is an ex-
pected loss of detail in the clothing topography through this approach
in Case 2, the 3D scanning method of Case 1 accounts for clothing folds
which affect total clothing surface area. Thus, the error between the
scanning and the photography is of 0.28 f,; units for summer and 0.12 f;
units for winter clothing. However, it is difficult to generalise the
methodological error because the number and the size of the folds vary
over the body surface. Next, in the sitting position, the 3D scanning
method yields f; at Chest lower than 1 as opposed to the photographic
method. The probable reason for this is the anatomic curvature of the
flexible manikin's chest [16] that has a greater surface area than the
stretched flat garment that covers the chest, whereas the Newton
thermal manikin (Case 2) has simplified concave chest curvature. Thus,
its skin surface is smaller than the surface of the outer garment yielding
fa greater than 1.

The results in I; and R, from Cases 1 and 2 exhibit greater varia-
tion (of up to 80% and 92%, respectively) and correspond to a redis-
tribution of the mean air gap thicknesses between the positions re-
ported by Mert at al. [28], and its consequent impact on thermal and
evaporative resistances as reported by Psikuta et al. [45]. In compliance
with these two studies, we found decrease in I; and R, greater than
three standard deviations of measurement at Anterior pelvis, Anterior
thighs, Abdomen, and Lower arm (Fig. 4). At these parts, air gaps collapse
and the I; of two-layer winter clothing might be equalled to standing
summer clothing. This underlines the importance of distinguishing
between the body orientations and using local values.

4.3. Effects of the clothing and position on thermo-physiology

Differences in local clothing properties may be integrated by human
thermoregulation and, thus, result in minimal discrepancy of global
parameters such as mean skin or core temperatures. The variation of
mean skin temperatures among the eight methods was within 0.6 and
1.3°C in summer and winter clothing, respectively. This rather re-
markable error can be related to a considerable change in local thermal
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sensation from approximately 0.5 to 1.5 units, depending on the
thermal sensation model, and its scale as demonstrated by Koelblen and
Veseld et al. [11,58]. However, the differences between the body po-
sitions were marginal within 0.3 °C. Finally, we found minor impact of
the eight clothing inputs on the predicted rectal temperature of less
than 0.1°C.

The local thermo-physiological parameters show substantial varia-
tion that corresponds to variation in the clothing inputs even if applied
in a neutral, steady, and uniform environment (Fig. 5). In reference to
Case 1, the approaches whose results which most closely matched were
found to be the same as in the investigation on the clothing thermal
properties, namely Case 3 (modelling based on air gap thicknesses in
sitting) and Case 5 (regression model based on air gap thickness). The
worst performing approach was Case 8 based on the whole-body esti-
mation of clothing parameters and the ISO based model from Case 6
(Fig. 5). It seems to be not possible to recover any local data based on
whole body values with reasonable accuracy when local data is ne-
cessary, as shown by performance of Case 6.

Next, the development of the local skin temperatures is clearly af-
fected by the variation of local clothing thermal properties. For in-
stance, relatively low differences in the clothing properties at Chest
(Figs. 2, 3 and 5) result in the absolute differences in skin temperatures
of 0.5°C among all methods and of 0.2 °C between the body positions
(Fig. 5). On the contrary, higher variability of input parameters, such as
at Anterior thighs, leads to a spread of the predicted local skin tem-
perature of 1 and 2°C in summer and winter clothing, respectively.
Next, cumulative sweating indicates low to mild sweat excretion that
amounts between 5g (Case 7 winter clothing) and 138 g (Case 4
summer clothing). The onset of sweating varied substantially in the
winter clothing between 60" (Case 8) and 190" minute (Case 7).

The precise predictions of the sweat amount and onset of sweating
can enhance a proper prediction of skin wettedness linked to so-called
wet discomfort from sweating. At the end of the exposure, this para-
meter ranged from 0.03 to 0.61 and from 0.06 to 0.71 in summer and
winter clothing, respectively. The highest values were always found in
the contact parts with the seat and the lowest for bare body parts, such
as hands. The variability of predictions can be demonstrated on Chest,
where the threshold for discomfort of 0.42 units [59] was exceeded in
the winter clothing tests of Cases 4 and 8 (value reached in 210 min and
145 min, respectively), and in the summer clothing Cases 3 (125 min),
4, 5, and 8 (185 min). The threshold was not reached in the Cases 1 and
2 (Fig. 5).

Although, the examined deviations in thermo-physiological para-
meters are not critical in regards to medical relevance, such as un-
compensated heat storage or dehydration, they negatively influence
accuracy of thermal sensation prediction. The benchmark value for the
assessment of thermal sensation was adopted from ISO 7730 [56]
as * 0.5 units (thermal environment category B corresponding to less
than 10% of dissatisfied occupants with the thermal environment). The
whole-body thermal sensation index DTS showed minor variations be-
tween the methods which was within 0.2 units for summer clothing and
significant discrepancies were found in the winter scenario of up to 0.6
units (Cases 4, 7, 8 compared to Case 1, Fig. 5). Yet, the contribution of
the position change, demonstrated in Cases 1 and 2, did not reveal any
significant differences in DTS (below 0.1 units). However, it can be
expected to see major differences in the local thermal sensation pre-
dictions.

The whole body values are not sufficient for local modelling and the
seated posture induces a drop in thermal and evaporative resistance due
to collapse of air layers underneath the clothing. Furthermore, the
previously discussed variability of the thermo-physiological responses
induced by the clothing inputs urges the use of precise local clothing
parameters. Only then with these parameters can reliable simulations of
thermo-physiological responses be conducted. In addition, the dis-
crepancies between the predictions may inflate for conditions further
away from thermo-neutrality and cause even larger errors in
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Fig. 6. Sensitivity of thermo-physiological responses to changes in individual clothing parameters.
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predictions of thermal sensation, comfort or performance of the occu-
pants [58,60]. This applies for instance in free running buildings with a
larger temperature range, vehicles, and industrial spaces with special
conditioning due to technological processes.

4.4. Sensitivity analysis

In order to examine the sensitivity of the physiological response to
variations in clothing parameter inputs, we reproduced the winter case
using upper and lower extremes of the clothing parameters out of the 8
cases. Only one clothing parameter was changed at a time (for instance
fe) while keeping the rest (in this case I; and R, ) as the reference —
Case 1 sitting.

The results are displayed in Fig. 6 and clearly show the variability of
1, inducing the greatest effect on all monitored thermo-physiological
parameters in thermo-neutral environmental conditions (Details in
Section 2.11). Differences in skin temperatures and DTS exceeded 1°C
and 1 unit, respectively. As previously discussed, such discrepancies
have measurable impact on the perceived thermal sensation and/or
comfort. Despite high deviations in f; (up to 43%) and R, (up to
233%), the effect of these two parameters on thermo-physiology is
practically negligible. However, it can be expected that the importance
of R, in warm conditions will play a more significant role, as a larger
amount of sweat is excreted and needs to be transported through the
clothing system. Secondly, the variation of R, ; between methods might
be larger when protective clothing with higher evaporative resistance is
considered, since this clothing is less represented and more difficult to
unambiguously identify in databases used in regression and reference
table methods.

4.5. Reliability of the reference methods

Despite using the state-of-the-art methods as a reference, several
remarks should be noted on their reliability. Firstly, the precision of 3D
scanning method — used in this study to determine clothing area factor —
is typically better than 1.7 mm [28,61]. Based on the dimensions of the
passive body geometry in the Fiala model [46], an addition of 1.7 mm
to the body part radius causes a change in f; as low as 0.01 units. This
increment is, thus, negligible compared to observed f,; variation be-
tween examined methods and we conclude high reliability of this
method. Secondly, the measurement of I.; has the typical error among
the repeated measurements of less than 4% that is recommended by the
standard ISO 15831 [32]. The only two local extremes of 10% were
found at the Abdomen and Back. Finally, the precision of the metho-
dology to determine R, has several methodological limitations that
are bound to complexity of the heat and mass transfer through the
garment, such as heat pipe effect, wicking, partial drying, wet con-
duction [62], evaporative heat energy taken from the environment
[53], and inability to control the temperature of the wetted manikin's
skin [63,64]. Thus, the skin temperature might be lower than assumed
and introduce an error in R, of up to 14% [63]. Nevertheless, ac-
cording to our sensitivity analysis in mild thermal environments, the
errors in R, have only a minor impact on the physiological response.

5. Conclusions

Eight typical approaches to determine clothing properties for
thermo-physiological and thermal sensation predictions were ex-
amined, both in sitting and standing body positions, using two sets of
indoor clothing. Considerable differences among the eight examined
methods in clothing area factor, intrinsic clothing thermal insulation,
and evaporative resistance were found. Next, the findings from the
study also confirm a need to differentiate between the local clothing
inputs in seated and standing positions and urge to avoid using the
whole body values that are not sufficient for local thermo-physiological
modelling. The impact of the variation of the clothing parameters was
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shown in the simulations of physiological responses in thermo-neutral,
homogeneous, and steady conditions. Consequently, due to differences
in the clothing inputs, we found major deviations of skin temperatures,
skin wettedness, and global thermal sensation votes. Furthermore,
sensitivity analysis revealed a dominant influence of intrinsic clothing
thermal insulation on the simulated responses, while clothing area
factor and evaporative resistance had minor influences. Therefore, we
recommend using the highest precision method available to determine
I, such as a manikin measurement, physical modelling or regression
modelling. Nonetheless, it can be expected that discrepancies among
the methods will be stressed out in heterogeneous and extreme ambient
conditions, for instance in vehicular cabins exposed to hot or cold
weather conditions, free running buildings or specific working en-
vironments.

The findings from this study are beneficial for a broad variety of
research and engineering applications, where a design of a thermal
environment is essential to ensure comfort and performance of the
occupants, such as multiple sitting occupations (office work, assembly
or sewing work, driving) and passenger transportation. Here, the ac-
celeration of innovation cycles and reduction of costs for physical stu-
dies is advanced by the selection and use of reliable thermo-physiolo-
gical models, which incorporate realistic clothing boundary conditions
whilst also accounting for body position.
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ABSTRACT

Local conditioning technologies such as seat heating and ventilation have been shown to improve thermal sensation and
comfort, with reduced energy demands compared to conventional methods of heating and cooling. Investigation of the con-
ditioning effectivity is demanding in terms of time and resources, as it is mainly based on human subject or thermal manikin
testing. More effective modelling approaches are therefore needed for the development and assessment of novel solutions.
One promising method of rapidly investigating a wide range of environmental conditions is thermo-physiological and thermal
sensation modelling. Until now, however, one of the most important properties of the seat, its thermal diffusivity, has been
neglected in such simulations. We therefore developed a methodology that involves the seat thermal capacity and seat con-
ditioning, coupled with a multi-node thermo-physiological model and thermal sensation models, to demonstrate the im-
portance of these factors. The modelling results were validated against our own experimental data and data from the litera-
ture for unconditioned, heated and ventilated automotive seats. The root mean square deviation (RMSD) and bias of the
local skin temperatures were within the standard deviation of the measurement, typically within 1°C. In the case of the pre-
dicted local thermal sensations, we found the RMSD and bias to be below two standard deviations of the human votes in two
out of three of the thermal sensation models examined. Less accurate predictions were found for the seat contact, where

further model refinement is needed.

KEYWORDS:

Heating; Ventilation; Seat; Human; Thermo-physiology; Fiala model; Thermal sensation

1 Introduction
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Ensuring thermal comfort for occupants of indoor environments using heating ventilation and air-conditioning (HVAC) sys-
tems is typically related to substantial energy consumption and the production of environmental pollutants [1]. This topic is
particularly critical in the development of electric mobility, where energy used for microclimate management is supplied at
the expense of the vehicle’s driving range. Here, the thermal management of a passenger compartment is challenging for the

following reasons:

- The transient and asymmetric thermal environment;

- The broad range of radiant, air, and contact temperatures (between approximately -20° and 60°C);

- Substantial solar gains through windows and the greenhouse effect;

- Low thermal insulation of the cabin and the consequent high impact of ambient conditions on the cabin microcli-
mate;

- High ventilation rates and local air velocities of up to 2 m/s [2];

- Contact with surrounding surfaces such as seats (18% of total body area [3]), and the application of local condition-

ing technologies such as heated and ventilated seats.

The conditions described above may cause thermal discomfort and negatively influence the cognitive abilities of a driver [4],
[S]. According to Alahmer et al. [6], the most critical period of exposure is a transient and non-uniform phase with rapid cool-
ing of a hot-soaked cabin. Furthermore, approximately 85% of car trips made within Europe are shorter than 18 km and no
longer than 30 minutes [7], and highly transient situations involving intensive cooling or heating are most likely to occur. New
solutions with localised delivery of heat or cold are therefore being investigated in order to address these situations. Re-
search done on heated and ventilated (cooled) seats indicates their potential in rapidly enhancing thermal comfort while re-
quiring low energy consumption [8]-[14]. The lower energy demands are possible through targeted delivery of the heating or
cooling power exactly where needed, rather than treating the entire air volume around the occupant. This broadens the
boundaries of comfortable ambient temperatures and may bring energy savings of up to 40% on the conventional HVAC sys-
tems [12], [13]. Such studies are normally carried out with human participants or thermal manikins, making investigation of
the effectivity of these local conditioning solutions time- and resource-consuming. Thus, tools for rapid design and optimisa-

tion of personalised thermal comfort systems are needed.

A promising solution to this demand is the modelling of the thermo-physiological response and local human thermal sensa-
tion in a dynamically changing thermal environment. The review paper by Katic et al. [15] lists and discusses differences

among the contemporary thermo-physiological models in detail. For instance, the most frequently cited models are the

2
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65MN model by Tanabe et al. [16], the Berkeley model [17], [18], and several Fiala-based models — ThermoSEM by Kingma
[19], FPCm by ErgonSim [20], [21], Fiala-FE by Theseus FE [22], FMTK by Pokorny et al. [23], and the Human Thermal Module
in TAITherm by Thermoanalytics Inc. [24]. These models are all segmented into at least ten body parts, in order to cover the
main body segmentation of the upper and lower limbs, torso and head, thus allowing the investigation of local thermal re-
sponses and the consequent modelling of local thermal sensation. However, for reliable applications of the models, their val-
idation is crucial. One of the best documented and often implemented models is the FPCm5.3 (Fiala Physiological and Com-
fort model — FPCm5.3, Ergonsim, Germany [20], [21]). The major advantage of FPCm5.3 is its broad validation of both mean
and local responses in a range of air temperatures from 5 to 50°C, exercise levels from 0.8 met to 10 met, and for steady and

transient conditions [25]-[28].

