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CHAPTER 1: General introduction 

 

1.1 Human thermal comfort 

According to American society of heating, refrigerating and air-conditioning engineers (ASHRAE) 

Standard [1], thermal comfort is defined as the condition of mind which expresses satisfaction with the 

adjacent thermal environment. This definition highlights the fact that comfort is not only determined by 

measurable environmental variables. Instead, it also relies immensely on how individuals perceive and 

interpret these conditions by their physiological and psychological responses [2]. These perceptions are 

shaped by a complex interaction of both physiological and psychological factors.  

In evaluating thermal comfort, several quantifiable environmental parameters such as air temperature (ta), 

relative humidity (RH), air velocity (va), and mean radiant temperature (tr) are typically considered. ta 

influence the sensation of warmth or coolness, RH affects the evaporation of sweat and the perception of 

moisture in the air, va is the reason behind heat loss through convection and evaporation process and tr 

signifies the mean temperature of surrounding surfaces that can emit or absorb radiant heat. While these 

environmental variables provide an objective outline for assessing the thermal environment, though it is 

not sufficient enough to determine whether an individual feels thermally comfortable or not. Beyond 

these quantifiable factors, thermal comfort is profoundly molded by individual factors such as metabolism, 

clothing insulation, individual differences, acclimatization and behavioral adaptations. 

Therefore, thermal comfort is most precisely understood as a dynamic interaction between the external 

physical environment and the internal subjective responses of individuals. It is a combination between 

objective conditions and subjective perception. Subsequently, thermal comfort can be defined by a 

multidimensional phenomenon requiring both environmental control and user-centered design strategies 

to ensure individual comfort [3]. 

 

1.2 Influence of the thermal comfort 

In contemporary society, a large number of people spend more than one third of their day in office 

environments as part of their standard work routines. Given this context an extended exposure, the 

thermal environments of these indoor spaces play a vital role in shaping individuals’ physical comfort, 

mental well-being, and overall work efficiency [4, 5]. Indoor climate is a crucial determinant of the 

occupants’ overall comfort experience and their levels of satisfaction [6].  

Moreover, it is remarkable that various aspects of cognitive performance such as attention, problem-

solving ability, and decision-making are closely interlinked to the thermal environment. It influences not 

only comfort feelings, but they also influence how effectively they can perform their tasks throughout the 

day. When indoor condition is not suitable, individuals may experience discomfort, fatigue, or loss of 

focus, what can negatively affect overall productivity and intensity [7]. In contrast, when indoor thermal 

conditions are optimized to meet human comfort standards, it can raise alertness, efficiency, and 
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improved outcomes. A thermally comfortable space not only supports physical ease but also enhances 

mental engagement, leading to better overall performance outcomes and increased individual satisfaction. 

 

1.3 Factors associated with thermal comfort 

Well-designed indoor environments that carefully consider key thermal comfort parameters such as ta, 

RH, va and tr can extensively enhance inhabitants’ overall satisfaction, health, and well-being [8]. By 

retaining a balanced and stable thermal environment, these spaces can reduce discomfort level, prevent 

thermal stress, and uphold both psychological and physiological comfort [9]. Such balanced thermal 

environment not only improves the immediate experience of the space, but it also contributes to long-term 

advantages in terms of productivity, awareness, and engagement [10]. In addition to environmental 

conditions, personal factors such as metabolic rate (M) and clothing insulation (Icl) play a crucial role in 

shaping an individual’s thermal experience [3, 11]. In the well-known heat balance equation, both 

environmental and personal factors are taken into account to assess individual’s thermal state [1]. These 

variables collectively determine the heat exchange between the environment and the human body, 

eventually influencing thermal comfort and physiological responses. 

To address this issue, as maintaining indoor thermal conditions within a neutral range, many modern 

indoor spaces rely on centralized heating, ventilation, and air conditioning (HVAC) systems. The aim is to 

achieve a thermal balance where most of the occupants experience a neutral thermal sensation, neither too 

warm nor too cold. By achieving this thermal balance, HVAC systems aim to create an environment 

where most individuals experience thermal neutrality. Beyond physical comfort, maintaining optimal 

thermal conditions also upholds enhanced cognitive function, concentration, and overall productivity [12]. 

This ensures thermal regulation is a crucial component in the design and operation of indoor spaces. 

 

1.4 Challenges in assessing thermal comfort 

Thermal sensation represents an individual's perception of thermal comfort, and it is not a static 

parameter rather than inherently dynamic. It can vary by the course of time based on various physical or 

cognitive activities with the activity pattern and duration [13]. For instance, during or after physical 

activities, M increases and it causes raise body temperature [14]. This phenomenon changes the thermal 

sensation to a warmer direction. Conversely, sedentary activities or resting condition can reduce body 

heat generation [15], potentially can lead to a cooler thermal sensation. Icl is another significant factor that 

directly influences the heat distribution between the human body and its surrounding environment. Due to 

its thermal resistance properties, clothing significantly affects the body's ability to retain or dissipate heat, 

thereby performing a critical role in determining individual's thermal comfort [16].  

Even when individual's physical activity level and pattern remain persistent, adaptation to the thermal 

environments can significantly modulate their thermal sensation [17]. Additionally, seasonal variation can 

have an adaptive impact on thermal sensation [18]. People can gradually adjust to different thermal 
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environments as the seasons change. Individuals may become more tolerant to heat during summer while 

in winter, they can be more comfortable in cooler conditions. It should be noted that thermal sensation is 

inherently dynamic because of adaptation and altered activities [19-21].  

Furthermore, considering the above-mentioned issues, to ensure comfort for all it is essential to assess 

the thermal sensation in real-time.  Real-time assessment provides continuous feedback on individuals’ 

thermal perceptions, and it can serve as a fundamental parameter for making necessary adjustment to the 

thermal environment in order to achieve thermal comfort for all. This dynamic approach can enable the 

maintenance of an optimal comfort environment across diverse user preferences as well as changing 

environmental factors. 

Another important factor that influences thermal sensation is individual differences. It is essential to 

acknowledge that different individuals can perceive the same thermal environment in different ways [22, 

23]. Even under identical environmental conditions, people may perceive varying levels of comfort or 

discomfort. This deviation arises not only from environmental factors but also influenced by individual 

characteristics that impact thermal perception. As a result, a standardized thermal setting may not 

effectively meet the comfort needs of all occupants. This phenomenon is largely because of individual 

differences such as morphological factors like body height, weight, and body mass index (BMI) and also 

demographic aspects like age and gender. Despite the common variables, “cold constitution” is another 

aspect, where individuals associated with cold constitution tends to feel colder comparing with other 

individuals [24]. 

Therefore, addressing thermal adaptations, individual differences and real-time thermal assessment is 

essential for accurately evaluating thermal comfort. 

 

1.5 Research objectives 

Taking these aspects into account, the research was structured around three fundamental studies. The 

first one is to figure out a simplistic and more accurate approach to assess thermal sensation by predicted 

mean vote (PMV) model, what can be applicable in real-time. The second one is to understand the 

importance of addressing individual differences in thermal assessment while designing a comfortable 

environment for all. And the third one is to address the physiological responses in different climatic 

conditions and develop a model to predict real-time thermal sensation based on physiological responses. 

In the first study PMV model was used because it is widely renowned mathematical model which 

considers environmental factors (ta, RH, va and tr) with individual factors (M and Icl) to assess thermal 

sensation [8, 11]. The model’s outputs are also comparable with actual Thermal sensation votes (TSV), to 

validate its prediction accuracy. In addition, in this study M was examined as a key parameter 

representing the body's internal heat generation. Icl was investigated as an indicator of behavioral 

thermoregulation in response to environmental conditions. In the second and the third study, skin 

temperature (tsk) were analyzed as a physiological response to the thermal environment which can be 
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predicted by infrared camera as a non-invasive tool. It was observed that peripheral skin temperature 

highly influence thermal sensation and thermal comfort [25]. The skin surface functions as a sensory 

interface with the thermal environment, transmitting signals related to warmth or coldness to the central 

nervous system for thermoregulatory processing. In response to these sensations, human body regulates 

heat dissipation or heat retention through mechanisms like vasodilation and vasoconstriction, which 

modulate blood flow to the skin [26] and it effect tsk. In hot conditions, increased blood flow at distal 

body parts elevates tsk to facilitate heat dissipation, whereas in cold conditions, reduced blood flow causes 

lower tsk, to conserve body heat. Normally tsk at the distal parts changes more frequently due to 

environmental changes, while proximal parts tsk remain mostly remain unchanged for less 

vasoconstriction. Several studies reported that, the proximal to distal skin temperature gradient remains a 

valid indicator of vasoconstriction [27] and it have strong correlation with skin blood flow [28, 29]. 

Considering the abovementioned physiological thermoregulation, temperature differences between 

proximal and distal body parts (Δtproximal - distal) were also analyzed as a parameter of physiological 

response to the thermal environment. 

 

The studies can be highlighted as: 

 

Study 1: Investigating real-time thermal sensation prediction, using predicted mean vote (PMV). 

The aim of this study was to figure out a real-time thermal sensation assessment technique. This study 

explores the potentiality of improving PMV accuracy by integrating individual factors via IRT as a non-

intrusive tool. The following hypotheses were formulated: 

a) The use of standardized uniform values for individual factors such as M and Icl can produce 

significant error in the prediction of PMV while compared to TSV responses. 

b) Individualized assessment of M and Icl can significantly enhance the accuracy of PMV predictions in 

relation to TSV. 

c) IRT can serve as a reliable, non-intrusive tool for precise prediction of PMV, thereby this PMV can 

make better correlation with actual TSV. 

In this study infrared thermography (IRT) was used as a nonintrusive tool to predict tsk and clothing 

temperature (tcl) to calculate PMV. Additionally, several methods were used to calculate M. Finally 

different PMV predictions were compared with TSV to figure out the appropriate and reliable real-time 

thermal sensation prediction. 

 

Study 2: Predicting individual variability in thermal sensations, predicted mean vote (PMV) and 

predicted percentage of dissatisfied (PPD) and local skin (tsk) temperature differences. 

The aim of this study was to investigate individual differences in morphological characteristics, thermal 

perceptions and thermoregulatory responses by examining local tsk variations. The differences were 
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analyzed across BMI differences, gender variances, and association of cold constitution, in order to 

understand how the factors influence thermal sensations and physiological responses. The following 

hypotheses were established in this study: 

a) There are significant relationships among BMI, gender and cold constitution according to thermal 

perceptions and demographical characteristics. 

b) There are significant differences in thermal perceptions across groups differentiated by BMI 

categories, gender and association with cold constitution. 

c) Personal factors like M and Icl are associated with TSV, also vary significantly with BMI, gender and 

cold constitution. 

d) Physiological responses such as local tsk and temperature gradient Δtproximal - distal differ significantly 

among groups based on BMI, gender and cold constitution, and are significantly associated with 

corresponding TSV responses. 

  

Study 3: Assessing physiological responses to develop a real-time thermal sensation prediction model. 

The aim of this study was to figure out the physiological responses in wide range of climatic conditions 

and their association with the thermal sensation. In this study a new predicting model to predict thermal 

sensation was developed based on physiological responses. This study was guided by the following 

hypotheses: 

a) There are significant relationships between physiological responses with different environmental 

conditions.  

b) Physiological responses and environmental conditions are significantly associated with TSV. 

c) Physiological responses, such as local tsk and the temperature gradient Δtproximal - distal can reliably 

predict TSV independently. 

 

1.6 Significance of this research 

In today’s world, thermal comfort is highly significant to perform daily activities effectively. Particularly 

in indoor environments such as classrooms and offices which demand persistent concentration, awareness, 

and mental focus. Therefore, confirming a thermally comfortable environment is fundamental not only for 

productivity but also for overall well-being. 

A major challenge in such kind of indoor settings is that occupants in that conditions typically have 

limited ability to modify their thermal surroundings. Unlike in more flexible environments, persons in 

classrooms or offices cannot always adjust their clothing, open or close windows, control shading devices, 

or liberally manipulate heating or cooling apparatus. While consolidated HVAC systems provide in that 

spaces can only ensure a general thermally comfort environment, however they often fail to address the 

diverse comfort demands of all inhabitants. Moreover, it was observed that maintaining uniform thermal 

settings for everyone can also lead to excessive and unnecessary energy consumption. 
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To address this issue, it is important to develop real-time thermal sensation assessment models that can 

consider individual differences such as morphological characteristics, gender, and activity intensity. This 

approach supports the use of personalized thermal comfort systems (e.g., local heating or cooling devices) 

that allow occupants to fine-tune their immediate thermal environment without altering the centralized 

HVAC settings. As a result, energy usage can be optimized centrally, and it can enhance individual 

comfort and assist elevated cognitive performance and well-being. 

This study aims to contribute to the creation of more adaptive and user-friendly activity-based working 

(ABW) environments by offering insights into real-time thermal sensation assessment techniques with 

individual diversities. The outcomes will help the improvement of adjusting inclusive indoor thermal 

environments that recognize individual difference and promote thermal comfort, satisfactory well-being, 

and higher efficiency for all occupants. 

 

1.7 Organization of the dissertation 

The structure of this dissertation is outlined as follows: 

 

Chapter 1: General introduction 

This chapter introduces the fundamental aspects of the research work, outlining the background, 

identifying research questions and existing challenges, defining the research objectives and hypotheses 

that underpin the study. 

 

Chapter 2: Literature review 

This chapter presents a comprehensive review of the literature related to thermal comfort and thermal 

sensation. It covers human bodies thermoregulation process, approaches to evaluate thermal comfort and 

sensation, thermal comfort assessment models, discussion on current advancements in thermal comfort 

assessment and highlights the role of individual differences in influencing thermal perception. 

 

Chapter 3: Investigating real-time thermal sensation prediction, using predicted mean vote (PMV) 

(Study 1) 

Drawing on the first empirical study, this chapter focuses on PMV model, for real-time thermal sensation 

assessment. It evaluates the accuracy and practicality of various techniques, with particular attention to 

the integration of infrared thermography. 

 

Chapter 4: Predicting individual variability in thermal sensations, predicted mean vote (PMV) and 

predicted percentage of dissatisfied (PPD) and local skin (tsk) temperature differences (Study 2) 

This chapter investigates the impact of physical, physiological and behavioural differences on thermal 

sensation. It also explores the interrelationships among these individual characteristics and their influence 
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on thermal comfort responses. 

 

Chapter 5: Assessing physiological responses to develop a real-time thermal sensation prediction 

model (Study 3) 

This chapter investigates the physiological responses in different climatic conditions and their 

association with thermal sensations. It also proposes a model to assess thermal sensation in real time 

based on physiological responses. 