Although numerous thermal sensation models are available [29], the number of well-documented and validated local ther-
mal sensation models is limited [30]. One of the models developed specifically for automotive applications is the MTV model
by Nilsson [31], [32], which later became part of the ISO 14505 standard [33]. This model correlates the mean thermal vote
with an equivalent temperature (t,), defined as the temperature of a uniform enclosure in which a person would lose heat at
the same rate as in the actual environment [34]. The advantage of this method in practical applications is that the calculation
of t,, can be based on heat flux data from a human body, a thermal manikin, or an equivalent temperature sensor [35]. An-
other automotive-oriented approach is the thermal sensation and comfort (TSZ) model proposed by Zhang et al. [36], [37].
The major focus of the development of this model was the local heterogeneous cooling conditions, with rather high gradients
typical of car cabins. Here, the thermal sensation is predicted on the basis of multiple regressions of skin and core tempera-
tures with human thermal sensation votes. Finally, the TSV model proposed by Jin et al. [38] represents an approach predict-
ing local and global thermal sensation on the basis of skin temperatures only. The model was developed based on a pool of

Chinese subjects by applying local ventilation to various body parts, thus creating asymmetric thermal conditions.

Transparently validated and well documented methodology to model the effects of conditioned seats on human thermo-
physiology is scarcely available in the literature. An example of a one-dimensional dynamic thermal model to predict skin
temperatures, heat fluxes, and thermal sensation in the seat-occupant interface with heating and ventilation was proposed
by Karimi et al. [39], [40]. While the paper described a broad physical background of the heat and mass transfer, the particu-
lar material properties and validation data to achieve presented results were absent. The model validation for winter and

summer driving conditions showed the estimated average error below 21% in skin temperatures. The study demonstrated
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advantages of one-dimensional modelling such as a low number of input parameters, low computational power demands,

and potentially realistic outputs in a defined range of conditions.

A more advanced approach based on three-dimensional transient numerical model to resolve the seat-occupant contact of a
ventilated seat was proposed by Shin et al. [41]. The model validation with human data revealed large discrepancies of up to
12°C for skin and seat surface temperatures, which significantly limits the model for thermal sensation modelling applica-
tions. Further, the higher resolution of the model also requires both precise boundary conditions addressing conduction,
convection, evaporation, and radiation in three-dimensional space, which are difficult to obtain as well as lead to higher

computing demands and times.

The human subject studies on thermo-physiological responses to seats with conditioning technologies seldom report the full
set of information that could be used for validation of modelling [8], [12], [42]-[45]. This information includes the time-
dependent skin and seat surface temperatures, detailed information about clothing, local thermal sensation, and heat ex-
change at the contact with body parts. The last parameter is the most critical, and is usually unknown or is presented as the
heating power delivered to the seat rather than the heat exchanged with a human body [8], [42]. Since the seat has a sub-
stantial heat capacity and a heterogeneous structure, an unknown proportion of the delivered heat dissipates into the seat.
Additionally, in the first moments of contact with the seat, the temperature gradient between the seat surface and skin can
be high, and may be accompanied by rapid cooling or heating of the skin and intense discomfort. This important heat ex-
change during the first contact is dependent on the thermal diffusivity of the seat, which is calculated from the thermal con-
ductivity, the density, and the heat capacity of the seat. However, the seat boundary condition is usually addressed in the
form of thermal and evaporative resistances [33], [34], [46], [47], which are dependent only on the thermal conductivity of

the seat, and are therefore clearly insufficient.

The aim of this study is to present a complex methodology for reliable and efficient simulations of the effects of uncondi-
tioned, heated, and ventilated seats on human thermo-physiology and thermal sensation in steady-state and transient condi-
tions. To do so, we proposed and transparently validated a physical one-dimensional model of transient local heat transfer
between a seat and its occupant. Most importantly, a complete information package was presented, which enables instant
model implementation. Secondly, to demonstrate the model’s applicability in real-life situations, the coupling methodology
of the physical model and the model of human thermoregulation FPCm5.3 was devised to provide the local boundary condi-
tions at the regions of the body that are affected by the seat. The thermo-physiological model outputs were supplied to three

local thermal sensation models (MTV, TSZ, and TSV) to predict local thermal sensation. Finally, we conducted own human
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trials to validate in detail the developed simulation aproach using comparison of heat fluxes, skin and seat temperatures,
and thermal sensation votes. The validation was carried out under both cool and hot environmental conditions, including

conditioning technologies such as seat heating to a constant temperature, constant heat flux and seat ventilation.

2 Methods

2.1 Development of the seat heat transfer model
The heat transfer between a human body and a seat can be described by fundamental heat transfer principles in three-

dimensional space. A thermal system consisting of a human body, clothing, seat and the ambient environment can be solved

using energy conservation in control volumes for each node described by Equation (1):

Qstor,m = Qgen,m d Qcond,m + Qconv,m + Qevap,m + Qrad,m (1)

where m denotes an arbitrary node, Qy,.m (W) is the stored heat within the volume, Qg » (W) the generated heat within the
volume, Q.ongi (W) the heat transfer by conduction, Qc,n,i (W) the heat transfer by convection, Qeqyi (W) the heat transfer by

evaporation, and Q.4 (W) the heat transfer by radiation.

Equation (1) can be simplified to a one-dimensional problem if we assume that the dominant heat flux is in a direction
perpendicular to the plane of the seat. Compared to three-dimensional models, the simplifications are expected to be coun-
terbalanced by substantially lower number of input parameters and lower computing power demands. Another simplifica-
tion, in our model, was related to the evaporation, which was replaced by a heat sink or a prescribed temperature profile at
the seat surface. While the main cause of cooling in the ventilated seat is sweat evaporation, in practical applications, it is not
feasible to determine the parameters necessary for psychrometric calculations precisely. This is especially related to the
measurement of the airflow, air humidity, and air temperature in the contact, which are burden with a substantial uncertain-

ty. The proposed approach is expected to yield an equivalent heat flux density, as if the evaporation was assumed.

With respect to the previous assumptions, for any internal node m between two solid materials A and B, Qcopy,m Qevap,m, and
Qqq,m from Equation (1) can be neglected due to the high evaporative resistance of the seat and the negligible convection
and radiation in the highly compressed layers of clothing and seat. The solution to Equation (1) under these conditions can be
obtained using the finite-difference method; this yields an explicit finite-difference equation that considers half of the thick-

ness of materials A and B for a node (2):

(2)

p » P P p+1_op
T y=T, T, -T, i Axy i Axp Axp Axp\ T, -T,

k m-=1 m k m+1 m = ( ed c m m
AT Rew + kg =g + qgen,a Ty + qgen,n =2 o \Pata - + ppCr 2 ) B -
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where the subscripts A, B denote the materials; the superscript p is used to denote the time dependence of the temperature
T, and the new time derivative is associated with p+1; k (W/mK) is the heat conductivity; Ax is the discretised thickness of the
control volume; qgen (W/ma) is the heat generation per unit volume; p (kg/m3) is the material density; and ¢ (W/mK) is the

specific heat of the material.

For nodes that lie at the border with the ambient air, such as at the back of the seat, we neglected evaporation due to the
high evaporative resistance of the seat. Since a seat in the cabin is partially shaded from the sun, presumably meaning that
the temperature difference between the seat and the adjacent surfaces in the cabin is low, we also neglected the contribu-
tion of the radiative heat exchange with the cockpit on the thermal balance of the seat. Thus, the explicit solution for heat

exchange is described by Equation (3):

P P p+1_.p
P P T—-1—T . Ax _  Ax Ty T,
h(Too_Tm)'*'k%x""'qgen?_p?C% (3)

where h is a convective heat transfer coefficient (m’K/W) and TP, is the ambient air temperature.

Equations (2) and (3) were applied to solve for the heat transfer at the seat cushion and backrest, respectively, using a discre-
tised time step of 0.05 sec. As a representative human body part in the contact with backrest, posterior thorax and abdomen
were selected. Similarly, posterior thighs and pelvis were chosen to represent body parts in the contact with seat cushion. An
overview of the nodes and constants used in this study is presented in Table 1. The properties of human tissues were adopt-
ed from Fiala et al. [48] and the properties of the seat from Kolich et al. [49]. The initial temperatures of the human tissues
were taken from the Fiala Physiological and Comfort model (FPCm5.3, Ergonsim, Germany) [20], [21] at the moment of just
before sitting down on the seat. The initial temperature distribution of the seat was assumed to be homogeneous and equal

to the pre-conditioning air temperature in the chamber.

Table 1. Overview of the calculation nodes and their properties

BACKREST / NODES OF HUMAN BODY (48] NODES OF ADJACENT LAYERS
SEAT CUSHION CLOTHING ~ SEAT COVER [50] HEAT PU CUSH-

LUNGS BONE MUSCLE FAT SKIN [50] (cotton)  (leather/polyester) ~ SOURCE/SINK ION
0.077/ 0.012/ 0.034/ 0.003/ %

Ax (m) B 0.022 0.026 0.005 0.002 <0.001 0.002% 0.001 0.050%

k (W/mK) 0.280 0.750 0.420 0.160 0.470 0.040 0.140/0.050 - 0.048

¢, (J/keK) 3718 1700 3768 2300 3680 976 1500/ 976 - 1331

p (kg/m’) 550 1357 1085 850 1085 365 365 /365 - 62

Ggen (W/ M) 600 - 684 58 368 - - t -

*assuming uniform clothing coverage; * value depending on the heating/cooling strategy, positive heat flux for heating;¥may vary for specific seats.

2.2 Validation strategy and integration of the seat heat transfer model into FPCm5.3
6
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The workflow of the validation strategy is depicted in Figure 1, and consists of three steps. The validity of the outputs was as-
sessed against the experimental data after each step. Firstly, the heat flux density at the seat-human interface, calculated by
the heat transfer model, was validated against our own measurements for cases at 18°C and 41°C, as other datasets were not
available. Secondly, the time-dependent heat flux calculated by the seat heat transfer model was prescribed using the
FPCmS5.3 to predict the human thermal responses. Here, validation was focused on the predicted local skin temperatures,
with and without seat contact. Thirdly, the FPCm5.3 was coupled with three local thermal sensation models to predict the
thermal sensation at nine body sites. The pool of cases examined here comprises unconditioned seats, two modes of seat

heating, and ventilated seats under a range of environmental conditions from 5°C to 41°C (details in Table 2).

Table 2. Complete overview of the cases used for validation of the methodology

Preconditioning of Males Females BMI
subjects 60 minutes chamberexp: Un- Un- M/ F
Case g = 2 tams (°C)/ Rh Seat conditioning . Available data for validation
toms (°C)/ tra (°C)/ RR (%)) War (m/5) cond./ cond./ (kg.m
(%)/ Wair (m/s) o Cond. Cond. ?)
8 skin temp**; backrest & seat
% ¥ 5/21/40/005 18/40/015 Uncond/Heatedconst. o, 2/6 25/ cushion surf. terp aid heat il
2 C temp. 23
0 TS votes
= 41 41-25*/30/ . 26/ 8 skin temp; backrest & seat surf.
= ) ./ Vi | 7/7
°C 25/:211:30/0:05 0.15 Unicond./:Ventilated / 212 28 temp and heat flux; TS votes
5ec 22/22/50/0.05 5/50/0.15 Uncond./ I-:ieFated const. 8/8 . 18.-6/ Skin temp at bati::’(;est & seat cush-
°:°- :l.((:J 22/22/50/0.05 10/50/0.15 Uncond./ I-:-ieFated const. 8/8 A 18.6/  Skin temp at bazi::’(;est & seat cush-
=] -
g 32 22/22/50/0.05 15/50/0.15 Uncond./ ILeFated const. 8/8 ; 18.-6/ Skin temp at ba?:;est & seat cush-
gg 22/22/50/0.05 20/50/0.15 Uncond./ I:leFated const. 8/8 N 18.6/  Skintemp at baic:rr]est & seat cush-

t.ms — ambient air temperature; t..; — mean radiant temperature; Rh — relative air humidity; w,;, — mean air speed; BMI — body mass index;

*25°C reached after 20 min of exposure; **skin temperatures unavailable for unconditioned case
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Figure 1. Overview of the methodology comprising the seat heat transfer model, FPCm model, and three thermal sen-

sation models (references: MTV [31], TSZ [36], [37], and TSV [38]). The highlighted parts were developed in this study.

2.2.1  Human subjects and clothing
The first dataset was acquired at the Brno University of Technology (BUT) based on our own measurements in a climatic

chamber (Figure 2). All participants were informed about the experiment and gave written consent for their voluntary partic-
ipation in the study. The research was approved by the Ethical Committee at the Department of Biomedical Engineering,
BUT. To ensure similar initial conditions, the participants were instructed not to eat, smoke, or exercise for at least two hours
before the experiment as well as to wear their own indoor clothing for the relevant season (summer or winter). In the case of
the cool condition, this was typically a cotton T-shirt or a short-sleeved shirt, light pullover, trousers, underwear, socks, and a
pair of shoes (thermal insulation of 1.1 clo). In the hot condition, the clothing consisted of a T-shirt or a short-sleeved shirt,

light trousers, underwear, socks, and a pair of light shoes (thermal insulation of 0.6 clo).
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Figure 2 Experimental setup in the climatic chamber at BUT. Left — control/heated seat with textile upholstery. Right — ventilated seat

with leather upholstery. Seats were placed in the geometrical centre of the chamber.

The second set of experimental data was collected from study by Oi et al. [8], who examined a pool of subjects consisting of
eight male university students wearing an undershirt, long-sleeved shirt, jacket, underpants, trousers, socks and shoes, with
an overall thermal insulation of 0.9 clo. The following mean characteristics were presented, with standard deviation indicated

in brackets: age 22.5 years (1.1 years); height 175.0 cm (1.3 cm); weight 57.2 kg (3.2 kg).