 

Chapter 6: Summary and future perspective 

The final chapter summarizes the key findings of the research, discusses the implications in practical 

scenarios, and outlines potential directions for future research in the domain of personalized thermal 

comfort assessment. 
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CHAPTER 2: Literature review 

 

2.1 Thermal environment 

Thermal environment encompasses a range of various environmental factors, including ta, RH, tr and va. 

As Parsons [13] explains, challenge for every person is to effectively interact with his or her local 

environmental factors to achieve thermal comfort. Human body responds to these environmental variables 

in a dynamic interactive way, what can lead to discomfort if the response is inappropriate. Environmental 

factors such as ta, RH, tr and va determine whether a person feels hot, cold, or thermally comfortable. 

Among them, perhaps ta is the most immediate and noticeable environmental factor. It refers to the 

temperature of the air, surrounding the body, which affects the exchange of heat between the body and the 

environment. It also influences thermal sensation and thermal comfort by governing the convective heat 

exchange between the skin and the air. When the air temperature is lower than the skin temperature, the 

body loses heat, when it is warmer, the body gains heat. This balance plays a significant role in the 

sensation of warmness or coolness, making air temperature a fundamental factor in determining thermal 

comfort. 

RH, indicates the amount of water vapor present in the air relative to its capacity at a given temperature. 

It affects the body’s ability to regulate heat through evaporative heat loss, in the form of sweating. When 

the humidity is high, or sweating is less, evaporative heat loss from the skin is limited. Conversely, low 

humidity can lead to excessive evaporation, causing dry skin and discomfort. Therefore, maintaining a 

satisfactory level of humidity is essential, particularly in hot and humid or cold and dry climates. 

tr refers to the average temperature of all surrounding surfaces. It significantly influences radiative heat 

exchange between the body and the environment. Even when the ta is within a comfortable range, a hot 

surface can cause overheating, or a cold surface can cause the body to lose heat through radiation. tr is 

essential to control in order to prevent unwanted heat gain or heat loss. 

va represents the air movement around the body. It plays a significant role by influencing both 

convective and evaporative heat loss. In warm conditions, higher air movement enhances heat loss from 

the skin and improves sweat evaporation. In contrast, in cold conditions, higher air velocity can accelerate 

heat loss, which often creates discomfort. Thus, air velocity effect on thermal comfort significantly. 

 Combined with the metabolic heat production by human activity and clothing worn by a person, these 

four environmental factors form the six fundamental factors that define human thermal environments [8, 

11, 13]. 

 

2.2 Thermal sensation and thermal comfort 

Thermal sensation and thermal comfort are fundamental aspects of human responses to thermal stimuli, 

each reflecting interconnected dimensions of how individuals perceive and evaluate their thermal 

environment. According to Nakamura et al. [30], these responses are prompted from the adjoining thermal 
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environment by specific thermal inputs that are processed through sensory pathways, leading to conscious 

awareness of comfort or discomfort. While, thermal comfort echoes a more integrative and evaluative 

process, thermal sensation is a more immediate and instantaneous response to the thermal stimuli. 

Thermal sensation refers to the immediate and conscious perception of environmental condition, such as 

feeling hot, warm, neutral, cool, or cold. Berglund [31] and Gagge [32] emphasized that the thermal 

sensation is derived from a complex integration of sensory signals. These include direct thermal and 

moisture sensations through the skin surface, the internal temperature of the core body, and the 

physiological effort required to regulate the body heat through autonomic thermoregulation such as 

sweating in hot condition, shivering in cold condition and vasomotor response controlling skin blood flow 

in thermoneutral condition. Essentially, the human mind constantly assesses these sensory inputs to 

determine whether the body is in thermal equilibrium or requires thermoregulatory action to balance with 

the environment. De Dear and Brager [2] highlighted that perception plays a crucial role in determining 

thermal comfort status or levels. Two individuals exposed to the same identical thermal conditions may 

testify different comfort levels due to their physiological and psychological adaptation, expectations, 

activity level, or cultural factors. 

 Thermal comfort refers a subjective state in which an individual feels that the surrounding thermal 

environment is satisfactory or acceptable. Parsons [13] defined comfort as a desirable human condition 

and a comfortable environment where people would require no change. As defined by ASHRAE [1], this 

perception is not determined solely by the physical environment but is influenced by an sophisticated 

interaction of human’s physical, physiological, psychological, and behavioural characteristics. For 

instance, factors such as ta, tr, va, and RH, interact with personal factors including M, Icl, and adaptations 

to shape individual’s overall comfort understanding. 

In addition to thermal sensation and thermal comfort, researchers also employ parameters such as 

thermal preference (TP) and thermal dissatisfaction level (DL) to evaluate an individual's thermal 

experience more comprehensively. TP refers to a person’s desire for a warmer, cooler, or unchanged 

environment, while DL estimates how far the current thermal conditions are from a person’s ideal 

thermoneutral state. These parameters are included in guidelines in international standards such as ISO 

28802 [33] and typically assessed through subjective surveys or interviews. 

Furthermore, individual differences also play a significant role in thermal perceptions. Morphological 

characteristics such as age, gender, body size, body mass, fat, muscle mass, clothing insulation, and 

physical activity level can significantly influence personal experiences of thermal sensation, thermal 

comfort and preference under the same environmental condition [34].  

To understand thermal sensation, thermal comfort and other thermal experiences requires a holistic 

approach that incorporates environmental conditions, morphological character, physiological responses, 

psychological awareness and individual variability. This comprehensive evaluation is fundamental for 

fabricating thermally comfortable indoor environments, especially in workplaces and public facilities. 
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2.3 Human thermoregulation  

While thermal sensation and thermal comfort reflects how the body perceives its thermal environment, 

then thermoregulation refers to the physiological processes that maintain the body’s core temperature 

stable, despite external environmental change. Thermal sensation, thermal comfort and thermoregulation 

are deeply interlinked, as comfort perception often arises from the body’s effort to regulate temperature, 

while thermal sensation evokes the thermoregulation. 

Human thermoregulation is the physiological process that maintains the core body temperature within a 

narrow, optimal range (36.5~37.5°C) [13], despite changes in environmental conditions. Fig. 2.1 shows a 

conceptual distribution of body temperature in cold and hot environment, where core body temperature is 

always maintained at same level, whereas distal body parts are more influenced by the surrounding 

environment and tend to become cooler in cold conditions. 

 

Cold                                        Hot 

Fig. 2.1. Distribution of body temperature in cold and hot environment 

 

This precise regulation is vital because internal body functions depend on stable internal temperatures to 

operate efficiently. This thermoregulation is a combination of mechanisms that detect environmental 

changes and initiate appropriate responses to either conserve or dissipate heat. Internal heat production 

which is known as metabolic heat production also plays an integral part of the thermoregulatory system. 

As the body performs various activities such as resting or exercising, body produce energy, and a 

significant portion of this energy is released as heat. This heat raises the core body temperature, and 

thermoregulation mechanisms respond to maintain a stable core body temperature. Fig. 2.2 shows the 

balance of heat production and heat loss to maintain the core body temperature. 
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Fig. 2.2. Balance of heat production and heat loss to maintain the core body temperature. 

 

When the condition is thermoneutral, body temperature is controlled by adjusting heat loss through 

changes in blood flow, which effect skin temperature. Scholars reported that skin temperature varies 

significantly in response to changes in environmental factors [35], and it shows a strong correlation with 

thermal sensation and thermal comfort [36, 37]. Fig. 2.3 shows relationship between thermoregulatory 

responses to the ambient temperature. In thermoneutral zone (TNZ), body regulates heat loss through 

mechanisms like vasodilation and vasoconstriction, which modulate blood flow to the skin surface to 

manage heat retention or loss [26]. In TNZ, the environmental temperature range allows the resting 

metabolic rate to remain at its minimum. The lower and upper limits of thermoneutral zone, the 

temperature are known as metabolic regulatory zone (below lower critical temperature threshold)  and 

sudomotor  regulatory zone (above upper critical temperature threshold) [38]. TNZ differs according to 

insulation, posture and basal metabolic rate [39].   

 

Fig. 2.3. Relationship between thermoregulatory responses to the ambient temperature. (Modified from 

Taylor et al., 2008 [40]) 
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In human thermoregulation, blood flow is a fundamental element, playing a critical role in maintaining 

core temperature by facilitating heat exchange between the body’s core and the environment. Beyond 

meeting the metabolic demands of cutaneous tissues, blood flow also helps to regulate heat transfer from 

the body’s core to the periphery. Under resting conditions in TNZ, skin blood flow averages 

approximately 350 mL/min, accounting for about 5–10% of the cardiac output (volume of total blood 

circulation in a minute). Because blood has a high volume-specific heat capacity (3.85 kJ/L·°C) and a 

typical 4°C temperature gradient exists between the body core and skin in thermoneutral conditions, 

metabolic heat is continuously transported to the skin for dissipation [40]. Indeed, during rest within the 

thermoneutral zone, core body thermal homeostasis can be maintained solely through adjustments in skin 

blood flow. 

Changes in skin blood flow are the body’s first act in thermoregulation, particularly in conserving heat. 

Exposure to cold triggers cutaneous vasoconstriction (narrowing of vessels), reducing blood flow to the 

skin and subsequently lowering skin temperature. This action decreases the temperature gradient between 

the skin and the environment, thereby reducing heat loss. In hot conditions, changes in skin blood flow 

are the body’s first response to promote heat loss. Heat exposure triggers cutaneous vasodilation 

(widening of vessels), increasing blood flow to the skin and raising skin temperature. This widens the 

temperature gradient between the skin and the environment, allowing more heat to escape.  

In acral (non-hairy, ventral) skin regions including the nose, ears, lips, palms, and soles, blood flow is 

modulated primarily through adrenergic vasoconstrictor fibers. Under thermoneutral conditions, 

sympathetic constrictor tone is strong, resulting in very low blood flow to these areas. Upon body cooling, 

vasoconstriction in these regions becomes nearly maximal, while heating reduces sympathetic tone, 

leading to passive vasodilation [41] and an increase in blood flow. 

In non-acral (hairy, dorsal) skin areas are regulated by two sympathetic pathways: an adrenergic 

vasoconstrictor system and a separate active vasodilator system. While the vasoconstrictor pathway is 

present throughout the skin, 80–90% of the increase in skin blood flow during heat stress is mediated by 

active vasodilation [40]. 

Cutaneous vascular system regulates the blood vessel diameter, to manage blood flow and heat 

dissipation. It is controlled by the vasomotor centre, which sends sympathetic signals to vascular smooth 

muscle for vasoconstriction or vasodilation based on environmental condition. Vasoconstriction is 

triggered by sympathetic stimulation and helps conserve heat by reducing skin blood flow. Vasodilation 

occurs through reduced sympathetic vasoconstrictor activity for enhancing skin blood flow to release heat 

[42]. 

 Anatomically, the cutaneous vascular system consists of two key components capillaries and 

arteriovenous anastomoses (AVAs). Fig. 2.4 shows a schematic drawing of cutaneous vascular system at 

finger area. Compared to ordinal capillaries, AVAs allow a significantly greater volume of blood flow and 

play a more prominent role in thermoregulation. AVAs is typically located acral skin at distal body parts 
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such as finger, toe and nose. AVAs have greater sensitivity to the sympathetic nervous system [43] and 

have direct connections between small arteries and veins, bypassing the capillary bed [44]. The length of 

AVAs is typically from 200 to 500 μm, inner diameter from 10 to 150 μm, and the thickness of the wall 

from 40 to 60 μm, with an inner layer of smooth muscle cells which enables them to close the vessels 

completely in cold conditions [45]. When the ambient temperature is at the lower edge of the 

thermoneutral zone, all AVAs remained closed [45]. This leads to a reduction in blood flow to the skin in 

distal regions of the body, resulting in lower skin temperatures in those areas especially at finger, toe and 

nose. While proximal body temperatures where AVAs are absent, such as forehead temperature remain 

relatively constant within the thermoneutral zone. Only distal body parts temperatures exhibit greater 

variability in response to ambient conditions [46, 47], especially areas with high AVAs. It was observed 

that the temperature difference between proximal and distal body regions increases as the ambient 

temperature decreases within the thermoneutral zone [38]. Researchers have also identified the 

temperature gradient between proximal and distal body regions as an key indicator of peripheral 

vasoconstriction [27, 28]. In the field of thermal physiology laser doppler flowmetry (LDF) is considered 

the standard for directly measuring microvascular skin blood flow. It is limited by its requirement for 

expensive special device and sensor contact with the skin. For this reason, researchers have tested 

whether proximal-distal skin temperature gradients can serve as a surrogate indicator of skin blood flow 

and peripheral vasomotor activity. House and Tipton analysed [28], forearm to finger skin temperature 

gradient as a surrogate measure of vasomotor control during cold exposure, in comparison with skin 

blood flow measured using LDF. Mekjavic et al. reported temperature gradient between eye canthus and 

fingertip can reflect vasomotor activity [27, 48]. Krauchi et al. also found that a gradual decrease in 

proximal-distal temperature gradient was observed before sleep onset, which may serve as an indicator of 

heat loss response prior to sleep [29]. 

Fig. 2.5 shows a conceptual local skin temperature variations in different ambient temperature. It was 

observed that the local skin temperature of proximal body parts, such as the forehead, remains relatively 

stable, whereas the skin temperature of distal body parts, such as the feet and fingers, drops in cold 

conditions due to vasoconstriction [46]. 

 
Fig. 2.4. Schematic drawing of cutaneous vascular system at finger. (Modified from Zhang, 2021 [49]) 
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Fig. 2.5. Local skin temperature variations in different ambient temperature. (Modified from Fukazawa, 

2012 [46]) 

 

In cold conditions, vasoconstriction and reduced blood flow to the skin lead to a decrease in skin 

temperature. It reduces the temperature difference between the skin and the environment, helping the 

body to limit heat loss. Further, when the ambient temperature drops below the low critical temperature 

threshold, the body initiates heat production through non-shivering thermogenesis (NST) [50]. When 

cold-induced thermogenesis occurs, it defined as NST threshold. This process involves increased heat 

production in tissues like brown adipose tissue (BAT), skeletal muscle (SM) and internal organs [51]. 

When the condition gets more cold, shivering thermogenesis is generated in the SM to produce additional 

heat and preserve a stable core temperature [52]. This process involves involuntary rhythmic contractions 

of SM, which generate heat through increased metabolic activity in the muscle tissue. The threshold at 

which shivering begins known as shivering threshold. 

Conversely, when ambient temperature rises, vasodilation and increased blood flow to the skin elevate 

skin temperature to promote heat loss. Cutaneous vascular system including blood vessels and AVAs at 

some limited areas plays a crucial role in regulating heat loss. In more hotter condition once the body’s 

temperature research the threshold of sweating, body begins to sweat to promote rapid heat loss through 

evaporative cooling [13]. Sweating decreases the skin temperature by evaporating perspiration from the 

skin surface once it reaches the heat of vaporization [38]. 