2.2.2 Seat instrumentation and skin temperature measurements
In our experiments, serial-production front seats from a middle-range passenger car were used with following construction

layers: a polyester cover, resistance heating wire, polyurethane foam cushioning, and metal inner chassis (Figure2, for more
details on seat see [3] and chamber [51]). Exposures with the ventilated seat were equipped with a similar seat having perfo-
rated leather upholstery. In order to ensure identical initial conditions before the human exposures, the seats were condi-
tioned in the climatic chamber for at least two hours. The seats were instrumented with two heat flux blankets (Mahdéle
Messtechnik, Germany), one of which was placed at the backrest and one at the seat cushion. The blanket had a resolution of
16 x 16 points distributed in a square grid of 48 x 48 cm. Each point measured heat flux indirectly using two thermistors (rel-
ative accuracy < 0.3°C; response time < 1.5 s) separated by a solid with a known thermal resistance. This allowed us to de-

termine both the heat fluxes and seat temperatures simultaneously.

The participant's local skin temperature was measured at eight body sites according to the ISO 9886:2004 standard [52]:
forehead, right scapula, left upper chest, right upper arm, left forearm, left hand, right anterior thigh, and left calf. The eight
skin temperatures were averaged using the weighting coefficients from the standard [52] to calculate the mean skin temper-

ature. The local skin temperatures were measured with oscillator-based digital thermometers (iButton, Maxim Integrated,
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USA, accuracy * 0.5 °C). The sensors were attached to the participants’ skin using medical tape (Hypafix 16002, BSN Medical

GmbH, Germany) made from nonwoven polyester with acrylic adhesive, cut to 35 mm x 50 mm patches [53].

Oi et al. [8] used automotive front seats for the experimental exposures with unconditioned (control) and heated seats. The
seat construction comprised a leather upper cover, silicone rubber heating pads, polyurethane foam cushioning, and metal
inner chassis. The heating was provided for both the seat cushion and the backrest with an equal heating power density of
268 W/m’ [8]. The skin temperature was measured at 16 body sides using epoxy-coated thermistor probes (Nikkiso-Therm,

Musashino, Japan) attached to the skin surface by surgical tape.

2.2.3 Human exposures with unconditioned (control) seat
The cool exposure at 18°C was carried out at BUT. The participants were pre-conditioned in thermo-neutral conditions for

one hour while sitting. The chamber session was designed as a benchmark case for steady indoor environments with ambient
temperature below thermo-neutrality and duration of 30 minutes. This measurement provided crucial data on heat flux den-

sity in the seat contact, development of local skin temperatures as well as subjective local thermal sensation votes.

The hot exposure at 41°C was also carried out at BUT. This case was design to mimic hot summer conditions, and the rapid
cooling of an overheated cabin by a conventional air-conditioning system. Here, the chamber exposure consisted of 10
minutes of walking at a pace of 4 km/h to initiate sweating, after which the participants were seated on an seat for 30
minutes. At this point, chamber cooling was initiated (at a cooling rate of -0.8 °C/min) for the first 20 minutes of the expo-
sure to reach the pre-conditioning conditions (t,;, = 25°C, Rh 30%, w = 0.15 m.s'l). A detailed summary of the exposures is
presented in Table 2.

The last dataset for unconditioned seats was adopted from Oi et al. [8] (Table 2), including data about global thermal sensa-
tion and comfort in a climatic chamber at constant environmental conditions at 5°C, 10°C, 15°C and 20°C. Local skin tempera-
ture, for buttocks and back, were obtained based on a personal communication with the main author of 24™ October 2017.
The experimental procedure started with one hour of subject’s preconditioning under thermo-neutral conditions (Table 2).

After this period, the participants were exposed to the automotive seat in the climate chamber for 20 minutes.

2.2.4 Human exposures with seat heated to constant heat flux and constant temperature
For the case at 18°C, the experimental procedure started in the same way as for the unconditioned seat, followed by 30 min

of chamber exposure with heated seats to constant temperature of 38°C. The seat heating was initiated immediately after
the participants took their seats in the climate chamber. To maintain the seat surface temperature, a feedback sensor

(DS18S20, Dallas Semiconductor, USA, accuracy + 0.5°C) was sewn onto the seat cushion in the contact area of the buttocks
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and was used. The standard deviations of the seat surface temperatures at the seat cushion and the backrest were 0.8°C and
1.8°C, respectively. The participants could turn off the heating at any time; however, none of them used this option. The data
from the constant heat flux heating mode were adopted from Oi et al. [8]. The experimental protocol and the equipment

were identical to the unconditioned seat cases at 5°C, 10°C, 15°C and 20°C (Section 2.2.3).

2.2.5 Human exposures with ventilated seat
The experimental protocol for the exposure using the ventilated seat is identical as the procedure from the unconditioned

seat at 41°C (Section 2.2.3). The seat was set to its maximal ventilation rate, extracting approximately 18 m’>/h of air from the
seat and back cushion when occupied. However, this value depends on the proportions of the occupant’s body and one has
to be cautious in its interpretation. The resulting airflow through the seat ventilation system also contains a part of the air
that passes through the unoccupied parts of the seat. Therefore, it should not be used as a boundary condition for the venti-

lated seat modelling.

2.2.6 Thermo-physiological modelling
We used the Fiala-based thermo-physiological model (FPCm5.3, Ergonsim, Germany) [21] to reproduce the human trials

listed in Table 2 and described in Sections 2.2.3-2.2.5. The model was selected based on its extensive validation and docu-
mentation in a range from 5 to 50°C and exercise levels from 0.8 met to 10 met [25]-[28]. The model yields predicted ther-
mal responses for an average person (height 1.69 m, weight 71.4 kg and skin surface 1.83 mz) for 13 individual body parts,
which are further divided into spatial sectors. The local clothing thermal properties were adopted from our previous study
[54], in which we examined comparable garments to the ones in this study using state-of-the-art methods. To achieve the
most realistic results, measurements were carried out in the sitting position, since body posture has a strong influence on the

local thermal and evaporative resistance of clothing.

The boundary condition at the seat contact was treated as a prescribed heat flux to the posterior thighs, posterior hip, poste-
rior abdomen and posterior thorax [3]. The corresponding heat fluxes were calculated using the seat heat transfer model
presented in Section 2.1. Additionally, to illustrate the difference between our new approach to seat simulation and previous
methods, such as treating the seat as an additional resistance, we carried out two simulations based on the 5°C case and re-
ported the temperatures at the seat contact, with and without use of the seat heat transfer model. To achieve this, the un-
conditioned seat in the 5°C case was approximated as additional thermal and evaporative resistances of 0.7 m’K-W™ and 120
m’Pa-W?, respectively [46]. The clothing area factor f, of the seat, defined as the ratio of the seat surface area to the body
surface area, was estimated as 2.0 units. In the same case with heating, a heat flux density of 268 W/m’ was applied directly

to the skin in the FPCm5.3. This simulation was carried out to demonstrate the differences between the complex approach
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represented by the seat heat transfer model with heat generation and the assumption of adiabatic behaviour of the seat
cushioning. In this way, a constant heat flux is transferred to the human body, disregarding the thermal effects of the seat.
2.3 Coupling with the thermal sensation models

The outputs from the seat heat transfer model and FPCm5.3 indicate the thermal state of a human body. Despite the com-
plex mechanisms responsible for human thermal perception, this information can be translated into an average predicted
thermal sensation vote using a thermal sensation model [55]. Such an approach is applicable to a given set of conditions de-
fined by metabolic activity, clothing and a range of environmental conditions. In asymmetric thermal environments such as
cabins, it is meaningful to use local thermal sensation predictions rather than global ones, due to the difficulties in identifying

the prevailing thermal sensation when contradictory sensations are perceived [56].

As shown in the diagram in Figure 1, the outputs from thermo-physiological modelling were processed using three local
thermal sensation models for a seated position, to investigate their performance. Firstly, the model by Nilsson [31] was used;
this is based on heat transfer (MTV) as part of the ISO 14505 [33], and was implemented due to its standardisation and prac-
tical applicability. The model uses a seven-point Bedford scale that combines thermal sensation votes with thermal comfort
(much too cold, too cold, cold but comfortable, neutral, hot but comfortable, too hot, much too hot). The model is applicable
over a range of ambient temperatures from 19°C to 29°C. Next, we applied the model by Zhang (TSZ) [36], [37] dedicated to
vehicular cabins, which predicts local thermal sensation using an extended nine-point I1SO scale with two additional extreme
thermal sensation votes (very cold, very hot). The model was developed for a range of air temperatures between 20°C and
33°C. Finally, we implemented the model by Jin et al. (TSV) [38], which uses local skin temperatures as inputs and yields a lo-
cal thermal sensation on the seven-point ISO scale (cold, cool, slightly cool, neutral, slightly warm, warm, hot) [57]. Since the
division of a human body into segments is not identical in each model, in some cases two body parts (e.g. upper and lower

arms) were merged into a single segment and the area-weighted average was used to obtain the resulting thermal sensation.

2.3.1  Verification of skin temperatures and thermal sensation predictions
Before using the outputs from the FPCmS5.3 to model thermal sensation, the predicted local skin temperatures were verified

against human data for the 18°C and 41°C cases, since the local skin temperatures for other cases, as reported by Oi et al.,
were not available. Similarly, in order to verify the predicted local thermal sensation votes, local human thermal sensation
votes were collected from the participants for the 18°C and 41°C cases at major body sites (back/backrest, buttocks/ seat
cushion, face, chest, arms, hands, anterior thighs, lower legs, and feet). The votes were recorded at the end of the pre-
conditioning phase and every three minutes during the actual chamber exposure, using the seven-point I1SO scale [57] (-3

Cold, -2 Cool, -1 Slightly cool, 0 Neutral, 1 Slightly warm, 2 Warm, 3 Hot).
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2.3.2 Statistical analysis of thermo-physiological and thermal sensation responses
One-minute averages and their standard deviation were calculated for each parameter measured. The accuracy of all param-

eters predicted by the seat heat transfer model, FPCm5.3, and the thermal sensation models (heat flux, seat temperatures,
skin temperatures, and thermal sensation votes) was assessed by means of root mean square deviation (RMSD), which
measures the average difference between the measured and predicted values. The second descriptor examined here, bias, is
expected to be close to zero for unbiased simulations, and a negative value indicates an over-prediction of the examined val-
ue. Predictions were assumed to have high precision if the RMSD and bias were within the standard deviation of the meas-

urement.

3 Results

3.1 Validation of the seat heat transfer model and its integration into FPCm5.3
The validation of the seat heat transfer model was carried out on the basis of heat fluxes measured separately at the surface

of the backrest (corresponding body parts: posterior thorax and abdomen) and seat cushion (corresponding body parts: pos-
terior thighs and pelvis). These measurements were available only for cases at 18°C and 41°C. In the next step, the predicted
heat fluxes from the seat heat transfer model were used as a seat boundary condition in FPCm5.3. Here, cases from literature

at 5°C, 10°C, 15°C, and 20°C were available as well as our own measurement at 18°C and 41°C.

Exposure to the unconditioned seat and a summary of the RMSD and bias of the simulations with the FPCm5.3 model for all
control seat cases is depicted in Figure 3, where the development of the contact skin temperatures at 5°C, seat surface tem-
peratures at 18°C and 41°C, and heat fluxes at 5°C, 18°C and 41°C over 20 minutes are shown. A positive heat flux represents
heat loss from the skin. To quantify the error induced by addressing the seat by thermal and evaporative resistances, neglect-
ing the seat thermal mass, we carried out such case at 5°C (Figure 3, dotted line) and compared it to the proposed methodol-

ogy (Figure 3, dashed line).The experimental data were depicted as circles.
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Figure 3 Unconditioned (control) seats: skin (5°C case) and seat surface temperatures (18°C and 41°C cases), and heat fluxes (5°C, 18°C
and 41°C cases) at the seat-body contact area as well as RMSD, bias, and standard deviation (SD, also shown as error bars in the graphs)
of the data. Seating began at time 0 min. Case 5°C * depicts results of simulations where the seat was represented by thermal and evap-

orative insulation.

Figure 4 depicts the development of the contact skin temperatures (5°C case) and seat surface temperatures (18°C case), and
heat fluxes (18°C and 41°C cases) for 20 minutes of exposure to the heated seat, together with a summary of the RMSD and
bias of the simulations from the thermo-physiological model from all heated seat cases. In addition to the measured data
(circles), the FPCm5.3 simulation results (continuous line), corresponding calculations using the seat heat transfer model
(dashed lines), and dotted lines illustrate the development of skin temperature when the heat flux density of 268 W/m2 (re-

ported by Oi et al. [9]) is prescribed in the FPCm5.3 simulations directly at the skin, neglecting the presence of the seat.
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Figure 4 Heated seats: skin temperatures (5°C case), seat surface temperatures (18°C case), and heat fluxes (5°C and 18°C cases) at the

seat-body contact area and the RMSD, bias and standard deviation (SD, also shown as error bars in the graphs) of the data. Seating

started at time 0 min. The 5°C * case depicts results of simulations where the h d seat was repr d by a constant heat flux ap-

plied to the skin.

Figure 5 shows the seat surface temperatures and heat fluxes for 20 minutes of exposure to the ventilated seat (41°C case)
together with an overview of the RMSD and bias of the FPCm5.3 simulations. The measured data are depicted via circles,

FPCmS5.3 simulation results via continuous lines, and calculations using the seat heat transfer model by dashed lines.
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Figure 5 Ventilated seats: seat surface temperatures and heat fluxes in contact with the ventilated seat and the RMSD and bias for tem-

peratures and heat fluxes from the FPCm simulations. The error bars depict standard deviation. Seating began at time 0 min.

Table 3 presents the RMSD, bias and mean standard deviation of the predicted data in comparison with the experimental da-
ta for skin temperatures in regions without seat-body contact, which were available only for the 18°C and 41°C cases. The

RMSD and bias were calculated throughout the whole duration of exposure in the climate chamber and compared to the

Temp. (°C) 41°C 0.6 -0.5 16 1.0 -1.0 09
HF (W/m’) 41°C 12.6 10.0 7.6 11.2 2.6 4.8
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Table 3 RMSD and bias of eight local skin temperatures at regions without seat-body contact and mean skin temperatures in the 18°C

and 41°C cases. The bold values indicate a low accuracy of prediction (greater than two standard deviations of the corresponding value).

UNCONDITIONED EXPOSURE EXPOSURE WITH COND.

Case Skin temperatures (°C) RMSD Bias AVG SD RMSD Bias AVG SD
Forehead 1.9 -1.9 1.5 - - -
Chest 0.1 -0.1 1.6 - - -
Upper arm 0.4 0.4 1.2 - - -
e Lower arm 0.6 0.5 1.4 - - -
Hand 0.7 -0.7 18 - - -
Anterior thigh 0.2 -0.2 0.9 - - -
Calf 24 -2.4 0.4 - - -
Mean skin temp. (mTsk) 0.5 -0.4 0.4 - - -
Forehead 0.4 0 0.6 0.5 -0.2 0.7
Chest 0.8 -0.8 13 0.7 -0.7 13
Upper arm 0.7 0.6 0.5 0.5 0.4 0.6
. Lower arm 0.9 0.8 0.6 1:3 1.2 0.8
e Hand 0.5 -0.3 0.5 0.5 0.0 0.5
Anterior thigh 0.3 0.1 0.8 0.4 0.2 0.8
Calf 14 -1.4 0.7 0.9 -0.9 1
Mean skin temp. (mTsk) 0.5 -0.4 0.4 0.4 -0.3 0.5

3.2 Coupling with the thermal sensation models
Figure 6 depicts local thermal sensations at four body sites: two body parts in contact with the seat (backrest and seat cush-

ion), one uncovered body part (hand) and one body part covered with clothing (chest), as predicted by the three thermal
sensation models (details in Section 2.2.5) for both the 18°C and 41°C cases. In the case of heating at constant heat flux, the
local thermal sensation votes were not available. The RMSD, bias, and mean standard deviation for all body parts are pre-

sented in Table 4. The thermal sensation scales of individual models were left in the original form, without scaling.
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Figure 6 Thermal sensation votes at the seat cushion (posterior thighs and pelvis), backrest (posterior thorax and abdomen), hand and

chest, as predicted by three thermal sensation models for unconditioned (at 18°C and 41°C), ventilated (at 41°C) and heated seats at a

constant temperature (obtained for the 18°C case). The error bars indicate the standard deviation. Please note that MTV uses a seven-

point Bedford scale, TSZ uses a nine-point I1SO 10551 scale, and TSV uses a seven-point I1SO 10551 scale.
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Table 4 RMSD, bias and mean standard deviation of the experimental data for local thermal sensation at 18°C and 41°C. The values in
brackets indicate the RMSD and bias within the first six minutes of exposure. The bold values indicate low accuracy of the predictions,

greater than two standard deviations of the corresponding value.

Thermal sens. (-) MTV RMSD MTV BIAS  TSZ RMSD TSZ BIAS TSV RMSD TSV BIAS AVG SD

Backrest 0.8(1.0) -0.2 (0.8) 1.2(0.2) -0.9 (-0.2) 1.0 (0.6) -0.9 (-0.6) 0.5
Seat cushion 1.2(2.2) 0.4 (2.2) 1.3 (0.6) -1.1(-0.6) - - 0.5
Face 0.5 -0.5 0.7 0.7 0.2 0.1 0.5
Chest 0.5 -0.4 0.3 0.1 0.4 0.3 0.4
Unconditioned 18°C  Arms average 0.1 0.0 1.0 1.0 1.7 1.7 0.5
Hands 0.7 0.7 1.1 1.1 15 1.4 0.4
Anterior thighs 0.7 -0.6 0.5 -0.4 - - 0.5
Lower legs 0.3 -0.3 0.1 0.1 13 13 0.5
Feet 0.3 0.3 0.5 0.5 0.7 0.7 0.9
Backrest 0.4 (0.5) 0.1 (0.0) 1.0(1.1) -0.2(0.9) 0.7 (1.3) 0.0(1.3) 0.6
Seat cushion 0.8(0.3) -0.5(-0.2) 0.7 (0.2) -0.4(0.2) - - 0.7
Face 0.7 -0.7 0.4 0.3 1.2 11 0.7
Chest 0.2 -0.2 1.2 14 14 14 0.6
Unconditioned 41°C  Arms average 0.4 0.2 0.7 0.7 1.6 1.5 0.6
Hands 0.3 03 1.0 -0.9 1.2 1.2 0.6
Anterior thighs 0.4 0.0 0.4 03 - - 0.6
Lower legs 0.5 -0.4 0.9 0.8 13 1.2 0.7
Feet 0.3 -0.1 0.3 0.3 1.8 1.7 0.6
Backrest 1.7 (2.3) -0.6 (1.1) 2.0(0.9) -1.4 (0.5) 1.1(1.0) -0.5(0.4) 0.5
Seat cushion 1.5(1.9) -0.4 (1.0) 2.0(1.3) -1.5(-0.5) - - 0.5
Face 0.3 -0.2 0.9 0.8 0.3 0.3 0.5
- Chest 0.3 0.3 0.8 0.7 0.9 0.9 0.4
Arms average 0.1 0.0 0.9 0.9 1.7 1.7 0.5
Hands 1.0 1.0 13 13 1.7 1.7 0.4
Anterior thighs 0.5 0.4 0.5 0.4 - - 0.5
Lower legs 0.2 -0.1 0.2 0.2 1.5 1.5 0.5
Feet 0.4 0.4 0.6 0.5 0.9 0.9 0.9
Backrest 1.4 (1.5) -1.0(-0.9) 2.0(1.3) -1.5(-0.1) 1.6(1.3) -1.2(0.1) 0.9
Seat cushion 0.9(0.8) -0.7 (-0.7) 1.3(0.3) -1.1(-0.2) - - 0.7
Face 0.9 -0.8 0.4 0.2 1.8 -1.8 0.6
Chest 0.5 -0.4 0.9 0.9 1.2 1.2 0.6
Ventilated 41°C Arms average 05 0.4 0.6 0.5 1.5 1.4 0.7
Hands 0.4 0.4 1.0 -0.8 1.3 13 0.7
Anterior thighs 0.5 -0.3 0.2 0.0 - - 0.5
Lower legs 0.8 -0.7 0.8 0.5 0.9 0.9 0.6
Feet 0.4 -0.4 0.2 0.0 1.5 14 0.6
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4 Discussion
4.1 The seat heat transfer model and its integration into FPCm5.3

411 Validation of the seat heat transfer model
The seat heat transfer model was developed to calculate the time-dependent thermal interaction between the seat and its

occupant. The human tissue layers represented an average unisex human, based on the FPCm5.3 [21], and the seat was
composed of individual clothing and seat construction layers (Table 1). In total, four validation cases were available, including
unconditioned, heated, and ventilated seats. In all cases, the predicted heat fluxes exhibited a good fit to the experimental
data, and the RMSD and the bias were generally within two standard deviations of the measurement (Figures 3-5). The only
exception was found in the case of the unconditioned seat at 18°C, where the RMSD was 9.2 W/m? (SD 2.9 W/mz) at the
backrest and 8.1 W/m? (SD 1.6 W/m?) at the seat cushion. This discrepancy was still less than 10% of the peak heat flux densi-
ty after sitting, and we considered that the heat flux predictions were sufficiently accurate to be coupled with the FPCm5.3 to

obtain the local thermo-physiological responses for the whole body.

In comparison to the study by Shin et al. [41], we achieved realistic heat flux predictions (Figure 5) in the complex heat and
mass transfer situation in the ventilated seat despite using a one-dimensional model. Thus, from the point of heat transfer, it
seems to be possible to use the proposed simplifications to obtain realistic results while avoiding the elaborative determina-
tion of the parameters necessary for the calculation of the evaporative cooling. Our solution predicted a heat flux equivalent
to the measurement using only the input parameter of the seat surface temperature. Finally, in our model, seat cooling can
be represented using a heat sink if the cooling power is known.

4.1.2 Exposures with unconditioned seat

The predicted skin and seat surface temperatures from the FPCm5.3 simulations coupled with the seat heat transfer model
were in good agreement with measurements (Figure 3). The RMSD and bias of the predicted seat contact temperatures were
mostly lower than 1°C, and at the same time were lower than the standard deviation of the measurement. The only outlier
was found in the 18°C case, where the RMSD and bias of the seat cushion temperature reached 1.5°C and 1.3°C, respectively.
Here, the predictions were inaccurate only between the first and fourth minutes (Figure 3), and the rest of the exposure sim-
ulation agreed with the experiment. The SD was also typically higher in the first six minutes after sitting down than during the
rest of the exposure, and mostly overlapped with the predictions. These findings can be directly related to the quality of the
input, the calculated heat flux, which had an error of between 3% and 10%. In comparison to a similar study using one-

dimensional model by Karimi et al. [40], we achieved consistent results throughout the temperature range from 5°C to 41°C.
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The simulation carried out using the thermal and evaporative insulation as a seat boundary condition did not capture the
substantial drop of 3°C in the contact skin temperature (Figure 3 — FPCm simul. insulation) as opposed to the seat heat trans-
fer model approach coupled with FPCm5.3 (Figure 3 — FPCm simul. HT model). This confirms our hypothesis that neglecting
the thermal diffusivity and the low initial seat temperature of 5°C leads to a critical error. Furthermore, the actual skin tem-
perature recovery to the initial state took more than 20 minutes. According to Koelblen et al. [58] and Vesela et al. [59], a
skin temperature deviation of 1°C can be related to a considerable change in local thermal sensation from approximately 0.5
to 1.5 units, depending on the thermal sensation model and its scale, meaning that the neglected temperature drop would
naturally lead to a faulty thermal sensation prediction. This shows the importance of addressing the thermal mass of contact
surfaces in thermo-physiological modelling, especially when examining environments that are exposed to conditions far from

thermo-neutrality, such as vehicular cabins and a range of occupational settings.

4.1.3 Exposures with seat heating to constant heat flux or constant temperature
In the 18°C case, where the seat is heated to a constant temperature, very good agreement was found between the meas-

ured and simulated contact temperatures, as indicated by the RMSD and bias being below the experimental standard devia-
tion (Figure 4). In the 5°C, 10°C, 15°C and 20°C cases with constant heat flux control, the predicted contact temperatures
were on average up to 2.3°C higher than the experimental values in the coldest case. The simulations, however, agreed with
the measurements until approximately the fifth minute of the exposure, and were over-predicted towards the end of the ex-
posure, when the heating started to have a major impact on the development of temperature (Figure 4). We can also ob-
serve a decreasing trend in the RMSD and bias with an increase in the temperature of the exposure (see the table in Figure
4). Since the seat heat transfer model neglects the lateral heat losses from the seat, which may be influential especially at
lower temperatures, this is a likely reason for the discrepancy. Secondly, the seat heat transfer model is based on constant
thermal properties of human tissues, whereas the FPCm5.3 contains an active thermoregulation system that influences the
thermal properties of tissue depending on the thermal state of the body. A combination of both of these factors might ex-

plain the higher predicted skin temperature that is apparent in Figure 4 at 5°C.

Figure 4, FPCm simul. const. heat flux demonstrates the error of assuming an adiabatic boundary condition at the seat cush-
ioning, thus setting the seat heating power purely to the skin of the seat’s occupant. This approach causes not only an unac-
ceptable overestimation of the contact skin temperature by more than 8°C, but also an immediate steep increase in the skin
temperature, rather than its initial cooling by the thermal diffusivity of the cold seat. Under the same conditions, the
FPCmS5.3 coupled with the seat heat transfer model provides results that are four times more accurate in terms of RMSD and

bias (Figure 4, FPCm simul. HT model). This approach was shown to deliver realistic outputs also in the cases taken from the
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literature, where very little qualitative information about the experiment was available, such as a basic description of the
seat, clothing, and the environment [8].

4.1.4 Exposures with ventilated seat

In the 41°C case, we obtained accurate predictions for the seat surface temperatures where the RMSD and bias were within
the standard deviation of the measurement (Figure 5). In the study by Shin et al. [41], where three-dimensional model of
ventilated seat was used, the good agreement in the seat and skin temperatures were found only within the first two
minutes of exposure, followed by an error of up to 12°C in the fifth minute. We achieved consistent results despite simplify-
ing the heat and mass transfer to the resulting heat flux density between the seat and the occupant. The 41°C case also con-
firms the applicability of this approach at high ambient temperatures.

4.1.5 Predicted skin temperatures at the body sites without seat contact

The skin temperatures for eight main body parts without seat contact were predicted very accurately in both cases, i.e. at
18°C and 41°C. The RMSD and bias of the FPCm5.3 simulations were mostly below the standard deviation of the measure-
ments, with an average of 0.9°C (Table 3). To put this into the context of the previous FPCm5.3 validation studies, such as the
study by Martinez et al. [27], an average RMSD of 1.3°C for local skin temperatures was determined based on 43 distinct hu-
man exposures. The study reported an increased RMSD at the forehead of 1.6°C, which is in line with our findings (RMSD 1.9,
bias =1.9°C, SD 1.5). This discrepancy can be explained by the variations in the hair coverage of the forehead and the evapo-
rative cooling capacity of sweat [60]. At the calves, the simulation results exhibited constant over-predictions of 2.4°C and
1.8°C for the cases of 18°C and 41°C, respectively (Table 3). This contradicts the findings of a prior validation study [60],
where good prediction power was found at the calves. An explanation can be found in a possible discrepancy in the local
clothing input. The participants were instructed to wear their own clothing, consisting of typical garments for the appropriate
season, and we did not control for the fit of the clothing. The fit defines the size of the air gaps between the skin and cloth-
ing, and consequently influences the resulting thermal and evaporative insulation of the clothing [61]. Finally, the predicted
mean skin temperature was satisfactory in both cases, with an RMSD and bias close to the experimental SD of 0.5°C (Table 3).
4.2 Coupling with the thermal sensation models

Overall, the most realistic performance under all conditions examined here was found in MTV and TSZ, where in the vast ma-
jority of cases, the RMSD and bias were within two standard deviations of the human votes (with an average of 1.1 thermal
sensation units, Table 4). The two standard deviations of the thermal sensation votes were selected to cover 95% of their
dispersion due to the relatively low number of participants (details of this are given in Table 2). High accuracy of the thermal

sensation predictions was also found for body parts with less precisely predicted skin temperatures, namely the lower legs

22

130



and forehead. The only outliers were the hands, which were under-predicted by approximately 1.3 units in the case of 18°C.
This phenomenon was apparent in all three models, and can be attributed to the higher local activity of the hands (filling out

questionnaires and usage of smart devices) and the subconscious resting of the hands on the warmer thighs.