 In addition, several morphological characteristics also influence on regulating heat exchange between 

the body and the environment. For example, body mass is positively associated with heat production, as 

individuals with greater body mass generally exhibit higher resting metabolic rates and greater internal 

heat generation. A large body surface area promotes greater heat loss, as more surface is exposed to the 

environment, increasing the potential for heat exchange through radiation, convection, and evaporation. 

In a consequence surface area to volume ratio influences heat exchange. When an individual has a 
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relatively large surface area to volume ratio (SA/volume), heat loss is quicker to the surrounding 

environment, which is beneficial in hot condition. In animal studies, Bergmann reported that, animals in 

colder climates tend to have larger body mass causing reduced SA/volume, resulting minimized heat loss 

per unit heat production [53]. Similarly, Allen observed that, animals in colder regions tend to have 

shorter limbs, which have a higher SA/volume than the trunk  [54]. Shorter limbs reduce convective and 

radiative heat loss per unit mass, and therefore advantageous for surviving in colder climates. In case of 

humans, body insulation such as subcutaneous fat layer and clothing insulations slow down the heat 

exchange with the thermal environment. Furthermore, skin thickness, surface colour, and skin water 

vapor permeability also impact on the heat exchange. 

 

2.4 Approaches to evaluate thermal comfort 

In present thermal comfort assessment, two fundamental approaches are widely used to evaluate thermal 

comfort: the rational (or heat balance) approach and the adaptive approach. Each method is grounded 

based on different types of data and theoretical frameworks. 

 

2.4.1 Rational or heat balance approach 

The rational approach is based on maintaining thermal equilibrium between the heat produced by the 

human body and the heat loss to the environment. The process can be explained as heat balance equation, 

as follows, 

 

M−W = qsk + qres + S 

=(K+C+R+Esk) + (Cres+ Eres) + (Ssk +Scr)     [1]                                                             (Equation 2.1) 

Where, 

M is rate of metabolic heat production [W/m²] 

W is rate of mechanical work accomplished [W/m²] 

qsk is total rate of heat loss from skin [W/m²] 

qres is total rate of heat loss through respiration [W/m²] 

K is conductive heat loss from the skin [W/m²] 

C is convective heat loss from the skin [W/m²] 

R is radiative heat loss from the skin [W/m²] 

Esk is total rate of evaporative heat loss from skin [W/m²] 

Cres is rate of convective heat loss from respiration [W/m²] 

Eres is rate of evaporative heat loss from respiration [W/m²] 

Ssk is rate of heat storage in skin component [W/m²] 

Scr is rate of heat storage in core component [W/m²] 

When the S or (Ssk +Scr) is “0”, it can be said that heat production and heat loss is balanced. In hot 
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environments, individuals need to lose excess body heat to maintain comfort, while in cold environments, 

retaining body heat becomes essential to achieve comfort. Heat balance equation states that, for a person 

to be thermally comfortable, heat production (metabolism + external work) must equal heat loss (via 

convection, radiation, evaporation, etc.), as a result the heat retained by the body should be zero. 

 

2.4.2 Adaptive thermal comfort approach 

Adaptive approach recognizes occupants are not passive recipients of environmental stimuli but actively 

interact with it and can adapt as per their necessity. It is based on the adaptive principle, which posits that 

when discomfort arises due to environmental changes, people react in ways that aim to restore their 

comfort [34]. It is a continuous process shaped by existing environmental conditions, past experiences, 

and the occupant's prospects. This approach assumes that individuals actively respond to changes in their 

thermal environment by adjusting personal factors and physiological responses to the surrounding to 

restore thermal comfort. Significantly, when occupants have the adaptive opportunities to make such 

adjustments, it considerably enhances their overall satisfaction. Adaptive models acknowledge that 

thermal comfort is influenced by a wide range of variables [2, 34, 55] and this model can be classified 

into three major categories as behavioral adaptation, psychological adaptation and physiological 

adaptation.  

 

2.4.2.1 Behavioral adaptation 

Behavioral adaptation, the most significant visible adaptation, involves physical actions taken to adjust 

thermal stability. It includes a wide range of conscious and unconscious actions occupants implement to 

maintain thermal comfort. When the heat exchange between the human body and the surrounding thermal 

environment becomes out of proportion, occupants act to restore comfort by adjusting clothing, using 

heating or cooling devices, or consuming hot or cold beverages. These actions are influenced by both 

indoor conditions and outdoor climatic variables [56-58]. These behaviours fall into three subcategories 

[59], personal adjustments (e.g., removing or adding a layer or multiple of clothing, drinking hot or cold 

beverages), technological responses (e.g., turning on a fan or air conditioner or heater or cooler) and 

cultural practices (e.g., taking a siesta during hot summer day). 

 

2.4.2.2 Psychological adaptation  

Psychological adaptation mentions how cognitive and cultural factors, such as expectations and 

habituations shape the thermal perceptions [60-62]. Psychological adaptation is less visible and difficult 

to measure its impact directly compared to the other types. Psychological adaptation comprises of 

naturalness, expectations, experience (short-term and long-term), time of exposure, perceived control and 

environmental stimulation, as it is hard to quantify these effects on thermal comfort [63]. Cumulative 

result of past thermal experiences play a benchmark for future comfort valuations. Experience is linked to 
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memory and appears to influence changes in people's thermal expectations from one day to the next. 

In addition, psychologically occupants may experience less discomfort from an undesirable external 

stimulus in a given thermal environment if they perceive they have some degree of control over it [64]. 

Considering the concept, Liu et al. mentioned some significant positive correlations among occupants 

perception of controlling environment with their thermal comfort and satisfaction [65]. Tochihara et al. 

found linguistic heat acclimatization among populations from different climatic zones reflects 

psychological adaptation, where repeated exposure to heat alters thermal perception and the use of 

thermal sensation terminology for expressing thermal comfort [66]. This indicates a cognitive shift in 

comfort expectations, shaped by environmental, cultural, and experiential factors. 

 

2.4.2.3 Physiological adaptation 

Physiological adaptation like acclimatization or acclimation, what expresses human adaptation on a 

particular environment for a long time or repeated short time, enables individual to perform better and 

reduce stress [44].  Repeated exposer to heat or cold, whether natural environment or controlled 

environment enhance humans’ ability to tolerate heat or cold stress more. Through such adaptations, 

physiological responses including skin temperature, skin blood flow, heart rate, shivering, sweating,  can 

be modulated to better cope with thermal challenges [67]. To preserve thermal comfort, human body 

engrosses a range of physiological adaptation mechanisms, all aims at balancing internal heat production 

with heat exchange between human and environment. For example, some laboratory study reported 

habituation by repeated cold exposure, enhance BAT activity and non-shivering thermogenesis (NST) to 

produce more heat [68]. Shor-term heat acclimations include reductions in core body temperature 

thresholds for initiating heat loss response, such as increased sweat rate and improved vasodilation [69, 

70]. On the other hand, long-term heat acclimatized individuals such as populations living in tropical 

region have been shown to have elevated resting core temperature, lower sweat rate with higher sweat 

glands density and better heat tolerance to maintain lower core temperature during heat exposure [71].  It 

was observed that heat-acclimatized individuals tend to have a higher core body temperature and lower 

distal body temperature at rest. This creates a larger temperature gradient between the core and distal 

regions, which facilitates more heat transfer via blood circulation from core to skin and more efficient 

heat dissipation during heat exposure even with the lower sweat rate [72, 73]. 

 Therefore, physiological adaptation involves changes in response to thermal stimuli based on prior 

encounters. Repeated exposure to specific thermal environments can lead to physiological adaptation 

characterized by reduced thermal sensitivity and a recalibration of thermoregulatory set points. 

 

2.5 Thermal comfort assessment models 

Numerous indices have been developed throughout the years [74] . Among them some of the indices are 

well recognised by the international standards like ASHRAE or ISO. Some of them are well recognized in 
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the application sectors, though all of them have decent advantages to usage with some limitations. Among 

them wet bulb globe temperature (WBGT), UTCI universal thermal climate index (UTCI), standard 

effective temperature (SET*),  predicted mean vote and predicted percentage of dissatisfied (PMV-PPD) 

and physiological equivalent temperature (PET) are well known for their diversified benefits [75]. Out of 

these models, the PMV-PPD model is the most commonly used mathematical model to predict thermal 

sensation and thermal comfort for large group of people. 

 

2.5.1 Predicted mean vote and predicted percentage of dissatisfied (PMV-PPD) 

 PMV-PPD model was developed by Fanger [3], estimates the average thermal sensation of a large group 

of individuals exposed to a particular environmental. It is grounded in the principle of human heat balance, 

where thermal comfort is achieved when the internal heat production of the body is in an equilibrium 

condition with the heat exchange between the body and the surrounding environment. PMV scale ranges 

from -3 through 0 to +3, indicating cold (-3), cool (-2), slightly cool (-1), neutral (0), slightly warm (+1), 

warm (+2) and hot (+3).  

When the comfort equation is satisfied, PMV will be 0, for a large group of people. Franger  [3] assumed 

that thermal sensation at a given activity level is a function of thermal load (L). L is the difference 

between internal heat production and the heat loss to the actual environment. In comfort condition L will 

be zero (L = S = 0), then body is neither storing nor losing excess heat, and thermal neutrality is expected.  

 PMV predicts the level of thermal sensation by considering combinations of environmental variables (ta, 

tr, va, and RH), and personal factors (Icl and M) [1, 3, 8, 11]. Alongside PMV, Fanger introduced the PPD, 

which estimates the proportion of occupants likely to feel thermally uncomfortable under specific 

conditions. PMV can be calculated by the following equation, 

 

PMV ={0.303 × exp (-0.036× M) + 0.028} × L                                                                        (Equation 2.2) 

 

Here, L= M −W – Ed – Esw − Eres − Cres – R – C                                                                        (Equation 2.3) 

 

PMV = [0.303 × exp (−0.036 × M) + 0.028] × {(M − W) 

− 3.05 × 10−3 × [5733 − 6.99 × (M − W) − pa]                                     

− 0.42 × [(M − W) − 58.15] 

−1.7×10−5 × M × (5867 − pa) 

− 0.0014 × M × (34 − ta) 

− 3.96 × 10 −8 × fcl × [(tcl  + 273)4 − (tr + 273)4] 

− fcl × hc × (tcl  − ta)                                                                    (Equation 2.4)          
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Here, 

[3.05 × 10−3 × [5733 − 6.99 × (M − W) − pa]], represents evaporative heat loss by diffusion, Ed  

[0.42 × [(M − W) − 58.15]], represents evaporative heat loss by sweating, Esw 

[1.7×10−5 × M × (5867 − pa)], represents evaporative heat loss by respiration, Eres 

[0.0014 × M × (34 − ta)], represents convective heat loss by respiration, Cres 

[3.96 × 10 −8 × fcl × [(tcl  + 273)4 − (tr + 273)4]], represents radiative heat loss, R 

[ fcl × hc × (tcl  − ta)], represents convective heat loss, C 

 

Where, 

M is the metabolic rate of the human body [W/m2],  

W is the rate of mechanical work [W/m2], 

ta is the air temperature [°C], 

tr is the mean radiant temperature [°C],  

fcl is the clothing area factor, 

tcl is the mean temperature of the outer surface of the clothed body [°C], 

hc is the convective heat transfer coefficient [W/(m2∙K)], and  

pa is the water vapor pressure in ambient air [Pa]. 

And PPD can be calculated as a function of PMV using the following equation, 

 

PPD = 100-95×exp (-0.03353×PMV 4- 0.2179×PMV 2) [%]                                                   (Equation 2.5)  

 

Although the PMV-PPD model is the most widely used method for assessing thermal sensation, its 

accuracy is highly sensitive to the precision of input data, as its outcomes depend directly on the exact 

values provided. Especially M and Icl estimation is crucial, because they vary by individual to individual, 

whereas environmental factors are mostly same for every individual in a particular moment in a given 

condition. Misinterpretation can occur when input variables are incomplete, which can result in inaccurate 

predictions [76].  

Fig 2.6 represents the relation of PMV and PPD. While the PMV is in a range between -0.5 to 0.5, PPD 

shows less than 10% population is thermally dissatisfied. According to Fanger [3], ASHRAE [1] and ISO 

[11], this range was considered as a thermally acceptable comfort zone. 
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Fig. 2.6. Predicted percentage of dissatisfied (PPD) as function of predicted mean vote (PMV) [1]. 

 

2.5.1.1 Estimating clothing insulation (Icl) 

There are several methods, what can be used to estimate clothing insulation. According to ISO [77]. 

Most popular methods are listed below.  

 

2.5.1.1.1 Traditional clothing insulation estimation in static condition 

Traditionally clothing insulation is estimated from questionnaire survey or personal enquiry, where 

participants’ total clothing insulation is estimated based on individual unit garment using the following 

formula.  

 

Icl = 0.161 + 0.835ΣIclu  [m2∙K/W],                                                                                            (Equation 2.6) 

 

Here, Iclu is the effective thermal insulation of the individual garments making up the ensemble. Table 

2.1 shows some regular clothing and clothing insulation in clo (1 clo = 0.155 m2∙K/W). 
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Table 2.1. Regular clothing and clothing insulation. 

Individual 
Clothing Item Icl [clo] Individual 

Clothing Item Icl [clo] Individual 
Clothing Item Icl [clo] 

Underwear  Shirts  Pants  

Bra 0.01 Blouse 0.13 Shorts 0.06 

Briefs 0.04 Short-sleeve 
shirt 0.19 Thin long 

pants 0.15 

T-shirt 0.08 Long-sleeve 
shirt 0.25 Thick long 

pants 0.24 

      
Socks  Icl [clo] Suits etc. Icl [clo] Skirts & others Icl [clo] 
Ankle socks 0.02 Thin jacket 0.36 Thin skirt 0.14 
Sneakers 0.02 Thick jacket 0.44 Thick skirt 0.23 

Stockings 0.02 V-neck 
Cardigan 0.23 Long-sleeve 

shirt dress 0.32 

      
From the recommendation of ISO 9920, the most common individual garment Iclu can be found (Annex 

B, Table B). The Iclu values are based on the list obtained by the previous measurements using standing 

thermal manikin.  

However, these values are related to the thickness of the cloth, and in reality, the thickness is greatly 

varied even across the same clothing brands. This method shows the limitation of considering the air layer 

insulation between clothing layers [77]. 

 

2.5.1.1.2 Clothing insulation estimation from clothing mass and covering the body surface in static 

condition 

It is also recommended by ISO to determine the clothing insulation of an ensemble using the following 

empirically determined relationship based on clothing weight and body covering percentage. 