Despite the realistic predictions of the skin temperatures at the seat contact, the predicted thermal sensation was clearly less
accurate than for body parts without seat contact (Table 4). To differentiate between the entire duration of the seat expo-
sure and the first six minutes after taking the seat, when rapid changes of thermal sensation took place, the RMSD and bias
were calculated separately for these periods (Table 4). In both the cool conditions (18°C) and the hot conditions (41°C), TSZ
performed well in the first six minutes, with an RMSD and bias within two standard deviations. However, after this period,
TSZ tended to drift towards higher thermal sensation votes and exceeded the limit of two standard deviations. The MTV
model, on the other hand, over-estimated the effects of the cold seat by between 0.8 to 2.3 units in the first six minutes of
the cool exposure, mainly because the initial cooling was as high as 150 W/m”. The rest of the cool exposure typically mir-
rored the trends of the experimental data. Under hot conditions, predictions by MTV were the most accurate of the three
models, and good accuracy was achieved, with an RMSD and bias of approximately one standard deviation (Table 4 and Fig-

ure 6).

In the case of the TSV model, the RMSD and bias exceeded two standard deviations in more than half of the body parts ex-
amined. More importantly, TSV did not respond either to the temperature step change or to the cooling ramp (Figure 6).
Secondly, the segmentation of the model allows us to examine only one contact part, namely the backrest. These findings
mean that TSV is less suitable for applications in vehicular cabins than the two other examined models. One of the major pa-
rameters influencing the results of the TSV model is the neutral skin temperature that is used to measure the deviation from
the thermo-neutral state for a given body part. The TSV model was developed based on data from 40 Chinese participants, as
opposed to the central European population investigated in this study. Using the baseline thermo-neutral skin temperature
directly from FPCm5.3, which was on average 1.1°C higher, did not provide any major improvements to the predicted ther-
mal sensation. Koelblen et al. showed that this model did not perform better for the Asian population than for the other two

thermal sensation models developed based on white or mixed populations.

One possible reason for the low precision of all models in the seat contact may stem from the broader range of skin tempera-
tures in the contact compared to the non-contact ones (Figure 3). Thus, at the seat contact, the thermal sensation models
were at or beyond their limit of applicability. Another explanation for this lower accuracy has been proposed by Oi et al. [8],

who concluded that there was a need for higher skin temperatures at the seat contact at lower ambient temperatures to
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achieve optimal thermal sensation in the contact parts. Similar conclusions were also presented by Zhang et al. [10] for heat-
ed and cooled seats in a range of temperatures of between 15°C and 45°C. However, this relativity is not captured in any of
the examined models, and further work is needed on the extension of the current thermal sensation models.

4.3 Practical implications

As opposed to the detailed three-dimensional computing methods, the main advantages using the proposed models can be

summarized in following points:

e  Easily accessible input parameters and boundary conditions;
e Low computing power demands;
e Quick results with an acceptable error margin within defined conditions;

e Simple implementation.

The proposed methodology was validated in a range of conditions between 5°C and 41°C. This range is not only typical in au-
tomotive applications, but also in occupational environments with higher heat strain due to a technological process installed.
Therefore, a broad community of environmental engineers can benefit from our findings. Next, thanks to the rapid calcula-
tion times, it is possible to run parametric studies and studies focused on optimisation of the environmental parameters with
respect to energy savings. These are the priorities in diminishing the carbon foot print and in the development of electric ve-
hicles. Finally, the methodology has a great potential to significantly reduce needs for human studies and prototyping, and
thus accelerate product development.

4.4 Limitations

The aim of the proposed model is to approximate the heat transfer between a solid with considerable thermal mass (seat)
and an adjacent body part, rather than to act as a substitute for complex thermo-physiological models such as the FPCm5.3.
For this reason several simplifications had to be assumed. On the site of the human, the model calculates the heat transfer
for individual body parts and does not assume any connection with the rest of the human body by blood circulation. Next,
the tissue thermal properties were constant, which is not the case in reality if a thermoregulatory action (such as vasomotor
response, sweating, and shivering) occurs. Therefore, the seat heat transfer model may be prone to error under conditions
where the human core temperature is changing substantially and thermoregulatory actions are present. On the site of the
seat, the simplifications were mainly related to the assumption of one-dimensional heat flux. This might be influential under
cold conditions with heating, where we found an increasing trend in the skin temperature error with decreasing ambient

temperature (overestimation of 2.3°C found at 5°C of ambient temperature). In case of the seat ventilation, the sweat evapo-
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ration was substituted by a heat sink or a temperature profile prescribed at the seat. This approach was shown to yield an
equivalent heat flux, which can be used as a heat flux boundary condition in thermo-physiological modelling. It has to be not-
ed that this boundary condition type restricts evaluation of the sweating and moisture propagation. Although contemporary
thermal sensation models do not account for moisture, skin wettedness is one of the parameters influencing human comfort.

For this reason, future advancements should also comprise humidity at the skin.

5 Conclusions
For the first time, this study has demonstrated a thorough methodology for simulating the human thermal response and

thermal sensation in contact with heated and ventilated seats. This was done under a broad variety of environmental condi-
tions ranging from 5°C to 41°C, including transient and thermally asymmetric exposures with and without local seat condi-
tioning technologies. The seat heat transfer model was found to be a key component in calculating realistic boundary condi-
tions for body contact with a seat, for the accurate prediction of thermo-physiological responses and thermal sensation. The
typical error in the calculated heat flux between the seat and the occupant was less than two standard deviations of the
measurement. Consequently, the error in the predicted seat contact temperatures using the FPCm5.3 was typically lower
than 1°C, or within the standard deviation of the measurement in the majority of cases. Furthermore, the benefits of the
model were underlined by comparing it with the conventional way of treating the seat as a thermal and evaporative re-
sistance and, in the heated case, as a constant heat flux applied directly to the skin. These conventional approaches lead to
an unrealistic development of the skin temperatures and errors four times higher than those obtained using the seat heat

transfer model.

The high precision of the FPCm5.3 model in predicting skin temperatures at eight main body parts without seat contact was
also confirmed, with an RMSD and bias typically within the SD of the measurement and below 1°C. This verification was nec-
essary to provide reliable inputs to the thermal sensation models. Overall, the best performing models were MTV and TSZ,
while TSV performed the worst. The predictions were less accurate in the seat contact area, especially under cool conditions
at 18°C. Here, all models typically exceeded two standard deviations of the human votes. Within the six-minute highly transi-
ent period after taking the seat, the best performing model was TSZ. After this phase, MTV provided robust and acceptably
accurate results that realistically mirrored the human thermal sensation votes. A further extension of the current models is

therefore needed to improve their performance under conditions with local conditioning.

Since the proposed methodology is valid in conditions between 5°C and 41°C, we can assume that the set of models can be

used in a broad variety of environments, such as passenger transportation and occupational environments with higher heat
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strain. The approach presented here can be of great merit within rapidly developing industries such as electric vehicle engi-
neering. The virtual optimisation of the seat conditioning strategies reduces the need for human studies and prototyping,

and may allow for energy savings and potentially increase the driving range.
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A lot of research has been done in order to investigate heat transfer coefficients of a human body in var-
ious postures, wind speeds and wind directions. However, there has not been any reference to measure-
ment reproducibility and measurement confidence intervals. The purpose of this study is to determine
heat transfer coefficients of a thermal manikin experimentally, while focusing on the repeated determi-
nation of the coefficients and statistical data evaluation. The manikin imitates human metabolic heat pro-
duction; it measures combined dry heat flux from its surface and also its surface temperature.

The major part of the radiative heat flux was eliminated by a low-emissivity coating applied to the sur-
face of the nude manikin. The tests were performed across 34 zones that correspond to parts of a human
body. Both standing and seated postures were investigated. The tests were conducted at constant air tem-
perature (24 °C) and constant wind speed (0.05 m s '). Based on three repetitions of each case, the mean
values of heat transfer coefficients, with their uncertainty intervals, were calculated. Next, the results of
this paper were compared to the results of similar experimental work of de Dear et al. (1997) and
Quintela et al. (2004). A mismatch of the values is up to 1 Wm 2K ', while an extreme was found on
the manikin's seat with a difference of over 1 Wm 2 K. The outcomes of this study provide essential
information in form of separated values of the convective and radiative heat transfer coefficients that
enable us to create detailed computational models of a thermal comfort.

© 2016 Elsevier Inc. All rights reserved.

1. Introduction

computational methods. To do so, there is a need for anatomically
detailed heat transfer coefficients.

The analysis of heat exchange from a human body has been
drawing a lot of interest for decades. Through the years, plentiful
approaches have been developed to determine the heat transfer
(eg., [1-15]). Clearly, motivation for this is simple. Urbanization
made people to spend less of their time outdoors where the
ambient conditions are given by the actual weather. Today, statis-
tics show that average European citizens spend 80-90% of their
workday time indoors, in buildings or vehicles [16]. Owing to this,
a building design in terms of thermal comfort, air quality, and low
energy demands is important. In addition, many independent
studies provide evidence of improper thermal environment and
its negative influence on the human body (e.g., [17,18]). However,
such situations can be tackled, in the future, using modern

* Corresponding author.
E-mail address: fojtlin@eu.fme.vutbr.cz (M. Fojtlin).
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The heat transfer coefficients represent an amount of heat
transferred between the body and the ambient environment. The
majority of the heat is exchanged via convection and radiation.
In case the convection and radiation are not sufficient to cool down
a human body, excretion of sweat and its evaporation takes place.
Evaporation is based on mass transfer during which the latent heat
is consumed. Since, there is a focus on the cases close to a thermal
comfort state, only dry heat loss will be further examined—the
cases disregarding sweating. The third mode of heat transfer, con-
duction, can be neglected, when there is a minor contact with solid
objects. It is also the case of this study.

The very first studies, to determine the heat transfer coeffi-
cients, involved experimental subjects exposed to various thermal
conditions [3-5]. Later on, simple heat emitting devices were used
to simulate heat transfer, such as Stolwijk's 25-node model [19].
Nowadays, there is a greater demand for anatomically detailed
and accurate heat transfer coefficients, resulting in the use of
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modern technologies, typically thermal manikins of different
kinds. Current manikin constructions resulted in the segmentation
of their bodies into zones (segments) representing major human
body parts (upper lower limbs, chest, back, etc.). Consequently,
manikins have been examined in various body postures, with mov-
ing limbs, and under various air flow regimes. A full scale of possi-
ble manikins' applications is addressed, for instance, in Wyon's
work [20]. On the other hand, the thermal manikin is not designed
to measure the radiative or convective heat transfer coefficients
directly. It determines heat flux from its surface in a combined
form via radiation, convection, and conduction. Neglecting the con-
duction, the combined heat flux from the manikin is represented
by the convection and radiation only. Because of a small tempera-
ture difference of the system, the manikin and the air, a linear
description of the heat transfer in the following form is used.

Qo =Qc+Qr=he(Tg = Ta) + (T~ Tt) (1)

Qo combined heat flux density (W m~2),

Q, convective heat flux density (W m~?),

Q, radiative heat flux density (W m~2),

h, convective heat transfer coefficient (W m2K™'),
h, radiative heat transfer coefficient (W m 2K '),
Ty manikin surface temperature (°C),

T, ambient air temperature (°C),

T, mean radiant temperature (°C).

Certain steps must be taken to separate the combined heat flux
into radiative and convective parts. Generally, one of the heat
transfer modes must be eliminated or calculated first. Thus, it is
possible to determine the remaining mode. Commonly used
approaches are briefly described in the following paragraphs.

1.1. Radiative heat transfer coefficient (h,)

Some authors (e.g., [6]) calculate values of the whole body h,
from ASHRAE Handbook of Fundamentals [7]. This approach is
quite simple and efficient; however, it does not allow examining
the individual body parts, which is nowadays essential. The second
known approach [8] was used to determine radiative heat fluxes
within 16 segments of a standing thermal manikin by eliminating
convective heat fluxes. Convection was suppressed through setting
Ty =T, in formula (1). This was achieved inside a climate chamber
with independently controlled temperatures of T,=34°C and
T,=27°C. The third known approach, presented by Kurazumi
etal.[9], uses a radiant flux meter to determine local radiative heat
fluxes from a surface of a thermal manikin. The manikin is set to a
constant surface temperature of 33 °C. The mean local h, was cal-
culated for 11 body parts with regards to various manikin body
postures.

1.2. Convective heat transfer coefficient (h.)

In this section three experimental approaches to determine h,
are presented. The first approach is based on the use of heat flux
sensors placed on the surface of a thermal manikin or a real human
subject [10]. In order to eliminate Q,, the heat flux sensors were
covered with low emissivity aluminum foil (¢ = 0.04). The major
advantage of this method is that the heat flux sensor can be placed
on moving objects (e.g., parts of human body, manikin). On the
other hand, heat flux is recorded only at one spot, and to achieve
a better resolution, several sensors must be involved. Since the flux
meters are not immersed into the surface of a certain object, they
can interfere with the airflow around the body as well as with the
temperature of the surface [10]. Secondly, Chang et al. [11] and
Nishi and Gagge [12] use a naphthalene sublimation method as a

representative of convection process. Likewise, this method, again,
allows examining only the local convection on the parts of the
body where the naphthalene disc is stuck. Another disadvantage
is a need for the extra laboratory equipment. The third approach
involves thermal manikins with controlled skin temperature. This
method is nowadays preferred by the majority of researchers
(e.g., [1,2,6,14,15]). The Qy measurements are performed across
the whole surface of the manikin with precise body segmentation.
Accuracy of such measurements is, thus, much higher compared to
the spot measurements. Yet, as previously mentioned, the mani-
kins are not able to measure the convective heat flux directly. Con-
sequently, the radiative heat flux must be eliminated, or it must be
calculated. ASHRAE formula [7] for the whole body h, is quite well
accepted, but not sufficient for detailed examination. For a compre-
hensive calculation of h,, Francisco et al. [13] present their own
computational method. The third known approach is to cover the
whole manikin with a low emissivity coating [1,2] suppressing
the radiative flux. Finally, another possible method to eliminate
radiative heat flux is to set the radiant temperature of the environ-
ment equal to the manikin's surface temperature. At the same
time, an ambient air temperature is controlled to be lower than
the mean radiant temperature. However, examples of such have
not been found.

The available studies present results from experiments without
any specification of the number of measurement repetitions. Eval-
uation of the uncertainties is also unavailable. Although, all the
experiments were carried out in laboratory conditions with very
precise equipment, repeatability and uncertainty of the measure-
ments are still questionable. The aim of this study is to involve a
computer-controlled thermal manikin Newton to determine the
convective and radiative heat transfer coefficients repeatedly.
Thus, the repeatability of the measurements can be critically
reviewed. The following cases are to be investigated: (a) standing,
(b) sitting thermal manikin in natural convection environment
with resolution of 34 segments. These cases were opted to enable
comparing the results with the generally accepted values of h,
and h,.

2. Methods

The presented study involves a state-of-the-art thermal mani-
kin Newton that replaces a human in order to simulate a metabolic
heat production. The manikin measures the combined dry heat flux
from its surface together with its surface temperature. To separate
the combined flux (Qp) to its parts (Q,, Q.), the approach of elimi-
nating the radiative heat flux by the low-emissivity coating was
selected.

The low-emissivity coating was created using thin aluminum
cooking foil applied to the surface of the manikin with the excep-
tion of its hands (zones 11 and 12) and nose. Segmentation and
curvature of these parts did not allow us to achieve a desired coat-
ing quality. Consequently, hands were not examined and the nasal
area is negligible compared to the total face area. To fix the coating,
sodium alginate mixed with water was used (in total around 7 g). A
very tight fit of the coating was ensured by the foil polish (Fig. 1).
Regarding several independent sources [1,2,10], the aluminum foil
emissivity (&) fits the range from 0.025 to 0.1. Our estimate is
£=0.025 (polished foil [2]).

After the coating was finished, the manikin was placed into a
calibration box, which itself was built inside a climatic chamber.
The main role of the assembly was to maintain desired radiant
and ambient temperature equal. Because of the equal radiant and
ambient temperatures, the manikin's heat loss can be split into
the convective and the radiative heat portions respectively using
the low-emissivity coating. Next, three ambient temperature
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Fig. 1. Application of the low emissivity coating in detail.

probes were installed vertically, next to the manikin, in order to
indicate a possible temperature gradient. The installation height
of the probes represented an ankle, chest, and head posture. The
ambient air speed was sensed by omnidirectional (spherical)
anemometric probe set in front of the manikin’s chest.

2.1. Determination of the radiative and convective heat transfer
coefficients

Regarding the Stefan-Bolzmann law, reducing the surface emis-
sivity of a body proportionally reduces its radiative heat flux. Thus,
the heat production of the manikin with the low-emissivity coating
is propagated mainly through convection. The radiative heat trans-
fer coefficient can be expressed as below (2, 3, 4) applying the lin-
earized formula of the heat transfer from the manikin (1) under the
following conditions: (a) T, =T,; (b) h. for the uncoated and
coated manikin (hgq) is the same; (c) the uncoated manikin's
emissivity is ¢=0.95 (determined by separate measurement with
an IR camera), and the polished foil emissivity is estimated to
&£=0.025.

hg = h. + h, @)
0.025 0.025

hogoit = he goit + mhr =h.+ *@—s—hr G

hy = 1.027(ho — hojoi) )

Convective heat transfer coefficient, h,, is given by subtraction
of h, from the total heat transfer coefficient, hg.

he = ho — h, (3)

2.2. Procedure

Firstly, the calibration box was assembled onto a geometric cen-
ter of the climate chamber. Next, the manikin was hung by a head-
mounted hook in the center of the calibration box facing the inlet
nozzles of the chamber. Two postures were examined, seated with
forearms in horizontal position, and standing with arms next to the
manikin’s body. To ensure its stability during the tests, the manikin
had to be supported by its feet. Then, the box was equipped with
the additional temperature probes together with the anemometric
probe. After the box was closed, the climate chamber was initiated
to maintain a desired temperature level. At the same time, the
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manikin was switched on to reach thermal equilibrium. A homoge-
nous environment inside the calibration box was designed obeying
standard 1SO 14505 [21], and to have the following characteristics:

ty=t,=24°C+£02°C; v, =0.05ms™"; Aoy 11m < 0.4°C

t, ambient air temperature (°C),

t, mean radiant temperature inside the box (°C),

v, local air speed (ms™"),

Atpy-11m temperature gradient; from 0.1 to 1.1 m above floor
(°C).

The assembly preconditioning lasted typically around 2 h. Once
the equilibrium was achieved, the data from all probes were
recorded for one hour with 1Hz frequency. The cases with the
low emissivity coating were examined first; then, the coating
was removed and the measurement scheme was repeated with
the nude manikin. This procedure involved manipulation with
the manikin before every test.

2.3. Equipment

The climate chamber located in the Laboratory of thermal com-
fort at Brno University of Technology was used as an ambient tem-
perature regulator with precision of an automatic temperature
controller limited to +0.5 °C. Regarding the standard ISO 14505-2
[21], it was necessary to achieve precision within +0.2 °C in the
examined space. This was accomplished by a manual control mode
with the additional temperature probes placed in the chamber.
Moreover, the chamber was used in a recirculation mode without
fresh air supply; this improved the stability of the ambient condi-
tions. However, the air speed in the chamber was relatively high,
up to 3ms ' and its deceleration was necessary (Fig. 2).

Nilsson [22] created a methodology to determine an equivalent
temperature using a defined room—calibration box. The calibration
box passively maintains the ambient air temperature and the mean
radiant temperature of its walls equal. Not only temperature stabi-
lization, but also ambient air speed deceleration and homogeniza-
tion were crucial to create desired conditions. Both functions were
achieved through lightweight construction of the calibration box,
and its walls and floor micro ventilation. The walls were made of
black breathable nonwoven fabric (density around 50 g m 2, negli-
gible heat capacity). This fabric had to be perfectly stretched on the
skeleton in order to prevent its fluttering that caused unwanted
turbulences inside the box. The skeleton was made of square alu-
minum profiles (45 x 45 mm). Inner dimensions of the box were
2 x 2 x 2m. The ceiling was equipped with a small ventilation
hole (0.5 x 0.5 m). To support the manikin’s feet, square plywood
(1 x 1 m) was used as a part of the floor. The rest of the floor con-
sisted of the nonwoven fabric to supply a thermal plume with the
air.

The thermal manikin Newton comprises 34 independently con-
trolled zones, self-supporting construction and 10 movable joints
(ankles, knees, hips, elbows, shoulders). Its body is made of several
heat conducting carbon composite layers with a copper filling
agent. Under the uppermost layer of every zone, a combined heat-
ing and temperature measuring system is embedded, where elec-
tric power is converted into heat. Under the steady state
conditions, the amount of the supplied power is equal to the heat
loss from the given zone. Indication of each zone and its surface
area is given in Fig. 3. This configuration provides a uniform heat
distribution within the zone and a very quick response to a change
of ambient conditions. The manikin was examined nude, except for
the head, which was covered with artificial short hair (Fig. 1). A
control mode of the manikin was set to a constant surface temper-
ature of 34 °C, as it is the closest approximation of a human skin
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Fig. 2. The experimental assembly with positioning of the sensors.

temperature in thermal neutral conditions [7,22]. The tempera-
tures around 34 °C are also used by other researchers [1,2,8,9].

Description and positioning of the temperature, anemometric,
and heat flux sensors are summarized in Table 1 and in Fig. 2. All
sensors were calibrated prior to the measurements, except for
the heat fluxes measured by the manikin. The temperatures and
air speed are logged via independent systems in a period of one
second.

2.4. Statistical data evaluation

The main focus of the statistical data processing was on the heat
fluxes, where the variability was the greatest. Typical sample stan-
dard deviation (SSD) of the heat flux was around 1.5 W m~2; upper
extreme on the feet 4 W m~2, The ambient temperatures showed
good stability typical SSD 0.03 °C, and the mean temperatures fit-
ted into the recommended interval of 24 + 0.2 °C [21]. Moreover,
a very good stability of the manikins’ surface temperatures was
found, typical SSD 0.01 °C.

The purpose of the statistical data evaluation is following:

(a) To test a normal distribution of the data. Normality is a pre-
mise for the further calculations of the type A uncertainty,
homogeneity of variances, and test for the means.

(b) To test homogeneity of variances. If the homogeneity is not
rejected, the variances of the populations from which differ-
ent samples are drawn are equal. This is also the second pre-
mise for the test for the means.

(c) To test if the population means are equal.

Firstly, the mean value representing one zone and one measure-
ment was calculated from randomly selected thirty samples out of
a pool of 1800 samples (the last thirty minutes of the measure-
ment). This was done 408 times for the following situations: 3x
nude standing; 3x nude sitting; 3x standing with the cover; 3x
sitting with the cover, x34 zones.

Secondly, the normal distribution of the randomly selected
samples was tested using the Kolmogorov-Smirnov test at a signif-
icance level of 0.05. The null hypothesis, the data comes from stan-
dard normal distribution, was rejected only in the case of the zone
2 (head) by the first measurement with the nude manikin in the
sitting position.

Next, for the purposes of the type A uncertainty evaluation, it is
necessary to prove also the normal distribution of the mean values
of three repeated measurements. This is, however, insignificant
when less than ten repetitions are made. The actual testing was
executed indirectly using data from hands that were not covered
with the low emissivity foil. For the sitting and standing cases
respectively, 12 +12 independent samples were available from
the hands. Normality in both cases was tested by the Anderson-
Darling test. In both cases, the null hypothesis was not rejected

no.  ZONE s [m?) no.  ZONE s [m?]
1 Face 0.0436 18 LowerBack 0.0503
2 Head 0.0939 19  RUpThighFr 0.0487
3 RUp Arm Fr 0.0519 20  RUpThigh Grd 0.0309
4 R Up Arm Bk 0.0317 21 RUpThigh Bk 0.0274
5 LUp Arm Fr 00519 22 LUpThighFr 0.0487
6 L Up Arm Bk 0.0317 23 LUpThighGrd 0.0309
7 R Forearm Fr 0.0384 24 LUpThighBsk 0.0274
8 R Forearm Bk 0.0264 25  RlwrThighFr 0.1032
9 L Forearm Fr 0.0384 26 R Lwr Thigh Bk 0.0488
10 LForearm Bk 0.0264 27 LuwrThighFr 0.1032
11 RHand 0.0461 28 LlwrThighBk 0.0488
12 LHand 0.0461 29 RCalffr 0.0823
13 Upper Chest 0.092 30  RCalfsk 0.0528
14 Shoulders 0.0793 31 LCalffr 0.0823
15 Stomach 0.1019 32 LcaifBk 0.0528
16 Mid Back 0.0634 33 RFoot 0.0596
17 Waist 0.0468 34  LFoot 0.0596

Fig. 3. Manikin's zones indication and surface area dimensions.
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Table 1
Temperature, anemometric, and heat flux sensors, types, accuracy and positioning.
Probe Qty. Uncertainty Conf. (%) Range Placement
RTD TM Newton 2 £0.1°C 95 —30to 80°C 80 ¢m in front of manikin's chest; 15 and 60 cm
above box floor
Heat flux from a zone 34 +1% of value 95 - -
Temperature of a zone 34 10.1°C 95 - -
Wireless temp. 3 +0.3°C 95 ~201to 70°C 80 cm behind manikin's back;
TESTO 435-2/-4 chest, head and ankle level
Wireless temp. 2 0.3 °C 95 ~20to 70 °C Outside the box on its L and R side, 1.4 m above floor
TESTO 435-2/-4
Anemometer - Value Tester, 8475 1 +1% of value 95 0.05t00.5ms ' 80 cm in front of manikin's chest;

80 cm above box floor

at a significance level of 0.05. Based on these findings, the normal
distribution of the means is assumed across all zones.

Next, groups consisting of three means representing one partic-
ular zone and one case (eg., zone 1, sitting nude manikin) were
examined exploiting the Bartlett test of homogeneity of variances.
Homogeneity of variances was rejected 54 times at a significance
level of 0.05. This means that at least one variance out of three is
significantly different. The best matches were found on the Face,
Front Forearms, Chest, Hands, Waist, Lower thighs. On the other
hand, the worst were on Back forearms, Upper thighs, Back Calves.

Finally, the One way ANOVA test was applied to test the three
means against the null hypothesis, the means are equal at a signif-
icance level of 0.05. The null hypothesis was rejected 130 times
and only six were not rejected. This means that majority of the
mean values are significantly different. This also means that fur-
ther uncertainty evaluation is necessary.

2.5. Uncertainty evaluation

Type A uncertainty evaluation is an evaluation method of
uncertainty through the statistical analysis of series of observa-
tions and is represented by a statistically estimated sample stan-
dard deviation of the mean u4(x) (6) [23]. This statement applies
only to the following cases: (a) the data origin from independent
observations under the same conditions of measurements; (b)
variable x obeys the normal probability distribution. Based on the
statistical tests, it is expected that the probability distribution
characterized by the variable x and its standard uncertainty u(x)
(6) is approximately normal (Gaussian, confidence level ca 68.3%).

1 " s :
ua(x) = [n(n 4 );(xf —x)z] (6)

us(X) type A uncertainty of variable x,

n number of independent observations, measurements,
x; value of i variable x,

X mean value of variable x.

Formula (6) is not applicable if measurements are not repeated
at least 10 times. This is due to insufficient evidence that the vari-
able x is Gaussian. However, proving the opposite, as it was done in
the subchapter 2.2, formula (6) can be used without any
corrections.

Type B uncertainty evaluation is an evaluation method by
means other than the statistical analysis of series of observations.
To express the type B uncertainty, partial uncertainties of the heat
flux, temperature of the zone, and ambient temperature were con-
sidered. Values of the uncertainties are shown in Table 1.

Uncertainties of indirect measurements were evaluated
under the condition that the data from measurements were not
correlated; to measure each physical value, a separate device was
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used. Uncertainty of indirect independent measurements is a func-
tion of each uncertainty from which the final uncertainty is calcu-
lated. If the final quantity x is a function of quantities q, b, c, . . ., the
final uncertainty u, is calculated as follows [23].

x=f(a,b,c..)) (7)

(R R

Combined standard uncertainty is calculated according to for-
mula (9).

ue =/ (ua)” + (up)? 9)

Further multiplication of standard uncertainty u(x) by coverage
factor k = 2 defines the expanded uncertainty U(x) having the level
of confidence of 95% [23].