 

Icl = 0.919  + 0.255 × mclo  - 0.00874 × Acov, 0 - 0.00510 × Acov, 1     [m2∙K/W],                          (Equation 2.7) 

 

Here,   

mclo is clothing mass (without shoes) [kg], 

Acov, 0 is body surface area not covered by the clothing, as a percentage of total body surface are, and 

Acov, 1 is body surface area covered by the clothing, as a percentage of total body surface are. 

 

Though in practical scenarios, it’s very difficult to measure Acov, 0 and Acov, 1 accurately. 

 

2.5.1.1.3 Clothing insulation estimation from clothing temperature, metabolic rate and 

environmental conditions in static condition 

According to ISO 9920 [77], clothing insulation can be measured from clothing temperature, M, clothing 
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area factor and environmental conditions by the following equation , 

Icl = (35.7−0.028×(M−W)−tcl)/{3.98×10−8×fcl×[(tcl + 273)4−(tr+273)4]+fc×hc×(tcl−ta)} [m2∙K/W],  

(Equation 2.8) 

Here fcl =Acl / Adu                                                                                                                                                                                        (Equation 2.9) 

Adu = 0.007184 × Wb
0.425 × Hb

0.725 [m2],                                                                                  (Equation 2.10) 

hc = 2.38× |tsk - ta| 0.25 or 3.5 + 5.2 va or 8.7 × va
0.6  (greatest value among these three),         (Equation 2.11) 

Where, 

Acl is outer surface area of a clothed person [m2], 

Adu is nude body surface area calculated by DuBois method [m2], 

tsk  is mean temperature [°C],  

tcl  is clothing temperature [°C],  

va is air velocity [m/s], 

Wb is the body mass [kg], and 

Hb is the body height [cm] 

 

This formula estimates clothing insulation as the thermal resistance between skin and the environment, 

by using the temperature gradient between skin temperature and clothing surface temperature and the rate 

of heat transfer from the clothing to the air and surroundings. In addition, fcl quantifies how much extra 

surface area is created by clothing, comparing nude body surface area, which in turn effects on heat 

transfer. However, estimating fcl is challenging in real time. In addition, increase of heat exchange surface 

area due to clothing also includes the insulating effect of the air trapped between the clothing and the skin, 

which is difficult to quantify precisely. 

 

2.5.1.1.4 Clothing insulation estimation from skin temperature and clothing temperature in static 

condition 

Clothing insulation can be measured from skin temperature and clothing temperature by the following 

equation, 

Icl
 
= (tsk − tcl)/H  [m2∙K/W],                                                                                                      (Equation 2.12) 

Here, H = (tcl − to)/(hc + hr),                                                                                                     (Equation 2.13) 
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to = (hr × tr + hc × ta)/( hc + hr) [°C],                                                                                         (Equation 2.14) 

hr = 5.67 × 10−8 × ε × (Ar / Adu) × [{(tcl + 273)4 - (tr + 273) 4} / (tcl - tr)],                                       (Equation 2.15) 

where, 

to
 
is the operative temperature [°C],  

H is the dry heat loss from skin to the atmosphere [W/m2], and 

hr is the radiative heat transfer coefficient [W/(m2∙K)]. 

And Ar / Adu is the fraction of the skin surface in the radiative heat exchange based on human posture [77]. 

 

This model also estimates clothing insulation as the thermal resistance between skin and the environment, 

by using the temperature gradient between skin temperature and clothing surface temperature and the rate 

of dry heat loss through convection and radiation. It doesn’t consider the evaporative heat loss and it 

requires direct input of mean skin temperature under the cloth surface and the cloth surface temperature. 

 

2.5.1.1.5 Clothing insulation estimation in dynamic condition 

The physical activity and air velocity, modify the insulation characteristics of clothing and its adjacent 

air layer. Both wind and body movement reduce the insulation. The corrected clothing insulation can be 

estimated by the followings, 

 

For a clothed person in normal clothing, 

IT,r = IT × Corr, IT 

       = IT × exp [-0.281 × (var -0.15) + 0.44 × (var -0.15)2 – 0.492 × vw + 0.176 × vw
2] [m2∙K/W]  

(Equation 2.16) 

Here, var = va + vw    [m/s]                                                                                                         (Equation 2.17) 

Where, 

IT,r is the resultant total clothing insulation [W/(m2∙K)], 

IT  is the total clothing insulation [W/(m2∙K)], 

Corr, IT is the correction factor for total clothing insulation, 

var is the air velocity relative to the person [m/s], 

vw is the walking speed [m/s], 

  

For a nude person in normal clothing, 

Ia,r = Ia × Corr, Ia 
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       = Ia × exp [-0.533 × (var -0.15) + 0.069 × (var -0.15)2 – 0.462 × vw + 0.201 × vw
2] [m2∙K/W]  

(Equation 2.18) 

Where, 

Ia,r  is the resultant insulation provided by the boundary air layer [W/(m2∙K)], 

Ia  is the insulation provided by the boundary air layer [W/(m2∙K)], 

Corr, Ia is the correction factor for resultant insulation provided by the boundary air layer. 

 

And the resultant dynamic clothing insulation is determined by, 

 

Icl,r = IT,r – (Ia,r / fcl) [m2∙K/W]                                                                                                  (Equation 2.19) 

 

This estimation of clothing insulation is more complex and it’s better to use in a dynamic environment 

while the individual is active with some movement. 

Considering the various approaches available for predicting Icl, measuring the clothing weight and 

covered-uncovered body surface in regular working environment is impractical. Last estimation process is 

mostly focused on dynamic environment. Considering all, in a static condition, mostly for sedentary 

activities and real time measurement in mind,  clothing insulations can be measured by the remaining 

three methods, traditional clothing insulation estimation, estimation from clothing temperature, metabolic 

rate and environmental conditions and estimation from skin temperature and clothing temperature. 

  

2.5.1.2 Estimating metabolic rate (M) 

Metabolic heat production is the key factor associated with heat transfer and thermal comfort. There are 

several methods to estimate M. According to ISO 8996 [15], there are four levels of the metabolic rate 

assessment, by screening, observation, analysis and expertise, as follows. Additionally some researchers 

estimated metabolic rate from basal metabolic rate considering physical characteristics [78].  

 

2.5.1.2.1 Estimation by activities  

Metabolic heat production can be classified according to the activity. However, it can be considered as a 

rough estimation and have error prediction. In this estimation metabolic rate is classified into five 

categories, resting, low, moderate, high and very high. The metabolic rate can be collected from ISO 8996 

[15]. There are five categories of metabolic rate according to ISO 8996. Table 2.2 shows classification of 

metabolic rate by categories. 
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Table 2.2. Classification of metabolic rate by category. 
Class Range of metabolic rates Examples 

resting 100 ~ 125 W Resting, sitting at ease 
low metabolic rate 125 ~ 235 W Sedentary activities, standing light activities, 

hand and arm work, light arm and leg work, 
machining work with low power tools, casual 
walking (2 km/h) 

moderate metabolic rate 235 ~ 360 W Sustained hand and arm work, arm and leg 
work, arm and trunk work, welding, hoeing, 
picking fruits and vegetables, pushing or 
pulling lightweight carts, bricklaying, 
intermittent handling of moderately heavy 
material, walking (2.5 ~ 5 km/h) 

high metabolic rate 360 ~ 465 W Intense arm and trunk work with hand tools or 
machines, carrying heavy material, shovelling, 
pushing or pulling heavy loaded hand carts, 
chipping casting, concrete block laying, 
sledgehammer work, walking (5.5~ 7 km/h) 

very high metabolic rate above 465 W Intense activity at fast to maximum pace, 
running, working with an axe, walking (above 
7 km/ h) 

 

2.5.1.2.2 Estimation by observation 

ISO 8996 [15] gives several equations for different kind of activities. 

For metabolic rate at rest for a seated subject can be roughly estimated using the following equation, 

 

M0 = 60 × Adu  (male) or 55 × Adu  (female) [W]                                                                    (Equation 2.20) 

Where, 

M0 is the resting metabolic rate [W] 

 

For metabolic rate for activities with displacements, 

For walking at velocities, 

< 6km/h, M = (0.5 + 0.37 × vw  + 0.2× vw × G) × (wb × L) [W],                                              (Equation 2.21) 

For running at velocities, 

≥ 6km/h, M = (0.5 + 0.75 × vw  + 0.1× vw × G) × (wb × L) [W],                                              (Equation 2.22) 

Where, 

L is the load carried by the person [kg], and 

G is ground slope [%]. 

For going up stairs, 

M = (0.42 + 0.61 × vv ) × (wb × L) = (0.42 + Nsteps/10) × (wb × L) [W]                                   (Equation 2.23) 

For going downstairs, 

M = (0.42 + 0.21 × vv ) × (wb × L) = (0.42 + Nsteps/28) × (wb × L) [W]                                   (Equation 2.24) 

For going up ladders, 
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M = (2.78 + 1.04 × vv ) × (wb × L) = (2.78 + Nrungs/4) × (wb × L) [W]                                     (Equation 2.25) 

For going down ladders, 

M = (1.98 + 0.17 × vv ) × (wb × L) = (1.98 + Nrungs/23) × (wb × L) [W]                                   (Equation 2.26) 

Where, 

Vv is the vertical speed [m/min], 

Nsteps is the number of steps of stairs of height = 17 cm per min (1 m/min = 5.88 steps/min), 

Nrungs is the number of rungs of ladders of height = 25 cm per min (1 m/min = 4 rungs/min), 

 

For metabolic rate for activities without displacements, 

ISO 8996 [15] provides some standard metabolic rates while lifting or lowering loads, seated subject as a 

function of work intensity and body segments involved and also according to body postures.  

 

2.5.1.2.3 Estimation from heart rate 

In the case of pure dynamic work using major muscle groups, with no static, muscular, thermal and 

mental loads, metabolic rate can be estimated by heat rate (HR), while working. In that case HR shows a 

linear relationship with M. Since M is the rate of energy expenditure in the human body, HR can be used 

as a physiological indicator of oxygen consumption for estimating the metabolic rate during physical 

activity, especially under steady-state conditions. 

From the heart rate M can be estimated by the following, 

 

M = M0 + (HRm − HR0)/RM [W],                                                                                             (Equation 2.27) 

RM = (HRmax − HRo)/(MWC − Mo),                                                                                         (Equation 2.28) 

HRmax = 208 − 0.7 × Age [beats/min],                                                                                     (Equation 2.29) 

MWC = (19.45 − 0.133 × Age) × Wbl  (male) or (17.51 − 0.150 × Age) × Wbl  (female) [W], (Equation 2.30) 

Wbl  = (1.08 − Wb/(80 × Hb
2)) ×Wb (male) or (0.86 − Wb/(107.5 × Hb

2)) × Wb (male) [kg],    (Equation 2.31) 

Where, 

HRm is the mean heart rate during the activity for assessing the M [beats/min],  

HR0 is the heart rate at rest [beats/min],  

HRmax is the maximum heart rate [beats/min],  

MWC is the maximum working capacity [W],  

Wbl is the lean body mass [kg], and  

RM is the heart rate increase per unit of metabolic rate. 

This equation demonstrates that metabolic rate can be estimated by adding resting metabolism to the 

heart rate increase during activity, scaled by the heart rate-metabolism relationship. Here, in HR0 

measurement, the subject should be at rest in a neutral environment for at least 5 minutes.  
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2.5.1.2.4 Estimation from oxygen consumption rate 

Since very small amount of oxygen can be stored in the human body, it is continuously taken up from 

the atmosphere by respiration. Muscle can work for a short time without being directly provided with 

oxygen (anaerobic work) but for longer periods of work oxidative metabolism is the major energy source.  

To predict M, oxygen consumption and carbon dioxide production are measured from expired gas by 

analysing the volume of air exhaled and the concentrations of O₂ and CO₂ in that air. These values are 

used to calculate energy expenditure (EE) through indirect calorimetry. The respiratory quotient (RQ), 

defined as Vco2 / Vo2, is essential in this calculation. The energy source for the metabolic heat production 

is mixture of the fat, glucose and protein. When fat is burned as 100% of the energy source, RQ = 0.7; 

when 100% of glucose is burned, then RQ = 1.0. Since different energy substrates yield different amounts 

of energy per litter of oxygen consumption, RQ should be considered to estimate EE. Metabolic rate can 

be evaluated by the following equations, 

 

M = EE × Vo2  [W]                                                                                                                   (Equation 2.32) 

Here, 

EE = (0.23 × RQ + 0.77) × 5.88 [W∙h / lO2]                                                                           (Equation 2.33) 

RQ = Vco2 / Vo2 

Here, 

RQ is the respiratory quotient, 

Vo2 is oxygen consumption rate [lO2 / h], 

Vco2 is carbon dioxide consumption rate [lO2 / h],  

EE is the energetic equivalent in watt ours per litre of oxygen [W∙h / lO2] 

 

2.5.1.2.5 Estimation from morphological characteristics 

Considering morphological characteristics, a method was adopted to predict M based on the basal 

metabolic rate (BMR) and physical activity ratio (PAR) [78]. BMR represents the energy needed to 

maintain vital physiological functions while awake, at rest, in a supine position and in a fasted state [79]. 

PAR is defined as a value that represents the energy cost of a specific activity compared to BMR [80, 81]. 

The metabolic rate derived from individual morphological characteristics can be estimated as follows:  

 

M = (BMR × PAR)/BSA [W/m2],                                                                                             (Equation 2.34)            

Here,  

BMR = {0.0481 × Wb + 2.34 × Hb − 0.0138 × Age − 0.4235 × Gender} × 11.574 [W],        (Equation 2.35)                            

BSA = 0.008883 × Wb
0.444 × (Hb × 100)0.663 [m2],   [82]                                                           (Equation 2.36)                                                                                            

where Age is measured in years, and Gender is assigned a value of 1 for males and 2 for females.  

The above formula of BMR was specifically developed using data from Asian population [83].  
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Furthermore, the PAR values were derived from previous studies focused on Asian participants [81, 84]. 

Table 2.3 shows the PAR values for desk work. 

 

Table 2.3. Physical activity ratio (PAR) values for desk work activities as per body mass index (BMI). 

BMI (kg/m2) Male Female 

BMI < 18.5 1.35 1.33 

18.5 < BMI < 24.9 1.32 1.34 

BMI > 25 1.38 1.36 

 

Considering the various approaches available for predicting M, in real working environment conditions, 

metabolic rate prediction by HR, from morphology or general estimation by activities are practical 

options to estimate M. 

 

2.5.2 Comparison of the most popular thermal comfort assessment models 

Beside PMV prediction model there are several popular models to predict thermal comfort. In Table 2.4, 

a comparison among most popular thermal comfort indices such as WBGT, PMV, SET*, PET and UTCI 

has drawn [75, 85]. 

Considering the comparison of thermal comfort assessment models, PMV- PPD model is most relevant 

to predict thermal comfort for a large number of populations. The reasons behind it were that the PMV 

includes both environmental factors and personal factors to assess thermal comfort. In addition, in 

thermally neutral or mild hot or cold condition, no extreme physiological responses like sweating or 

shivering was rare to the participants, this model is most suitable for comfort assessment. Besides that, 

PMV’s estimation of thermal sensation is easily comparable with actual thermal sensation vote (TSV) 

recommended by ISO [33]. 

 

2.6 Thermal comfort and thermal sensation assessment approach  

To assess the thermal comfort and thermal sensation assessment, traditional questionnaire survey or 

personal inquiry is the real authentic way. However, considering real working environment, wearable 

devices also used to assess thermal comfort by addressing physiological responses to the thermal 

environment. In recent time with the advancement of technologies and availability of cameras or thermal 

cameras with the introduction of artificial intelligence (AI) and machine learning (ML), now comfort 

assessment is forwarding to non-invasive measurements. 
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Table 2.4. Comparison among WBGT, PMV, SET*, PET and UTCI. 
Thermal 
comfort 
assessment 
model 

WBGT 
(wet-bulb 
globe 
temperature) 

PMV 
(predicted 
mean vote) 

SET* 
(standard 
effective 
temperature) 

PET 
(physiological 
equivalent 
temperature) 

UTCI 
(universal 
thermal 
climate index) 

Usages Occupational 
heat stress 
Prediction  

Indoor comfort 
prediction 

Thermal comfort 
& thermal stress 
prediction 

Outdoor thermal 
comfort and 
urban climate 

Thermal comfort 
& thermal stress 
prediction 

Originated from US military 
(1950s)  

Fanger, 1970 
[3] 

Gagge et al., 
1986 [86] 

Höppe, 1999 
[87] 

Bröde et al. 
2012 [88] 

Basic conception 
of heat transfer 
and 
thermoregulation 

Empirical heat 
balance 

Steady-state heat 
balance 

2-node model 2-node model, 
Munich Energy-
balance Model 
for Individuals 
  

Multi-node 
thermoregulatio
n model [89] 

Consideration of: 
Environmental 
factors 

ta, RH , tr, va ta, RH , tr, va ta, RH , tr, va ta, RH , tr, va ta, RH , tr, va 

Consideration of: 
Personal factors 

None M, Icl M, Icl M, Icl M, Icl 

Consideration of: 
Physiological 
Responses 

None None sweating, 
vasomotor 
control 

Core & skin 
temperature 

Core and skin 
temperature, 
sweating, 
shivering, skin 
wettedness and 
blood flow 
 

Outcomes °C 
(empirical 
index) 

Dimensionless (-
3 to +3) 

°C (equivalent 
temp) 

°C 
(equivalent air 
temp) 

°C 
(equivalent air 
temp) 
 

Thermal Comfort 
Range 

< 25°C (no heat 
stress) 

-0.5< PMV< 0.5 23°C ~ 26°C 
typical comfort 

18°C ~ 23°C (no 
thermal stress) 

9°C ~ 26°C 
(comfort zone) 
 

Limitations No 
consideration 
of personal 
factors [90] 

Only valid in 
steady-state 
condition 
[76] 

Complex 
calculation [91], 
limited for light 
activities [92] 

Assumes fixed 
morphological 
character [93] 

Mostly designed 
for outdoor, 
observed great 
sensitivity for va 
[85] 

 

2.6.1 Traditional approach 

Thermal comfort and thermal sensation are subjective perceptions. It is true that from physiological 

characteristics it is possible to estimate the body state, however comfort and sensation is shaped by 

different parameters including psychological and physiological state. In generally questionnaire survey or 

interview is the real way to investigate the personal thermal comfort and thermal sensation [11, 33]. In 

recent days, questioner assessment through computer application or online survey is popular than printed 

questionnaire survey. Even though it is time consuming and a single survey reflects only the thermal 

comfort or thermal sensation at that specific moment in time. For a continuous thermal comfort 

assessment, it is mostly impractical. 
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2.6.2 Technological approach to detect physiological responses by wearable devices or sensors  

In resent technological updates and availability of modern sensors, to estimate thermal comfort and 

thermal perceptions, technical approaches are quite familiar to detect physiological responses. Wearable 

devices are increasingly capable of monitoring a wide range of physiological responses of human body to 

the thermal environment [94]. These devices leverage diverse sensor technologies in combination with 

advanced algorithms to derive both primary signals and physiological considerations. The physiological 

signals that can be captured through these devices, and their relevance to thermal comfort research are 

shown below: 

 

2.6.2.1 Heart rate (HR) 

HR signals provide critical insights into cardiovascular function and stress levels. Heart activity can be 

monitored using two main technologies. This kind of device is used to measure the number of heart beats 

per minute, known as bpm [95]. This data provides insights into the cardiovascular activity of an 

individual. HR measurement typically follows two main techniques: electrocardiography (ECG) or 

photoplethysmography (PPG). ECG detects the electrical signals formed during cardiac activity. 

Electrodes are placed on the chest or other body parts to record the electrical impulses that trigger heart 

contractions. PPG is often used in wrist-worn devices, and work by emanating usually infrared light into 

the skin and measuring the amount of light either absorbed or reflected by the blood vessels. Blood flow 

changes during the cardiac cycle alter light absorption, which is then converted into heart rate data. PPG 

is an optoelectronic method that assesses blood volume pulse (BVP). This measure the amount of blood 

flowing through tissues, by measuring changes in light absorption and reflection at the skin surface using 

a light source (typically a LED) and a photodetector [96]. 

 

2.6.2.2 Skin response  

Skin is the primary interface between the body and environment. Skin plays a vital role in the 

thermoregulation process through sweat glands and cutaneous blood vessels. To observe the 

thermoregulatory response to the surrounding thermal environment, two primary parameters of skin 

activity can be measured. At first electrodermal activity (EDA) is also known as galvanic skin response or 

skin conductivity. EDA is a measure of continuous changes in the skin electroconductivity due to the 

modification of sweat gland activity. When people are under stress, sympathetic nerve activation 

increases sweat gland activity. It causes an increase in moisture on the skin and, consequently, its 

electroconductivity [97]. And another skin response is skin temperature. Skin temperature can be 

measured using technologies such as resistance thermometers, thermistor, infrared thermometers, or 

thermocouples [98, 99]. Skin temperature changes due to vasomotor control, influenced by thermal 

environment. Skin surface senses temperature changes in environment and send signals to the central 

nervous system to regulate heat transfer through blood flow adjustments (vasodilation and 
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vasoconstriction), affecting skin temperature changes. This temperature change in skin is the 

physiological responses induced by environmental changes. 

 

2.6.3 Technological approach to detect physiological responses by non-invasive (non-contact) 

measurements 

In recent times researchers are increasingly trying to integrate comfort assessment with AI and ML 

technologies. Some sensors used in AI and ML are often embedded in wearable accessories like goggles 

and watches to reduce discomfort due to attached sensors. In parallel, non-invasive measurement 

techniques using image or video processing have been investigated. Currently, three main research 

directions are emerging [100]. The first one is using infrared camera technology, what can detect 

physiological response through skin temperature. The second one is known as Eulerian Video 

Magnification techniques to standard cameras for detecting human thermal physiological signals. And the 

third stream is the use of skeleton key point models with standard cameras to analyze body posture 

associated with thermal comfort or discomfort.  

 

2.6.3.1 Infrared camera  

Initially applied in fields like medical diagnostics, and face recognition as well as skin temperature 

monitoring. Other parameters like skin electrical potential, skin electrical resistance, RR, clothing 

temperature and HR can also be detected and analyzed by infrared images [101]. 

Radiant energy is emitted across a broad spectrum of wavelengths, with the peak wavelength determined 

by Wien’s displacement law. The law states that as the temperature of an object increases, the wavelength 

at which it emits the most radiation shifts to shorter wavelengths. Instruments that measure this radiation 

operate within specific wavelength ranges. For objects with temperatures between −10 °C and 50 °C, 

measurements are typically conducted in the 9–11 μm spectral range, as this corresponds to the peak of 

spectral emission [102]. The process of measuring this emitted radiation is known as infrared 

thermography. 

Specific recommendations for infrared thermography such as camera calibration, data collection, and 

processing are outlined in thermographic imaging in sports and exercise medicine (TISEM) [103] as well 

as by other researchers [104]. This checklist outlines key methodological requirements for using IRT in 

research. They emphasized the necessity to report detailed participant data (e.g. activity profile), control 

extrinsic factors affecting skin temperature (e.g., recent activity, alcohol, sunbathing), and maintain 

consistent ambient conditions (e.g., temperature, humidity). IRT assessment should avoid external 

infrared sources and forced air movement, and camera specifications, calibration status, and emissivity 

settings must be documented. Proper camera positioning, acclimation time, and image recording 

conditions (e.g., distance, region of interest) are required, as well as clear documentation of thermogram 

analysis methods. A visual reference of body position with temperature scale is recommended, and skin 
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preparation setups such as drying must be described. It was recommended that the camera should capture 

measurements at a 90° angle, positioned perpendicular to the front of the subject. 

Though using IRT accuracy have some limitations, such as it is highly sensitive to environmental factors 

like ambient temperature, humidity, and radiant heat, necessitating strict control during data collection 

[104]. Additionally, the method assumes a constant skin emissivity value typically around 0.98 and 

variations due to moisture, sweat, or skin characteristics can introduce significant errors [105]. IRT also 

has limited ability to capture rapid dynamic changes in skin temperature. 

Considering the relationship between thermal sensations and physiological responses, some studied 

found a correlation between thermal sensation and skin temperature predicted by IRT. They observed 

predictions by thermal cameras have an accuracy between 65–85% [100]. Though thermal sensation can 

be strongly influenced by individual variation, one technical reason for the low estimation could be the 

effect of noise in the thermal images. In addition, low-cost cameras’ accuracy is still questionable to 

predict physiological responses like skin temperature. 

 

2.6.3.2 Euler video magnification technology - aided normal camera and skeleton key points model -

aided normal camera 

This technology amplifies subtle motions and colour changes in video frames that are typically invisible 

to the naked eye [106]. Euler processing doesn’t follow movement directly; instead, it breaks the video 

into different levels of detail and uses timing analysis to make small changes more visible. The core 

principle of this method is to analyze the time series of color values at each pixel and amplify variations 

within a specific frequency band of interest. This system has applied in various fields like monitoring 

physiological changes like HR, skin color variations, and blood flow.  

To capture human poses and movement more accurately, skeleton key points were investigated. Tracking 

was performed using convolutional pose machines, which apply machine learning to recognize image 

features and use spatial models that adapt to the image content  [107]. This tracking can be used to predict 

the activity levels and eventually metabolic rate, though the accuracy of this method is still under review 

[108]. 

 

2.7. Thermal comfort and individual differences 

Individual differences in thermal sensation and thermal comfort identify the phenomenon where 

individuals perceive the thermal environment differently even they are exposed to the same thermal 

environment [23]. Because of the existence of the individual differences, it is hard to make and maintain a 

thermoneutral environment, which may satisfy every occupant for a long period of time. Rupp et al. [109] 

classified the sources of individual differences as one is the physiological origins, mainly metabolic heat 

production differences between individuals, and secondly the cultural and behavioural differences 

expressed through the clothing insulation. Besides that, there are several physical, physiological and 
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psychological differences, which plays significant role to shape individual differences. Some of the major 

individual differences are discussed below. 

 

2.7.1 Morphological differences 

Variations in human morphology play a significant role in influencing physiological responses and 

individual perceptions in different thermal environments. For example body mass significantly affects 

thermal comfort by influencing both heat production and thermal inertia [110]. A large body mass 

contributes to improved thermal stability by increasing heat production and resistance to the temperature 

fluctuations. This makes individuals with greater body mass more tolerable to cold environments, as 

greater body mass helps dissipates heat from the body more slowly.  

Body mass mainly consists of both fat and muscle tissue. It was observed that muscle tissue helps to 

produce more heat than fat during both rest and physical activity. Individuals with greater muscle mass 

tend to have a higher M, leading to increased heat production [14, 111], which may enhance comfort in 

cold environments, though opposite in hot. Subcutaneous fat thickness acts as an insulation of the body 

which reducing heat loss in cold environments and thereby improving thermal comfort [112]. However, 

this insulation can impair heat dissipation in warm condition [54]. As a result, overweight and obese 

people prefer lower ambient temperature compared to those with normal weight in warm environments 

[113]. In contrast, in cold condition it was found that heat production is negatively correlated with body 

fat percentage [114]. 

Another important morphological characteristic related with the heat exchange is the body surface area 

(BSA). A larger BSA relative to body mass results in faster heat loss, making individuals potentially more 

cold-sensitive. Allen mentioned that animals in colder regions have shorter limbs to minimize heat loss by 

reducing surface area relative to body mass [54]. Bergmann found that animals in colder climates have 

larger body size, reducing SA/volume and minimizing heat loss [53]. 

Body mass index (BMI) is another morphological parameter commonly used as an integrative indicator 

that reflects body height and weight. BMI summarizes the interactive effects of internal heat generation, 

insulation, and heat exchange with the surrounding thermal environment, making it an important factor in 

thermoregulation. According to world health organization (WHO) [115] BMI and the morphological 

characteristic are divided into underweight to obese scale. Table 2.5 shows the classification of BMI. 
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Table 2.5. Classification according to BMI. 

BMI (kg/m2) Classification 

< 18.5 Underweight 
18.5 ~ 24.9 Normal range 
25.0 ~ 29.9 Overweight 

≥ 30.0 
30.0 ~ 34.9 
35.0 ~ 39.9 

≥ 40.0 

Obese 
Class I 
Class II 
Class III 

In general, a BMI of around 22 kg/m2 is considered as standard value with minimal risk of metabolic 

disease [116]. 

From previous research, it was observed that individuals with a lower BMI suffered more from thermal 

discomfort in cold extremities [117]. Study showed that individual with lower BMI were comfortable at a 

little bit higher ambient temperature, while those with greater BMI expressed comfort at approximately 

1°C lower temperature [118]. In practice, individuals with low or normal BMI are more prone to feeling 

cold, and sometimes compensate by wearing more clothing insulation [119]. Notably, individuals with 

greater BMI shows higher cold tolerance also [120]. 

Additionally, it was observed that insensible body mass loss is positively correlated with BMI. Insensible 

body mass loss is an important component in body heat exchange [120], and a higher body surface area in 

individuals with greater BMI facilitates increased heat loss through insensible body mass loss. It was 

observed that higher BMI group exhibited significantly greater perceived sweating to increase evaporative 

heat loss, and higher skin wettedness,  compared to the lower BMI group above the upper critical 

temperature threshold.   