U=ku (10)

Systematic errors stem from the selected approach, faulty lab-
oratory equipment or insufficient knowledge of laboratory atten-
dants. To start with, the radiation heat flux was eliminated by
the low emissivity coating. Therefore, the residual radiative heat
flux was non-zero and was compensated in the calculation, how-
ever, it is a source of uncertainty. Secondly, the additional layer
of the aluminum coating increased thermal resistance on the sur-
face of the manikin. However, this layer was composed of few
micrometers thin aluminum foil and water based adhesive. It
was assumed that the layer had an insignificant influence on the
measurements. Thirdly, the surface structure of the manikin was
changed due to the aluminum coating. Yet, this error was hardly
describable, and negligible influence on the convection was
assumed.

3. Results and discussion

The standard 1SO 14505-2 [21] defines a segment as the mani-
kin's portion that logically represents a part of human body (leg,
chest, etc.). Hence, the segment is composed of one or more zones.
If all zones of one segment have the same surface temperature, we
can determine the segment total heat flux. This heat flux is given
by the weighted average of each zone’s flux where the “weight”
is the surface area of the corresponding zone. The heat fluxes, cou-
pled with corresponding temperatures, provided sufficient infor-
mation to calculate h. and h,. The data were processed for each
zone (segment), except for hands (zones 11, 12). Table 2 indicates
the segmentation that was made by the authors of this paper;
however, different definitions of the segmentation exist depending
on the manikin physical construction. The pair zones are shown
only for the right-hand side in the table. Please note that the seg-
ments “thighs” and “seat” vary when sitting or standing. This is
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Table 2
Segmentation of the manikin Newton.

Segment Fojtlin (de Dear) Zones

Head Face (1), Head (2)

R Up Arm R Up Arm Fr, (3) R Arm Bk (4)

R Forearm R Forearm Fr, (7) R Forearm Bk (8)

Chest Up Chest (13), Stomach (15) Waist (17)

Back Shoulders (14), Mid Back (16), Lower Back (18)

R Thigh -Sitting
R Thigh - Standing
Seat - Sitting

(Pelvic area - de Dear)
Seat - Standing
(Pelvic area - de Dear)
R Calf

R Foot

R Lwr Thigh Fr (25), R Lwr Thigh Bk (26)

R Up Thigh Fr (19), R Lwr Thigh Fr & Bk (25, 26)
L & R Up Thigh Grd, (20, 21)

L & R Up Thigh Bk, (23, 24)

L & R Up Thigh Bk (21, 24)

R Calf Fr (29), R Calf Bk (30)
R Foot (33)

due to the rigid body construction of the manikin, zones 19, 20, 22,
23 are activated or deactivated on purpose.

3.1. Convective heat transfer coefficients

Fig. 4 shows the mean values of h. in complete overview of 34
zones, sitting and standing postures with combined uncertainty
at a significance level of 0.05. The results of this work were com-
pared with the results of two authors [1,2] in Fig. 6. Both works
were selected because of the similar methodology used to deter-
mine heat transfer coefficients. On the other hand, different mani-
kins with different segmentations were involved.

Firstly, de Dear et al. [1] and Quintela et al. [2] used in their
papers the segment “pelvic area” whereas we use the term “seat”.
Regarding very different results (he_seqr = 4.40 +0.27 Wm 2K "' for
the sitting posture that is 1.6 times higher than those of the
others), we assume a different physical constitution of these seg-
ments. Similar situation is also obvious on the manikin’s back for
sitting posture and feet. However, the anomalously high values
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of h. of the feet, and segments closest to the floor indicate forma-
tion of local turbulence in the box. Later, an insufficient overlap of
the nonwoven floor was found resulting in the actual turbulence.
This was confirmed by the homogeneity tests and type A expanded
uncertainty evaluation, where the uncertainty is notably high, up
to +4.37 Wm 2 K. Secondly, Quintela et al. [2] used the thermal
manikin Maria without hair, de Dear et al. [1] operated with the
manikin Monika with shoulder length hair, and the Newton had
short hair. The differences in the results were obvious on the head;
the highest h. was found on the standing manikin Maria (h, = 5.05 -
W m 2K "), lower values were determined with the Newton and
Monika (h. < 3.70 W m~2 K~') with the hair.

Next, Quintela et al. [2] applied a comfort control mode of the
manikin's surface temperature. Therefore, the surface temperature
of the manikin decreases with rising heat flux. However, the con-
trol model was not described in detail. The control mode of de
Dear's experiment was not explicitly stated in his paper [1], only
skin-to-air temperature gradient of 12 K was mentioned in the
Conclusions. To support the stability of the temperature regulation
during our tests, a constant surface temperature control mode of
34 °C was used. As a result, our h. values are slightly higher com-
pared to those of Quintela et al. [2].

Penultimately, it is assumed that the air entered the calibration
box from the floor and the facial side of the manikin, and left the
box through the ceiling opening. Consequently, the front parts of
the manikin had lower fluctuation of h.—lower type A uncertainty
values. On the contrary, dorsal segments values varied more. De
Dear et al. also present similar conclusions. The pair parts of the
manikins show a very good match, what proves symmetrical con-
ditions during the measurements. The maximum mismatch
between pair body parts is always less than 0.3 W m 2K . The
width of the uncertainty bars ranged up to circa 1 Wm 2K .
In the most cases (disregarding seat, back, feet and head where dif-
ferent geometry applies), combined expanded uncertainties over-
lap with values of the other authors.
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In conclusion, the sitting manikin has slightly higher h. values
than those of the standing. Particularly, limbs have a higher rate
of cooling which corresponds with their geometry and theoretical
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al. [1], Quintela et al. [2], Fojtlin combined uncertainty (95% conf.).

expectations. Convective heat transfer coefficients match
well with generally accepted wholebody values of around
37Wm 2K
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3.2. Radiative heat transfer coefficients

Values of h, for 34 zones for the standing and sitting postures
are listed in Fig. 5. Values for 14 segments are listed and compared
with two other authors in Fig. 6.

Again, the values of h, confirm theoretical expectations. The
higher the view factor of the segment is, the more heat is emitted
(e.g., face, lower thighs back). Overall, the manikin in standing pos-
ture has higher values of h, compared to the sitting one. Despite
the unlike geometries and the control mode of the manikins, the
mismatch of the mean h, results is lower than 1 W m 2 K~'. Excep-
tions are found on the head and the feet where different conditions
apply. We ascribe large values of the type A uncertainty on the
lower limbs to the air fluctuation in the floor area. Yet, again, we
assume a good match with generally accepted values ranging from
3to6Wm 2K

To sum up, we provided the evidence that the repeatability of
the measurements with the manikins is feasible even if only three
measurements take place. Next, we showed that it is necessary to
process the data statistically, even though the experiments were
carried out in fine laboratory conditions. Statistics are the only
way to reveal the confidence and accuracy of the results.

4. Conclusion

—_

. The thermal manikin Newton was involved to analyze dry heat
transfer coefficients. Two cases were examined: sitting and
standing postures. The ambient conditions were selected to
represent thermal neutral environment; the air temperature
was equal to the radiant temperature of 24 °C, and the air speed
was maintained at 0.05ms~'. The measurements were
repeated three times to express the type A uncertainty of the
results.

2. The low emissivity coating was applied to the surface of the
manikin to enable separation of the dry heat flux into the con-
vective and radiative fraction.

3. The convective heat transfer coefficients of the sitting manikin
were slightly higher than those of the standing. Opposite
applies in the case of the radiative heat transfer coefficients.
The same conclusions are also stated in the papers of other
authors [1,8,9].

4. Mean values of heat transfer coefficients are in a very good
match with other authors [1,2]. A mismatch varies between 0
and 1Wm 2K ! per segment; however, the extremes were
found on the head, feet, seat and back where different condi-
tions applied. Reproducibility of the measurements was
achieved.

5. The type A and B uncertainties of the measurements were
expressed at the 95% confidence level. Thanks to the uncer-
tainty evaluation and statistics, we were able to indicate errors
in the measurements (feet, calves). Even in the laboratory con-
ditions, heat transfer coefficients vary significantly. Statistical
data evaluation is thus essential.
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ARTICLE INFO ABSTRACT

Personal vehicles undergo rapid development in every imaginable way. However, a concept of managing a cabin
thermal environment remains unchanged for decades. The only major improvement has been an automatic
HVAC controller with one user's input — temperature. In this case, the temperature is often deceiving because of
thermally asymmetric and dynamic nature of the cabins. As a result, the effects of convection and radiation on
passengers are not captured in detail what also reduces the potential to meet thermal comfort expectations.
Advanced methodologies are available to assess the cabin environment in a fine resolution (e.g. ISO
14505:2006), but these are used mostly in laboratory conditions. The novel idea of this work is to integrate
equivalent temperature sensors into a vehicular cabin in proximity of an occupant. Spatial distribution of the
sensors is expected to provide detailed information about the local environment that can be used for
personalised, comfort driven HVAC control. The focus of the work is to compare results given by the
implemented system and a Newton type thermal manikin. Three different ambient settings were examined in
a climate chamber. Finally, the results were compared and a good match of equivalent temperatures was found.

Keywords:

Vehicular cabin
Thermal manikin
Equivalent temperature
Thermal comfort

1. Introduction

A keyword Thermal comfort typed into a scientific database yields
several hundreds of entries in which numerous methods have been
proposed to predict thermal sensation and thermal comfort. The most
relevant approaches to the subject of this work are well described in
recent overview papers (Alahmer et al., 2011; Cheng et al., 2012;
Croitoru et al., 2015; Hintea et al., 2014;). On the contrary, thermal
management of the cabins remains almost unchanged for decades.
Admittedly, CFD simulations and optimization processes resulted in an
enhanced thermal experience, but the potential of available methodol-
ogies have not been exploited to the full.

The motivation for substantial interest in thermal comfort of
passengers has several grounds. Firstly, microclimatic parameters in
vehicular cabins are specific with respect to a wide range of air
temperatures, radiant temperatures, air velocities and their spatial
asymmetry (Alahmer et al., 2012; Ruzi¢ and Casn_ji, 2012; Simion
et al., 2015). Moreover, majority of European car trips are shorter than
20 min (Cisternino, 1999) and such a short period is usually insufficient
to ensure steady environment. Secondly, inappropriate environmental
parameters account for thermal stress and negatively influence driver's
cognitive abilities (Daanen et al., 2003; Milosevié, 1997; Sheridan et al.,
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1991). Thus, a state of thermal comfort is not only important for
passengers but also for prevention of driver's fatigue in personal,
commercial and working vehicles. In addition, quality of microclimate
is often a parameter which may influence preferences of a potential
customer. Finally, the thermal management contributes to considerable
energy drains. In steady thermal conditions, this may reach about 7% of
a vehicle total energy consumption, whereas, the consumption could be
quadruped (Farrington and Rugh, 2000; Kambly and Bradley, 2014) in
peak loads. Compared to conventional automobiles, the situation is
even more challenging in electric vehicles with a limited amount of
energy stored in accumulators. As a result, new concepts of efficient
energy utilisation are investigated.

Contemporary cabins are largely managed using manual or auto-
matic HVAC systems that supply heat or cold based on passengers’ pre-
set. However, the incoming air is treated and distributed according to
one user input — temperature. Certainly, there are also system inputs
such as exterior and interior temperatures, air humidity, solar intensity,
etc. (Daly, 2006). On the other hand, such a cluster of general
information can provide only limited insight into the spatial effects of
radiation and convection on the passengers. Moreover, these two
parameters, together with clothing insulation, have a major impact
on local thermal comfort. Hence, detailed resolution of the environ-
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mental parameters should be helpful for effective HVAC control and
ventilation strategies, e.g. localized air-conditioning (Oh et al., 2014).

Higher spatial resolution of environmental parameters (air speed,
air temperature, radiant temperature, and intensity of turbulence) can
be achieved using state-of-the-art methodologies that are already
available, but mostly in laboratory conditions. One of the most
advanced devices to examine complex thermal environments is a
thermal manikin (Nilsson and Holmér, 2003; Psikuta et al., 2015;
Silva, 2002). In principle, the manikin generates artificial metabolic
heat that is measured together with its surface temperature. To allow
examining individual body parts, the surface of the manikin is usually
divided into several independent segments. This enables the most
accurate imitation and sensing of heat transfer from an artificial human
body. On the other hand, manikins are expensive and suitable for
laboratory use rather than field testing or permanent installation in the
cabin. Therefore, a set of flat (directional) or ellipsoidal (omnidirec-
tional) sensors can be used instead.

In case of measurement with the sensors, a total of six or more
points are recommended for acceptable coverage of the body surface
(Holmér et al., 1999). Next, the study concludes that each measurement
approach yields significantly different results, yet, all of the methods
can be useful for thermal comfort evaluation. Further, sensors are
usually placed on an unheated manikin (a dummy) or a human-shaped
stand (Mayer and Schwab, 1999; Silva, 2002; Zimny et al., 1999). This
configuration promises better applicability in field conditions compared
to the manikins. However, examples of measurements with the
individual flat sensors installed in proximity of an occupant have not
been found.

Nonetheless, information about heat transfer is insufficient to
describe thermal comfort and it needs to be correlated with subjective
perception of the environment. To do so, a concept of equivalent
temperature (t.,) can be exploited which has been shown to correlate
with Mean Thermal Vote (Mayer and Schwab, 1999; Nilsson, 2007;
Nilsson and Holmér, 2003).

The equivalent temperature is based on a physical phenomenon
expressing the effect of the environment on dry heat transfer from a
human body. According to the paper of Nilsson and Holmér (2003), it is
defined as follows: The equivalent temperature is the temperature of an
imaginary enclosure with the mean radiant temperature equal to the air
temperature and still air in which a person has the same heat exchange by
convection and radiation as in the actual conditions. This definition is
depicted in Fig. 1, where the thermal manikin is exposed to two unlike
environments. The situation on the left shows actual non-uniform
environment, for instance a typical car cabin. The right picture
illustrates an imaginary uniform enclosure in which the t., is equal to
the t., of the left one. However, it must be assumed that the clothing,
the posture, and the activity level are the same in both spaces.

Next, the standard 14505-2 (EN SO, 14505-2, 2006) introduces
four different definitions of the t,, according to its means of determina-
tion. As there is no method to measure the t,, directly, it can be
calculated as: (a) whole-body; (b) segmental; (c¢) directional; (d)
omnidirectional. Indeed, all definitions of the t., are principally the

uniform enclosure
t,=24°C

actual non-uniform
environment

-

L =22°C .
— t=t =t,=24°C
v, 0m/s

R+C |=| R+C

Fig. 1. Illustrated definition of the equivalent temperature, adopted from Nilsson (2004)
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same, only the surface engaged in the sensing process is different.