Individuals with higher BMI show better cold tolerance due to greater fat insulation and higher heat 

production In previous studies it was demonstrated that, in mild cold or neutral condition higher BMI 

individual has higher skin temperatures at the body extremities for the hands and feet [121], resulting 

from higher heat production and higher blood flow to the extremities. On the other hand, lower BMI 

individuals has lower skin temperatures at the body extremities. This phenomenon represents the 

vasoconstriction occurrence, especially in lower BMI people in the extremities, during neutral or mild 

cold condition [122].  

 

2.7.2 Gender differences 

Gender is one of the major individual differences studied in this thermal comfort studies. Males and 

females’ thermal sensation and thermal comfort differs significantly due to a combination of 

physiological, morphological, and psychological factors. These variations are induced by morphological 

characteristics, thermoregulatory functions, subjective perceptions and sex hormonal fluctuations.  

Females generally have a higher percentage of subcutaneous fat and lower muscle mass comparing with 

males [123]. The more subcutaneous fat provides comparatively greater insulation for females, whereas 
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less muscle mass reduces metabolic heat production [124-126]. In addition, females generally exhibit a 

greater capacity for peripheral heat storage due to higher subcutaneous fat levels, but this is less 

noticeable in the hands and feet [127]. McArdle et al. found that higher body fat increases body mass 

relative to surface area, lowering the SA/mass and thereby enhancing insulation against heat loss [128].  

While considering the other important physiological aspects, skin temperature is a critical physiological 

response to the surrounding thermal environment. In general, it was observed that female’s skin 

temperature is lower than males’ [118, 129, 130]. Possibly because of higher degree of vasoconstriction in 

thermoneutral condition, lower blood flow at the extremities reduces skin temperature and this causes 

higher cold sensations to the female [129, 131, 132]. Cooke et al. found that skin blood flow at hand is 

lower in females comparing males in cold condition [133]. It also observed that, in mild cold exposure the 

difference of rectal temperature and the mean skin temperature was greater in the female participants 

[134]. This clearly highlights that physiological responses, such as greater temperature differences 

between proximal and distal body parts are more pronounced in females, making them more sensitive to 

cold in cool or mildly cold conditions. In more severe cold condition females begin shivering at a higher 

ambient temperature than males to preserve the core body temperature [135]. 

Above the upper critical temperature threshold, the number of activated sweat glands and/or the sweat 

output per gland  are the reason behind the increase in sweating rate (SR) [136]. It was observed that SR 

is lower in females than in males during dry and/or humid heat stress. [137]. Men’s higher SR supports 

greater maximum evaporative heat loss capacity in hot conditions. In addition, because of testosterone 

enhances the sweating response, males had greater sweating responses in hot condition than females [138]. 

In terms of reproductive hormones, core temperature in females rises during the luteal phase (after 

ovulation) due to progesterone. In the follicular phase (before ovulation), estrogen is dominant. It tends to 

lower core body temperature slightly. Many females feel colder, likely due to reduced skin temperature 

from progesterone-induced vasoconstriction. This cause an increase in the internal threshold temperature 

for vasodilation as well as sweating and the body extremities remain colder [139].  

Because of the physiological characteristics and morphological differences, it was observed that males 

tend to feel more comfortable than females at both high and low temperature extremes [140]. In contrast, 

females generally prefer slightly warmer environments for thermal comfort, with preferred temperatures 

approximately 1.0 to 2.5 °C higher than those preferred by males [130, 141-143]. Females are also more 

sensitive to mild cold temperatures [130, 144]. Remarkably, females’ overall thermal sensation is strongly 

influenced by their local thermal sensation, particularly at the extremities [131]. Furthermore, field 

studies on thermal comfort based on gender differences also found that females had higher levels of 

thermal dissatisfaction than males [141, 145], and their comfort range tends to be narrower [146, 147].  

Beside this, another individual factor, strongly influencing thermal comfort is Icl. It was observed that 

dress norms and adaptive behaviours differ in gender. Women may wear more skin-exposing clothing, 

even sometime disproportionate clothing insulation between the upper body and lower body. This also 
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effects on thermal perceptions. In addition, it was found that females prefer heavier clothing than males 

[148] , it can be because of fashion trends which results higher clothing insulation for females. 

 

2.7.3 Cold constitution differences 

In the domain of thermal comfort research, one particularly unique and culturally significant concept is 

known as cold constitution, or “hie-sho” in Japanese. This concept was rooted in traditional East Asian 

medicine and cultural health beliefs [149]. The term “hie-sho” describes a heightened sensitivity to cold 

that affects a substantial portion of the population [150]. Unlike clinical thermoregulatory disorders, cold 

constitution is often viewed as a subclinical, chronic condition marked by subjective discomfort and 

determined cold sensations, especially in the body extremities. 

Although hie-sho has traditionally been described in non-biomedical terms, research were conducted to 

uncover the physiological mechanisms underlying this phenomenon. One of the most notable 

characteristics of individuals with cold constitution found is an altered blood flow regulatory system. 

Specifically, people having a cold constitution exhibit heightened adrenergic sensitivity, which influences 

cutaneous vasoconstriction in distal body segments such as the hands and feet during cold exposure [151, 

152]. This extreme vasoconstriction impairs blood circulation to the peripheral body and causes reduced 

skin temperature, resulting in extra cold sensitivity. Researchers also found, low skin temperature in cold 

sensitive individuals because of poor peripheral blood circulation [152]. In females with a cold 

constitution, it was observed that, peripheral skin vasoconstriction can occur even under thermoneutral 

conditions [153]. Yamazaki found that cold sensitive subjects keep a specific blood flow-controlling 

system in the peripheral pathway that is categorized by higher adrenergic sensitivity for greater cutaneous 

vasoconstriction in the distal body during cold exposure [154]. The finger temperature, and the HR of 

individuals having cold constitution were found significantly lower than those who have no cold 

constitution [155]. 

 Numerous studies have demonstrated that individuals with cold constitution showed greater thermal 

discomfort under cold or thermoneutral conditions. For instance, Nagashima et al. [155] found that cold-

sensitive individuals presented higher cold sensation because of greater sensitivity of adreno-receptor. 

They perceived cold sensations even when exposed to a thermoneutral environment. 

Cold constitution phenomenon is more commonly reported among women [154, 156]. Hormonal 

differences, lower BMR, varying body composition and lifestyle been proposed as contributing factors. 

Women who are associated with cold constitution often feel discomfort due to a severe cold sensation in 

cold environments, have general malaise (such as sleeplessness, weariness, and lowered concentration), 

and a tendency to fall ill frequently [157].   

Thus, individuals with and without cold constitution showed differences in both their morphological 

characteristics and physiological responses to the thermal environment. 
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CHAPTER 3: Investigating real-time thermal sensation prediction, using predicted mean vote 

(PMV) 

 

3.1 Introduction 

Thermal comfort is a subjective perception of the surrounding thermal environment [1, 34]. It includes 

both physiological and psychological responses to the adjacent thermal conditions. Thermal comfort 

encompassing subjective measures of temperature and moisture sensed by the skin, core body, and the 

physiological effort required to maintain thermal balance [32]. Environmental parameters such as ta, RH, 

va and tr are the primary influencers of thermal perception [3, 11]. In addition to environmental factors, 

personal factors like M and Icl are the key elements which significantly shape an individual’s thermal 

experience [11]. 

In modern society, people spend over 80% of their time in indoor conditions [158]. These indoor 

thermal environments play a significant role in their thermal comfort and well-being [159]. Maintaining a 

favorable indoor thermal environment can ensure occupants’ good health and thermal satisfaction. It can 

also enhance productivity, concentration, awareness, and overall work performances [12, 160, 161]. 

Despite ongoing efforts by designers to design thermoneutral environments, maintaining consistent 

thermal comfort for a large number of populations remains a big challenge, particularly in spaces 

occupied by varying inhabitant activities [13, 59, 162]. This complexity is further compounded by the 

dynamic nature of consistent environmental changes as well as human adaptations [163]. In modern 

buildings, HVAC systems' aim is to maintain a thermoneutral condition [164, 165], yet the system does 

not take into account of occupants' morphology, wearing, activity level, and behavioral adaptations. 

Consequently, thermal neutrality cannot be uniformly applied through all individuals. Additionally, 

thermal perception is not only variable between individuals to individuals, but also fluctuates within the 

same individual over a span of time [13, 166]. This variability necessitates real-time thermal comfort 

assessment to ensure comfort for every individual. 

Traditionally, questionnaire surveys or interviews are the most reliable thermal comfort assessments 

technique [33, 167]. This method is valid, although mostly impractical for continuous examining in real-

world environments. To overcome these limitations, several mathematical models have been developed 

by different researchers through thermal comfort analysis. Among them PMV model is the most widely 

used mathematical model [1, 3, 11]. PMV estimates thermal comfort considering the human body's heat 

balance and it also incorporates both environmental and personal factors. PMV depends on four 

environmental parameters: ta, RH, va and tr. It also counts individual aspects such as M and Icl. Because its 

prediction scale aligns closely with real subjective TSV, it is the most popular model to evaluate thermal 

sensation for a group of people [168, 169]. 

However, while PMV relies on swiftly measurable environmental variables, it also depends on estimates 

of M and Icl, which are quite challenging to determine accurately in real working conditions. That’s the 
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reason, where in most cases these personal parameters are assumed as fixed values across all individuals 

[15, 77]. This leads to significant discrepancies between PMV and actual TSV [170, 171]. Consequently, 

PMV model is primarily static in the sense that it used to predict the average thermal sensation of a large 

group of individuals [172]. To support personalized thermal comfort, particularly in ABW contexts, it is 

essential to identify individual factors in real time [173].  

In this scenario, recent technological advancements offer promising tools and techniques to assess real-

time thermal comfort. For instance, IRT can estimate surface temperatures based on emitted infrared 

radiation, what enables real-time analysis of Icl in a non-invasive manner [174, 175]. It opens the window 

to estimate Icl in real-time for every individual in a short period of time. In parallel, another individual 

factor M can be estimated via heart rate (HR) [15] or estimated by combining basal metabolic rate (BMR), 

which is estimated from morphological characteristics and physical activity ratio (PAR) [78]. 

 

3.2 Aim of the study 

Building on this foundation, the present study aims to develop and evaluate practical approaches for 

real-time prediction of thermal sensation. Specifically, this study evaluates various methods to predict M, 

Icl, and consequently PMV, using IRT without reliance on intrusive measurements or static assumptions. 

These methods offer a simplified alternative to conventional comfort assessment models by focusing on 

real-time thermal comfort assessment. The overarching goal is to enhance the accuracy and simplicity in 

thermal comfort assessments in dynamic indoor environments. 

 

3.3 Methods 

 

3.3.1 Participants 

This research was conducted in university classrooms at the Hokkaido University, in Sapporo Japan. In 

this study 88 students in summer, 100 in autumn, and 68 in winter participate. The research was 

conducted under regular classroom conditions across these three seasons to ensure comprehensive data 

collection. Table 3.1 represents the morphological characteristics of the students participated in the 

experiment. All participants provided their written consent after being informed about the research 

procedures. The research protocol was checked and approved by the IRB in the Faculty of Engineering, 

Hokkaido University (No. R5-8). All the participants were healthy individuals, predominantly within the 

normal weight range based on their BMI and were free to choose their wearing during the experiment. 

 

3.3.2 Research protocol 

To consider diversified climatic conditions, the experiments were conducted in summer (2024/7/26 – 

2024/8/11), autumn (2023/10/14 – 2023/11/01), and winter (2023/12/09 – 2023/12/17). The experiments 

were conducted in two shifts. In morning from 10 am to 12 pm and in afternoon 1 pm to 3 pm. 
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Classrooms conditions were maintained as their typical setups. It was naturally ventilated and air-

conditioned classroom in summer, naturally ventilated in autumn, and heated in winter. The experimental 

protocol is shown on Fig. 3.1. It lasted approximately 105 min in every session. The experiment was 

started with the collection of participants’ morphological data, including age, sex, height, and weight 

through a detailed questionnaire survey. After that there was a 60 min stabilization period to adapt the 

thermal environment. After the stabilization, participants were asked to complete their thermal voting and 

recorded their clothing ensembles to obtain reference values of TSV and Icl, respectively. Following the 

phase, armpit temperature was measured using a thermometer (OMRON MC-688), it was considered as a 

proxy for core body temperature (tcr). Participants’ HR were continuously recorded by a wearable 

wristwatch equipped with heart rate sensor (M430, Polar, Finland). At the end of the experiment, IRT 

images were captured via an infrared camera (R500EX-S, Nippon Avio, Japan) to estimate tcl and local tsk 

to evaluate Icl. Throughout the experiment, environmental parameter ta, RH, va, and globe temperature (tg) 

were recorded. 

 

Table 3.1. Morphological characteristics and armpit temperature of the participants, in summer, autumn 

and winter. 

Morphology Summer Autumn Winter 

Number of participants 88 100 68 

Gender (Male : Female) 36 : 52 53 : 47 36 : 32 

Age (year) 21.1 ± 2.3 22.1 ± 1.8 21.9 ± 2.0 

Height (cm) 163.8 ± 7.4 165.4 ± 9.2 165 ± 8.9 

Weight (kg) 54.7 ± 9.3 57.4 ± 10.5 56.3 ± 9.3 

BMI (kg/m2) 20.3 ± 2.3 20.8 ± 2.3 20.5 ± 2.1 

BSA (m2) 1.5 ± 0.2 1.6 ± 0.2  1.6 ± 0.2 

tcr (°C) (armpit temperature) 36.63 ± 0.27 36.53 ± 0.33 36.59 ± 0.27 

BMI: body mass index, BSA: body surface area, tcr: core body temperature. 

 
      
 

    

 

 Morphological 
data collection 

Adaptation period (simulated classroom work) Thermal 
voting, 

Measuring tcr 

Thermal 
Imaging 

 

0  15       75  90  105 
 ta, tg, RH and va  

Time (minutes) 
Fig. 3.1. Research protocol in Hokkaido University during summer, autumn and winter. 
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3.3.3 Environmental data 

The classroom setup, including the environmental logger’s placement and sensors used in the 

experiment, is illustrated in Fig. 3.2 and Fig. 3.3. Four fundamental environmental parameters ta, tg, RH, 

and va were continuously measured throughout the experiment to predict the PMV. Using a thermistor 

sensor, ta was measured and recorded at 1-s intervals with a data logger (NR543R, Nikkiso-Thermo, 

Japan). Same thermistor and data logger were used to measure tg, with a combination of a Bernon type 

150 mm black globe (Sibata, Japan), where the thermistor was positioned at the center of the black globe. 

During the RH measurement, it was recorded at 1-s intervals using a humidity recorder (RS-14WB, Espec, 

Japan) equipped with a humidity sensor (RSH-4010, Espec, Japan). For va measurements, an anemometer 

logger (Testo 440, Testo, Germany) was employed with an omnidirectional hot-wire air-flow probe (TUC 

0628 0152, Testo, Germany). It was capable of capturing wind velocity from every direction at 1-s 

intervals. All measurements were taken at a height of 0.6 m. Considering a seated posture, the tentative 

center of body is closed to 0.6m, and that’s the reason of measuring all the data at that height [176]. To 

cover all spatial coverage, three sets of environmental sensors and data loggers were positioned at the 

front-left, center, and back-right corner of the classroom. The loggers were turned on 30 min prior to the 

experiment to allow for environmental stabilization. To consider the spatial thermal variations, 

environmental data from the nearest data loggers were applied for each individual’s PMV prediction. 

After the end of the experiment, all data was stored digitally on the computer. The value of tr was 

calculated by, 

 

tr = ((tg+273.15)4 + ((1.1 × 108×va
0.6) / (ε×D0.4)) × (tg − ta))0.25 – 273.15 [°C],   [176]             (Equation 3.1) 

where, 

tg is the globe temperature [°C], 

ta is the air temperature [°C], 

va is the air velocity [m/s],  

ε is the emissivity of the globe (usually 1.00 for a black globe), and  

D is the diameter of the globe [m] (in this case, D = 0.15 m). 

 

3.3.4 Questionnaire survey 

A questionnaire survey was conducted to assess individual thermal sensations, with the reported TSV 

values serving as a reference for comparison with PMV predictions. The questionnaire was designed 

following ISO 28802 [33] guidelines. Participants recorded their TSV using a 7-point scale starting from -

3 (cold) to 0 (neutral) to 3 (hot) (Fig. 3.4). Additionally, participants marked their clothing ensembles 

using a checklist, which was later utilized as the reference value for Icl. Fig 3.5 shows the checklist used 

in this experiment. was All questionnaires were translated into Japanese to ensure accurate 

comprehension while retaining its original intent. 
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Fig. 3.2. Regular classroom image during the experiment with data loggers (a), regular classroom plan 

with data logger’s positions (b). 

 

 

Fig. 3.3. Data logger with sensors (a), data logger setup in classroom (b). 

 

3.3.5 IRT camera setup and prediction process of tcl and tsk 

Thermal images were captured using an IRT camera (R500EX-S, Nippon Avio, Japan) with a 

measurement range of −40°C to 500°C.  The accuracy of the camera was ±1°C, and it had a resolution of 

640 (Horizontal) × 480 (Vertical) pixels. The camera’s viewing angle was 32° (α) × 480° (β). Data 

collection and processing adhered to the guidelines outlined in Thermographic Imaging in Sports and 

Exercise Medicine (TISEM) [103]. 
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Fig. 3.4. Questionnaire for thermal sensation vote (TSV). 

 

Fig. 3.5. Questionnaire for clothing assembles. 

 

3.3.5.1 Camera calibration 

To confirm temperature accuracy, the camera was calibrated prior to the experiment in a thermally 

insulated, dark climatic chamber set to a thermoneutral temperature of 25°C. A peltier module coated with 

black tape (emissivity = 1.00) was used as a black body with known temperatures ranging from 15°C to 

35°C in 5°C increments. The actual temperatures were recorded using a thermistor sensor connected to a 

data logger (NR543R, Nikkiso-Thermo, Japan), and regression analysis was used to compare real and 

IRT-predicted temperatures. Fig. 3.6 shows the IRT calibration experimental setup with the IRT image 
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analysis. To avoid the effect of the environment on the peltier module, central 50% areas (25mm×25mm) 

average temperature was considered as the real temperature. After that from the predicted data a 

correction formula was applied to improve the accuracy of the IRT measurements (Fig. 3.7). 

 

 
 

Fig. 3.6. IRT calibration setup (a), IRT taken image of the peltier module as a black body (b). 

 

 
Fig. 3.7. Regression analysis between actual temperature recorded by thermistor and IRT predicted 

temperature. 

 

3.3.5.2 IRT camera setup 

During the experiment, the IRT camera was positioned to reduce the effects of external factors such as 

direct radiation and airflow. The camera was set at a height of 0.90 m to align with the center of a 

standing human body and was oriented perpendicularly to the plane of the region being measured. For 

facial and hand imaging, the camera was adjusted to focus solely on the regions of interest, ensuring 

higher resolution. The camera’s emissivity was set to 0.95. 
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3.3.5.3 IRT data collection 

To stabilize the sensors, the IRT camera was powered on at least 15 min before data collection. Fig. 3.8 

represents the IRT camera setup for the thermal image analysis process to predict tcl. For tcl prediction, 

thermal images of participants’ front, and back were taken from a distance of 4 m. Fig. 3.9 represents the 

IRT camera setup for the thermal image analysis process to predict tsk. The images of the face and hands 

were taken at 1.5 m (Fig. 3.9). In all cases, the thermal images were captured solely in the region of 

interest to achieve a higher resolution when detecting that area. The pixel count for the target regions 

exceeded 18, ensuring a detection probability of over 90% [177]. The maximum operational range 

distance (Dmax) for the detection is expressed as, 

 

Dmax = [max (H) / [16 × tan × {max(α,β)/2}]] × {max(x1,y1)/18},     [177]                               (Equation 

3.2)                                                                    

Where, 

H is the height of the object,  

α is the horizontal and vertical viewing angles of IRT camera (°), 

β is the vertical viewing angles of IRT camera (°), 

x1 is horizontal pixels of IRT camera, and 

y1 is vertical pixels of IRT camera. 

In this experiment, the distances used to predict tcl and tsk were within the range required to identify the 

region [178]. 

 

3.3.5.4 IRT data analysis 

Thermal data were processed using InfReC Analyzer NS9500 standard, a software specified by the 

thermal camera manufacturer. To predict tcl, a polygonal line was drawn on the thermal images to mark 

the edges of clothing insulation on both the front and back sides using the image analysis application. The 

mean pixel temperature obtained from these two areas were considered as a mean tcl. During local skin 

temperature prediction, the region of interest was initially predicted and subsequent spot analysis was 

performed at the key point to identify local tsk on the face and hand regions, following methods used in 

previous studies [22, 178, 179]. These regions were selected based on the availability of exposed body 

surfaces suitable for imaging by IRT. The tsk of forehead and dorsal hand were labeled and predicted as 

tforehead and tdorsal hand respectively. 
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Fig. 3.8. Prediction sequence of estimating tcl: camera setup (a), capturing thermal image (b), front side 

and back side clothing outline marking and average temperature extraction(c). 
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Fig. 3.9. Prediction sequence of estimating local tsk: camera setup (a), capturing thermal image (b), region 

of interest marking (c), temperature data extraction from the key points (d). 
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3.3.6 PMV prediction 

According to ISO 7730 [11], the PMV was calculated by the Equation 2.4, explained in Section 2.5.1 

It is evident that this equation relies both on environmental factors and individual parameters, such as M 

and Icl. In this study, three methods were employed to estimate Icl: clothing insulation obtained from the 

questionnaire survey (Icl_q), Icl from tcl (Icl_tcl), and Icl from tcl and tsk (Icl_tcl, tsk). Similarly, for estimating M, 

three methods were used: assumed common metabolic rate for sedentary activities (M_1.2), M from heart 

rate (M_hr), and M from BMR and PAR (M_bmr). The methodology for each Icl and M estimation is detailed 

in the following sections. The outcomes of different estimations of Icl and M resulted in nine combinations 

of PMV predictions, and named as: PMV(M_1.2, Icl_q), PMV(M_1.2, Icl_tcl), PMV(M_1.2, Icl_tcl, tsk), 

PMV(M_hr, Icl_q), PMV(Mhr, Icl_tcl), PMV(M_hr, Icl_tcl, tsk), PMV(M_bmr, Icl_q), PMV(M_bmr, Icl_tcl), and 

PMV(M_bmr, Icl_tcl, tsk). 

 

3.3.6.1 Icl estimation 

This study employed three different methods to estimate Icl.  

 

3.3.6.1.1 Icl_q estimation 

The values of Icl_q were estimated from the questionnaire survey, where participants’ clothing insulation 

is determined based on individual garment (Iclu) using Equation 2.6, explained in Section 2.5.1.1.1 and 

named as Icl_q. 

Here, Iclu is the clothing insulation for every individual garment, gathered from a list of the Iclu values in 

ISO 8996 [77]. 

 

3.3.6.1.2 Icl_ tcl estimation 

For Icl_tcl calculation, according to ISO 7730 [11], Icl from tcl was estimated using Equation 2.8 , 

explained in Section 2.5.1.1.3 and named as Icl_ tcl. 

To predict tcl, IRT was used as explained above. 

In addition, Icl_tcl is dependent on M as shown in the equation. Therefore, using M_1.2, M_hr and M_bmr 

values, three variations of Icl_tcl were calculated as Icl_tcl (M_1.2), Icl_tcl (M_hr), and Icl_tcl (M_bmr), 

respectively. 

 

3.3.6.1.3 Icl_tcl, tsk estimation 

For Icl_tcl, tsk, according to ISO 9920 [77], clothing insulation (Icl_tcl, tsk) estimated based on tcl
 
and tsk 

using Equation 2.12, explained in Section 2.5.1.1.4 and named as Icl_tcl, tsk. 

 In this estimation process, Ar/ADU is the fraction of the skin surface in the radiative heat exchange and is 

considered as 0.7 for the seating posture [77]. 
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In this study, the average temperature of tforehead and tdorsal hand estimated by IRT was considered as a 

surrogate measure of the mean tsk. 

 

tsk = (tforehead  + tdorsal hand)/2 [°C],                                                                                                 (Equation 3.3) 

 

The analysis focused only on uncovered body parts to calculate mean tsk. The forehead, being closest to 

the trunk and exhibiting one of the highest skin temperatures among, and the dorsal hand, a distal 

extremity affected more by environmental conditions and vasomotor control (showing one of the lowest 

skin temperatures), were used to calculate mean tsk. The validation of the results was examined by a 

laboratory experiment, the details of which are presented in the subchapter title "APPENDIX 3.A: 

Laboratory test, validation of mean tsk estimated from tforehead and tdorsal hand" at the end of this chapter 

 

3.3.6.2 M estimation 

In this study M was estimated using three different methods. 

 

3.3.6.2.1 M_1.2 estimation 

M_1.2 considers sedentary activities. The common metabolic rate (M_1.2) was assumed to be 1.2 MET 

[180].  

 

3.3.6.2.2 M_hr estimation 

For M_hr, according to ISO 8996 [15], the metabolic rate of a specific activity is derived from the resting 

metabolic rate, resting heart rate, and mean heart rate. Here, the mean metabolic rate from the heart rate 

(M_hr) was calculated by the Equation 2.27, explained in Section 2.5.1.2.3 and named as M_hr.. 

In this experiment, a wristwatch-type HR monitor (M430, Polar, Finland) was used to record HR at 1-s 

intervals throughout the experiment for every participant. 

 

3.3.6.2.3 M_bmr estimation 

For M_bmr, to account for individual morphological character, a method was adopted to predict M based 

on the BMR and PAR [78]. BMR represents the energy required for a person to maintain vital 

physiological functions at rest, in a supine position, during fasting (without breakfast), and while awake 

[79]. PAR is defined as the ratio of energy expended during a specific activity, such as sitting, standing, 

and desk work, and is expressed in unit time [80, 81]. The metabolic rate derived from individual 

morphological characteristics (M_bmr) can be calculated by Equation 2.34, explained in Section 2.5.1.2.5 

and named as M_bmr. 

For this calculation, the necessary morphological information was collected from the questionnaire 

survey. Furthermore, the PAR values were derived from previous studies [81]. For males with BMI < 18.5 
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kg/m2, 18.5 kg/m2 < BMI < 24.9 kg/m2 and BMI > 25 kg/m2, PAR values of 1.35, 1.32, and 1.38 were 

used, respectively, as a desk work activity. For females with BMI < 18.5 kg/m2, 18.5 kg/m2 < BMI < 24.9 

kg/m2, and BMI > 25 kg/m2, PAR values of 1.33, 1.34, and 1.36 were considered, respectively, assuming 

desk work activity. 

To compare the M_1.2 and PMV prediction, M_hr and M_bmr estimations were converted to MET units (1 

MET = 58.2 W/m2 [11]). 

 

3.3.7 Statistical analysis 

In this study, various Icl estimation methods were compared using the paired Student’s t-test. The TSV 

and different PMV predictions were compared using the Wilcoxon signed-rank test. Correlations between 

TSV and a series of PMV values were analyzed using Spearman’s rank correlation test. Additionally, the 

absolute mean differences between TSV and PMV predictions (|TSV − PMV|), and the root mean square 

error (RMSE) were calculated to evaluate the justification of different estimation methods and the 

applicability of IRT as a real-time thermal sensation monitoring method. For all statistical analyses, 

differences were considered significant at p < 0.05. The analyses were performed using IBM SPSS 

Statistics version 20 software. 

 

3.4 Results 

This study aimed to investigate various PMV predictions to enhance the accuracy and practicality of real-

time thermal sensation predictions. It also explores the feasibility of employing IRT for thermal sensation 

prediction in alternative ways. Table 3.2 presents the environmental conditions recorded during the survey 

period. It was observed that the temperature differences between autumn and winter were minimal due to 

the use of heating systems during winter. In contrast, summer temperatures were noticeably higher than 

those in autumn and winter. Using this environmental data, PMV predictions derived from various M and 

Icl estimation methods were compared with TSV.  

 

3.4.1 Icl estimation 

Fig. 3.10 presents the comparison between all Icl predictions from different estimation methods. Icl_tcl 

(M_1.2), Icl_tcl (M_hr), and Icl_tcl (M_bmr) were significantly higher (p < 0.01) than Icl_q across all three 

seasons. Similarly, Icl_ tcl, tsk was significantly higher (p < 0.01) compared to Icl_q in summer and autumn. 

However, no difference was observed between these parameters in winter. 
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Table 3.2. Environmental condition during the experiment. 

Environmental condition Summer Autumn Winter 

ta (°C) 27.0 ± 1.2 22.3 ± 1.6 21.3 ± 1.3 

tr (°C) 27.3 ± 1.2 22.7 ± 1.9 21.6 ± 1.3 

RH (%) 67.7 ± 5.0 47.2 ± 8.8 31.8 ± 12.6 

va (m/s) 0.13 ± 0.04 0.05 ± 0.01 0.05 ± 0.01 

ta: air temperature, tr: mean radiant temperature, RH: relative humidity, va: air velocity. 

 
Fig. 3.10. Comparison of clothing insulation (Icl) estimations, among Icl _q, Icl _tcl (M_1.2), Icl _tcl (M_hr), Icl 

_tcl (M_bmr) and Icl _tcl,  tsk in summer (a), autumn (b) and winter (c). 