The t., is defined by formula (1), where t; is the temperature of a
heated surface (normally 34 + 0.1 °C). The surface temperature of
34 °C is considered as a good approximation of a mean skin temperature
close to thermal neutral conditions. Next, Q represents the total dry
heat flux density (W.m ~?) determined from the heated surface. Finally,
heq is defined as the combined heat transfer coefficient obtained from a
calibration in a standard environment.

Y
heal 1)

leg =l —

The content of this work follows the iHVAC project (Fiser et al.,
2015) in which a system of cost-effective equivalent temperature
sensors enables precise evaluation of the environment. This information
can be used, in the future, for personalised, comfort driven HVAC
control. Next, the t., was opted as it is correlated with Mean Thermal
Vote (MTV), allows assessing thermal comfort via Comfort zone
diagrams (Nilsson, 2007; Nilsson and Holmér, 2003) and the evaluation
procedure is standardised (EN [SO, 14505-2, 2006). In addition, this
approach has been recognised as a relatively new and promising
method that is suitable primarily for non-uniform indoor environments
(Cheng et al., 2012).

2. Methodology

The aim of this is study is to compare the performance of the
implemented t,, sensors system with a 34-zone Newton type thermal
manikin seated on a driver's seat. In the first step, sixteen directional t,,
sensors are distributed along main body parts (head, chest, back and
limbs) to allow spatial examination of the t., in the cabin. In total, one
HVAC setting and three ambient conditions are studied in the Brno
University of Technology climate chamber. Finally, signals from the
sensors are optimized to match the output from the thermal manikin.

As two measurement systems were engaged in the study, h., had to
be determined for each one of them. Firstly, the thermal manikin was
calibrated in the climate chamber under standardized conditions:
ambient temperature equals mean radiant temperature of 24 + 0.2 °C;
air velocity of 0.05ms™'; temperature gradient from 0.1 to 1.1 m
above floor is less than 0.4 °C. Next, the manikin was wearing light
summer clothing which consisted of cotton T-shirt, shorts, underpants,
socks and sandals, and short hair (Fig. 2). The total clothing insulation
was 0.21 Clo. Segmentation and dimensions of the manikin are
described in detail in the publication by Fojtlin et al. (2016).

Further, the 34 zones of the manikin were merged into 16 segments
that represent major human body parts (Table 1). The resulting
segmental equivalent temperature is given by the weighted average
of each zone's t,;, where the weight is the surface area of the
corresponding zone (Fojtlin et al., 2016). However, body parts in direct
contact with the seat cushion (back and seat) are excluded from the
study, thus, results from 14 segments are presented. Firstly, it is because
of the manikin rigid body construction that does not fit the seat

Fig. 2. Clothing and positioning of the manikin in the cabin.
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Table 1
Aggregation maps of the sensors, pre and post optimization.

Body part Pre-optimization map Optimized map
Scalp 16 23 34 16 23

Face 16 23 24 31 32 16 23 31
Chest 11 16 23 31 32 33 11 23 33
Arm Upper Left 31 33 23 31 33
Arm Upper Right 14 16 32 14 16 32
Forearm Left 31 33 22 31 33
Forearm Right 14 32 14 22 32
Hand Left 11 31 11 31

Hand Right 11 32 11 32

Thigh Left 15 22 33 22 33

Thigh Right 13 14 15 11 14

Calf Left 15 21 22 21 22

Calf Right 13 15 22 21 22

Feet 12 21 12 21 22

perfectly. Secondly, the weight of the manikin is lower compared to a
real person. This influences deformation and insulation properties of
the seat cushion. Consequently, the heat fluxes from the manikin and
the sensors are not representative and so are the equivalent tempera-
tures. Finally, the h., values were defined for a free air boundary
condition, not for contact with another solid body.

The calibration of the custom made t,, sensors, developed by
Department of Radio Electronics?, was carried out under the same
conditions as for the manikin.

The thermal manikin is suitable to determine the segmental or the
whole-body t.,, whereas, this work proposes exploitation of the
directional t,, using the equivalent temperature sensors with the flat
heated surface (Fig. 3). To enable comparing these two systems, the
directional t., values had to be allocated to the corresponding body
parts (Table 1). Signals from the sensors were scaled to match the
segmental equivalent temperatures determined by the thermal manikin.
In the first run, the allocation and scaling were based on an estimate. In
the second run, Generalized Reduced Gradient (GRG) algorithm with a
variable step was applied to find the optimal scaling of the sensors. In
addition, this approach has been shown as helpful to identify redundant
signals from the sensors.

2.1. Construction of the equivalent temperature sensors

The custom made t,, sensor consists of two circuit boards (Fig. 3,
centre). The upper board is the actual equivalent temperature sensor
heated by resistors. Its surface is encapsulated by a heat conducting
composite to enable better heat distribution across the surface. The
lower circuit board is embedded in the plastic body of the sensor. This
board controls the upper board and sends signals to a central data
concentrator. To avoid transferring heat from the electronics to the
sensor board, the boards are separated by a thermal insulation. Such
separation is crucial not to influence the sensor by parasitic heat flux
during measurements.

The system was developed as a compact and modular solution
where new sensors can be easily added or removed from a commu-
nication network. Apart from the boxed version of the sensor, there was
also a need for a construction that would allow implementing the
sensing circuit board onto the seat surface and into the HVAC vents
(Fig. 3, right). Placing the sensors inside the vents guarantees quick
response to the change of HVAC settings. For this reason, four sensors

&

Heated surface: 49 mm’

Height: 10 mm

Sensor circuit board
Thermal insulation
Square platform: 20 x 20 mm Control circuit board
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(31, 32, 35, 36) were modified and the sensor circuit board was
extended from the sensor body by a wire. On the other hand, the control
circuit board should be as close as possible to the heating element. It is
because of an extension wires resistance that negatively influences
precision of the heat flux measurement.

The measurement system was designed to be used in three basic
working modes: (a) constant surface temperature; (b) constant heat
flux; (c) passive thermometer. The presented work provides results from
a constant surface temperature mode set to 34°C. Sensors were
calibrated against the nude manikin with the same setup. Further,
design of the sensors allows thermal loads up to 1000 W m™~? while
maintaining the sensor surface temperature at 60 + 0.1 °C.

2.2. Measurement procedure

Firstly, the sensors were installed and their placement was opted to
copy position of the major body parts. The spatial distribution of the 16
sensors in the cabin is shown in Fig. 4. In addition, the positioning was
made with respect to possible permanent integration of the same type of
sensors into the interior surfaces. The allocation of the sensors to the
body parts is proposed in Table 1. The table shows the maximalist
layout of the system and the optimized layout with regards to the
number of the sensors.

Secondly, the Newton type manikin was seated on the driver seat in
the mid-size experimental vehicle. The tests took part in the climate
chamber by three ambient conditions: (a) Cold case, 10 °C; (b) Neutral
case, 20 °C; (c) Hot case, 25 °C with a solar simulator set to 700 W m ™2
and 70° above horizon facing the left side of the car. The cabin
environment was managed by the HVAC unit pre-set to regime
Automatic 22°.

Prior to the measurements, the car was preconditioned to reach
ambient conditions with the running manikin on board. Next, the
vehicle was started and the HVAC system was switched on. Data from
the sensors and the manikin were recorded for one hour. Only
stationary conditions were examined that were reached after approxi-
mately 40 min. Data from the last 5 min of the measurements are
presented in this study. Transient cases are subject to the further
research. Finally, the equivalent temperatures from the sensors and the
manikin were determined for each body part.

3. Results and discussion

The results are summarised in Fig. 5, where there are shown
differences between equivalent temperatures determined by the man-
ikin and the on-board system. This study reveals behaviour of the
system valid for the stationary conditions in the climate chamber
obtained from single measurement. The repeatability and reproduci-
bility of measurements with the Newton type manikin was shown in
work by Fojtlin et al. (2016).

It is widely believed that a thermal manikin is the best tools to
emulate thermal behaviour of a human with respect to radiative and
convective heat losses. For this reason, it was opted as a benchmark for
the testing. Nevertheless, from the perspective of heat transfer, the
manikin behaves rather differently than the sensor. Firstly, the manikin,
as well as a human, generates a thermal plume around its body.
Resulting t.,, determined by the sensor in the proximity of the manikin
or the human, is thus affected by the plume. According to the study
with Dressman and Newton type manikins (FiSer et al., 2014), t,

Fig. 3. Dimensions of the equivalent temperature sensor (left); insight into the sensor electronics (centre); application of the wired sensor into a HVAC vent (right).
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Orientation D
Windshield 34
B-column 23
Head rest 16
Arm L 33
Door panel 22
Seat edge 15

Seat cushion 35
Back rest 36
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Orientation D
Windshield 24
Windshield 11
In the L vent 31
In the R vent 32

Footwell L 21
Footwell R 12
Calf R 13
Thigh R 14

Fig. 4. A spatial distribution of the equivalent temperature sensors in the cabin.

determined by the sensors should be corrected to match the one
determined by the manikin, however, this applies only to air velocities
up to 0.5ms~ ' Car cabins are typically supplied by large airflows
(Fojtlin et al., 2015), so the air velocity is usually sufficient to mitigate
effects of the plume and the correction is not necessary. Moreover, the
sensors 11, 13, 14, 15, 22 are not influenced by the plume because of
their placement in the cabin and at the same time they are not directly
influenced by the airflow from the HVAC vents. Secondly, the human-
like geometry of the manikin's surface has, naturally, a greater ability to
realistically respond to the effects of convection and radiation, while,
the sensors respond rather to spot changes. Therefore, it was vital to
find representative placement of the sensors in the cabin.

Next, Fig. 5 shows that the first estimate of the sensor aggregation
map (Table 1) yields results that differ from the manikin significantly.
The greatest differences were found on the chest and limbs under all
environmental conditions with extremes on the Chest and Right thigh of
4 K (Hot case). On the other hand, the smallest differences between the
manikin and the system were found under thermal neutral conditions
(Chamber 20 °C, no solar radiation). This was expected because of
thermally symmetric ambient conditions, where the air temperature is
close to the mean radiant temperature.

In the next step, the GRG optimization with a variable optimization
step algorithm was applied to find the best solution for the scale

5.00

coefficients under all ambient cases. In other words, it should find a
universal solution to minimize differences between the t,, obtained
from the manikin and the on-board system.

Further, according to the thermal comfort evaluation via the
comfort zones diagram, the width of the comfort zones varies depend-
ing on the selected clothing and the body-part sensitivity. Naturally, the
bare parts have the narrowest comfort zones, except for hands that
tolerate heat and cold well. Therefore, the correct comfort evaluation
depends on precise determination of the corresponding t.,. The target
value for the t,, differences was opted + 1 K. On the other hand, the
focus of the further research comprises testing of the system perfor-
mance against a pool of volunteers in a real driving environment.

The optimization was found successful under cold conditions apart
from the L (+2.33K) and R (+1.57 K) calf. In the case of the Neutral
conditions, the greatest differences were found on L (—1.40 K) and R
(—2.28K) thigh. Other body-parts were successfully optimized to
desired differences. The optimization of the Hot case showed the best
results having all the t,, differences smaller than the target value + 1 K.

The results from the optimization indicated that the optimal scale
coefficients of the sensors 13, 15, 24, 34 were zero. This also means that
the signals from these were redundant. At the same time, sensors 11, 22,
23 were allocated to the aggregation map to reduce peaks in the results
of the optimization on the Left arm and the Right thigh (Table 1).
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Fig. 5. Comparison of the cases: A — Chamber 10 °C; B — Chamber 20 °C; C — Chamber 25 °C, 700 Wm ~ 2, pre and post optimization.
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Generally, the most problematic parts to capture are the limbs. The
main reason for this is their cylindrical shape and complicated
positioning in the cabin. Therefore, the flat surface of the sensors
struggles to follow the results from the manikin under variety of the
environmental scenarios.

Finally, it should be noted that the Hot case was carried out with the
solar simulator. It is of further investigation if the selected sensor
surface temperature (34 °C) is suitable for a real cabin use. The interior
temperatures in the car cabins can easily reach temperatures over 34 °C
when exposed to direct sunlight. Under such solar loads, it is highly
likely that the sensor surface temperature exceeds its prescribed value
and it becomes “blind”. Therefore, for exposed sensors it might be useful
to set a higher surface temperature. Another solution, proposed by the
author of the method, H.O. Nilsson (Nilsson, 2004), is to switch the
overheated sensor to the passive thermometer mode (pages 58-61 and
Appendix D).

4. Conclusions

Presented study shows pilot results from the experiments carried out
in the climate chamber using the experimental vehicle, the thermal
manikin and the on-board system comprising 16 equivalent tempera-
ture sensors. The on-board system was designed as a cost effective
modular solution available for permanent installation in the cabin. The
study shows that the sensors are capable of detailed spatial evaluation
of the equivalent temperature.

Additionally, the system outputs are aimed to be used, in the future,
for comfort driven control actions of the cabin HVAC system. To do so,
a comfort zone diagram that correlates the t,, with the MTV (Mean
Thermal Vote) or other suitable approach can be exploited. Compared
to the contemporary HVAC management, this should result in perso-
nalised thermal comfort experience. Moreover, precise application of
heat and cold is also believed to help reduce energy consumption of the
HVAC system.

Next, the contact parts of the manikin body were excluded from the
evaluation as proper h.y values must be determined first. Secondly, it
was found that in the thermally neutral environment the proposed
system of sensors yields the equivalent temperatures almost identical as
the manikin. The greatest differences were found under the cold and
hot conditions. Thirdly, the system was optimized using the GRG
algorithm to minimize differences between the manikin and the on-
board system. This was achieved under all environmental conditions
apart from the calves in the cold and the thighs in the neutral conditions
(difference + 2 K). Moreover, the optimization helped to identify four
redundant sensors that were excluded from the study.

Penultimately, the system might be vulnerable to malfunction in the
extremely hot environment, when the surface temperature exceeds
34 °C. This could be solved by switching the sensors to the passive
thermometer mode. However, from the perspective of thermal comfort,
equivalent temperatures over 34 °C always result in discomfort of an
occupant, as there is no way of body cooling apart from evaporation by
heavy sweating.

Finally, further experiments are aimed to evaluate the thermal
comfort using the comfort zone diagram and the mean thermal vote.
The real performance of the system will be tested based on the
comparison of the comfort votes and the online evaluation from the
on-board system.
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