**: p < 0.01 between Icl_q and Icl estimation. 

 

3.4.2 M estimation 

According to ASHRAE [180], a generalized metabolic rate of 1.2 MET is typically assumed for 

sedentary activities such as desk work. This value is commonly accepted due to the lack of real-time 

investigations. Fig. 3.11 shows the comparison among various M estimations: M_1.2, M_hr and M_bmr, 

across three seasons. From Fig. 3.11, it was observed that M_hr and M_bmr  predicted mean metabolic rate 

were comparatively lower than the generalized ISO value of 1.2 MET for sedentary activities [15]. M_1.2 

showed a wider range of variations in all three seasons. In contrast, M_bmr was comparatively in narrower 

range in all three seasons. 
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Fig. 3.11. Comparison of metabolic rate (M) estimations, among M_1.2, M_hr and M_bmr in summer (a), 

autumn (b) and winter (c). 

 

3.4.3 PMV predictions and comparison with the TSV 

In this study, nine PMV predictions were derived from three types of the M estimations and three types 

of the Icl estimations. As Icl_tcl estimation depends on the value of three different M, Icl_tcl (M_1.2) with 

M_1.2, Icl_tcl (M_hr) with M_hr, and Icl_tcl (M_bmr) with M_bmr were used to predict PMV(M_1.2, Icl_tcl), 

PMV(M_hr, Icl_tcl), and PMV(M_bmr, Icl_tcl), respectively.  

Fig. 3.12 compares TSV with PMV predictions across three seasons. In summer, most of the PMV 

predictions were significantly higher than the TSV (p < 0.05). Only PMV(M_hr, Icl_q) and PMV(M_bmr, 

Icl_q) were significantly lower compared to TSV (p < 0.01). In autumn, except for PMV(M_hr, Icl_q) and 

PMV(M_bmr, Icl_tcl, tsk) predictions, all other predictions showed significant differences (p < 0.01) 

compared to TSV. In winter, except for PMV(M_1.2, Icl_tcl, tsk) and PMV(M_hr, Icl_q) predictions, all other 

predictions showed significant differences (p < 0.05) compared to TSV. It is worth noting that these 

results only represent the differences between the mean values of TSV and PMV predictions. 

Fig. 3.13 shows the correlation between TSV and PMV predictions for each season. During summer, the 

correlation between TSV and PMV was low, and only PMV(M_hr, Icl_q) and PMV(M_bmr, Icl_q) showed 

significant positive correlations with TSV (r = 0.37, p < 0.01). In autumn, significant (p < 0.01) moderate 

correlations were observed for all PMV predictions with TSV. Among them, PMV(M_bmr, Icl_tcl, tsk) and 

TSV showed the strongest correlations (r = 0.37, p < 0.01). In winter, PMV(M_1.2, Icl_tcl) and PMV(M_bmr, 

Icl_tcl) did not show significant correlation with TSV. Other predictions showed significant correlations 

with TSV (p < 0.05). Among them, PMV(M_bmr, Icl_tcl, tsk) showed the maximum positive correlation with 

TSV (r = 0.41, p < 0.01). 

Table 3.3 provides the absolute mean differences and RMSE between TSV and PMV for all three 

seasons. It was observed that PMV(M_1.2, Icl_tcl), PMV(M_hr, Icl_tcl), and PMV(M_bmr, Icl_tcl) had a 
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relatively higher absolute mean difference and RMSE compared to TSV. PMV(M_1.2, Icl_tcl), PMV(M_hr, 

Icl_tcl), and PMV(M_bmr, Icl_tcl) resulted from Icl_tcl clothing insulation estimation. In contrast, PMV(M_1.2, 

Icl_tcl, tsk), PMV(M_hr, Icl_tcl, tsk), and PMV(M_bmr, Icl_tcl, tsk) showed comparatively better prediction 

results against TSV, wherein all these three PMV predictions resulted from Icl_tcl, tsk clothing insulation 

estimation. In addition, when comparing PMV(M_1.2, Icl_tcl, tsk), PMV(M_hr, Icl_tcl, tsk), and PMV(M_bmr, 

Icl_tcl, tsk) with TSV, the absolute mean difference and RMSE values were similar when compared with 

PMV(M_1.2, Icl_q), PMV(M_hr, Icl_q), and PMV(M_bmr, Icl_q) with TSV, respectively. PMV(M_1.2, Icl_q), 

PMV(M_hr, Icl_q), and PMV(M_bmr, Icl_q) resulted from Icl_q clothing insulation estimation. 

 

3.5 Discussion 

This study aimed to predict real-time thermal sensation practically. To achieve this, different PMV 

estimations were compared with TSV. The accuracy of PMV predictions greatly depends on four 

environmental and two personal factors. 

 

3.5.1 Icl estimation 

Fig. 3.10 illustrates the Icl predictions using various methods. Icl_q is most commonly used in estimating 

Icl, making it the standard method. Despite several limitations, due to the lack of reliable methods for 

estimating Icl in large populations, the questionnaire method is recommended by ISO 9920 for general Icl 

estimation [77]. For this reason, in this study, the Icl_q values derived from the questionnaire assessment 

were considered as reference values. In this method, the Iclu value for each individual garment can be 

predicted using the ISO 9920 [77] database. However, these values are related to the thickness of the 

cloth, and in reality, the thickness is greatly varied even across the same clothing brands. Several 

researchers have also noted the discrepancy between Icl_q and the actual clothing insulation values 

obtained from thermal manikin tests [188]. This method shows the limitation of considering the air layer 

insulation between clothing layers [77]. This could explain the lower estimation in Icl using the Icl_q 

method compared to the other two methods. Moreover, this method requires a questionnaire survey in 

estimating the clothing insulation, making it impractical for real-time applications. Contrastingly, Icl_tcl 

and Icl_tcl, tsk prediction in this study was based on IRT estimation, which could be used as a real-time 

prediction method. However, Icl_tcl predictions showed significantly higher values than those of Icl_q and 

the estimated values were too high compared to the expected range. This is likely due to the lower 

estimation of tcl by IRT. Because of the loose fitting of the clothing, and the large air gaps between the 

clothing layers, as well as between the body surface and clothing contributed to the underestimation of tcl. 

Moreover, several previous studies reported the IRT’s limitation in this context (i.e., the estimation of Icl 

has a large error when the fitting is loose) [174]. Meanwhile, the estimation of Icl_tcl, tsk depends on the 

temperature difference between tcl and tsk as well as on the dry heat loss. Even though it depends on tcl, 

using tsk as another important parameter may reduce the error in estimation.  
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Fig. 3.12. Comparison of TSV with PMV predictions in summer (a), autumn (b) and winter (c). 

**: p < 0.01 between TSV and PMV prediction,  

*: p < 0.05 between TSV and PMV prediction. 

 

(a) 

(b) 

(c) 
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Fig. 3.13. Correlation between TSV with PMV in summer, autumn and winter. 

(S : Summer, A : Autumn, W : Winter) 

 **: p < 0.01 between TSV and PMV prediction,  

*: p < 0.05 between TSV and PMV prediction. 
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Table 3.3. Comparison between TSV and PMV predictions. 

Comparison with TSV (Summer) Absolute mean difference ±SD RMSE 

PMV (M_1.2, Icl_q) 0.69 ± 0.43 0.81 

PMV (M_1.2, Icl_tcl) 0.91 ± 0.58 1.08 

PMV (M_1.2, Icl_tcl, tsk) 0.86 ± 0.56 1.02 

PMV (M_hr, Icl_q) 0.74 ± 0.50 0.89 

PMV (M_hr, Icl_tcl) 0.86 ± 0.55 1.02 

PMV (M_hr, Icl_tcl, tsk) 0.81 ± 0.56 0.98 

PMV (M_bmr, Icl_q) 0.77 ± 0.53 0.93 

PMV (M_bmr, Icl_tcl) 0.84 ± 0.55 1.00 

PMV (M_bmr, Icl_tcl, tsk) 0.77 ± 0.56 0.96 

Comparison with TSV (Autumn) Absolute mean difference ±SD RMSE 

PMV (M_1.2, Icl_q) 0.61 ± 0.56 0.83 

PMV (M_1.2, Icl_tcl) 1.25 ± 0.72 1.43 

PMV (M_1.2, Icl_tcl, tsk) 0.83 ± 0.60 1.02 

PMV (M_hr, Icl_q) 0.78 ± 0.65 1.01 

PMV (M_hr, Icl_tcl) 1.18 ± 0.67 1.35 

PMV (M_hr, Icl_tcl, tsk) 0.82 ± 0.53 0.97 

PMV (M_bmr, Icl_q) 0.80 ± 0.56 0.98 

PMV (M_bmr, Icl_tcl) 1.08 ± 0.71 1.29 

PMV (M_bmr, Icl_tcl, tsk) 0.79 ± 0.51 0.94 

Comparison with TSV (Winter) Absolute mean difference ±SD RMSE 

PMV (M_1.2, Icl_q) 0.69 ± 0.59 0.90 

PMV (M_1.2, Icl_tcl) 0.98 ± 0.75 1.23 

PMV (M_1.2, Icl_tcl, tsk) 0.68 ± 0.58 0.89 

PMV (M_hr, Icl_q) 0.77 ± 0.65 1.00 

PMV (M_hr, Icl_tcl) 0.90 ± 0.72 1.15 

PMV (M_hr, Icl_tcl, tsk) 0.88 ± 0.66 1.10 

PMV (M_bmr, Icl_q) 0.85 ± 0.61 1.04 

PMV (M_bmr, Icl_tcl) 0.81 ± 0.66 1.04 

PMV (M_bmr, Icl_tcl, tsk) 1.01 ± 0.69 1.22 
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In this method, the temperature difference between tsk and tcl is the fundamental parameter in calculating 

Icl. Only the clothing insulation layer is responsible for the temperature difference. The calculation of Icl 

using this method simply relies on the primary heat transfer equation between the outside and inside of 

the clothing. This explains why Icl_tcl, tsk showed better prediction against Icl_q than that of Icl_tcl against 

Icl_q. However, Icl_tcl, tsk prediction also have certain limitations due to its reliance on environmental 

factors. In addition, in hot environments sweat absorption by clothing can lead to inaccurate predictions 

of clothing temperature. Additionally, the presence of radiation or strong airflow can also reduce the 

accuracy of clothing temperature predictions  

 

3.5.2 M estimation 

In Fig. 3.11, M_1.2 was higher than M_hr and M_bmr estimations for all seasons. However, M_1.2 is a 

generalized value for metabolic heat production for sedentary activities, such as desk work, considered by 

both ISO and ASHRAE. These standards were primarily based on the review article by Passmore and 

Durnin [181] on energy expenditure measurements where participants were of European and North 

American descent. In those standards, 1.2 MET was based on 1.8 and 1.6 m2 body surface area with 70 

and 60 kg body mass for man and woman, respectively [182]. Ethnic and geographical backgrounds 

affect metabolic heat production, leading to variations from standardized ones [183]. The average body 

surface area and body mass were lower for participants in this study ( 1.7 ± 0.1 and 1.5 ± 0.1 m2 body 

surface area with 62.0 ± 9.3 and 50.8 ± 7.5 kg body mass for man and woman, respectively) compared to 

those from the study by Passmore and Durnin [181]. Many studies also reported that the resting metabolic 

rate can be under 1 MET, which is assumed to be equivalent to 58.2 W/m2 [11, 184, 185]. This potentially 

explains why M_1.2 was higher compared to the other two methods. 

In contrast, HR provides a simplified method for estimating M using wearable devices. However, when 

HR is lower than 120 beats/min, the standard does not recommend using it for predicting M due to the 

absence of the dynamic activity [186]. This method requires dynamic activity engaging major muscle 

groups, with no static muscular, thermal, and mental loads, to evaluate M from HR [15]. This likely 

explains the wide range of differences observed between M_1.2 and M_hr in this study. In addition M_hr 

includes lots of speculations and assumptions such as M0, HRmax, MWC, even in Wbl estimation there are 

some presumptions, which may lead to large errors caused wide result dispersion.  

On the other hand, M_bmr was estimated based on previous studies where participants were mostly Asian 

and had similar morphological characteristics as participants in our study [78, 187]. This could account 

for the consistency in M_bmr predictions across all seasons, and it reflects the smaller difference between 

M_1.2 and M_bmr (Fig. 3.11). Moreover, M_bmr is comparatively easy to estimate based on morphological 

characteristics, which include minimal measurement error. However, M_bmr has a limitation in that it does 

not account for the individual difference in the physical activity level.   
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3.5.3 PMV prediction 

The PMV prediction from all models showed significant differences with TSV, which represents the 

perception of the thermal environment by an individual and depends on many personal considerations 

such as physical and psychological states [189]. It also varies based on the cultural, climatic, social, and 

contextual dimensions of comfort awareness [190]. In contrast, PMV relies on mathematical prediction, 

which is dependent on the heat balance between humans and the environment. Many researchers argue 

about the overestimation of PMV with the TSV [118, 168, 191]. In this study, the traditional method was 

employed M_1.2 and Icl_q with four environmental factors to predict PMV(M_1.2, Icl_q), which was 

significantly higher compared to TSV across all three seasons. Comparing the PMV predictions with TSV, 

PMV(M_bmr, Icl_tcl, tsk) showed a better agreement with TSV (Fig. 3.12). In addition, PMV(M_bmr, Icl_tcl, 

tsk) showed better correlation with TSV (Fig. 3.13). These results indicates improved predictions of M and 

Icl, in PMV(M_bmr, Icl_tcl, tsk). However, in summer, the correlation was lower compared to other two 

seasons, which can be explained as the error in estimating Icl, likely due to the loose fitting of clothing, 

especially for the female participants. It also indicates the importance of personal factors in predicting 

thermal sensation. Regardless, based on the absolute mean difference and RMSE between PMV and TSV, 

it was observed that PMV greatly differs from the TSV (Table 3.3), suggesting that it was suboptimal. 

Similarities were evident between this result and those of previous studies [192]. It should be noted that 

TSV is a subjective judgment, and even though individual factors are precisely determined, it is hard to 

match PMV perfectly with TSV in every case. 

 

3.6 Limitations 

Despite these promising findings, our study has some limitations. Notably, the environmental conditions 

were not widely varied. Due to the selection of typical classroom conditions, the environmental factors 

remained around within the thermoneutral ranges, even in summer or winter. This limits the applicability 

of the study's outcomes. Especially in hot conditions, where evaporative heat loss occurs through 

sweating, predicting skin temperature using IRT may not be as effective as in conditions where dry heat 

loss is the primary mechanism. Thus, experiments in a wider range of environmental conditions, both in 

cold and hot environments, may be a future step in this research progression. Similarly, the sample size 

also exhibited very similar characteristics, in age, height, and weight. Versatile morphological characters 

can reveal more information regarding the importance of estimating M and Icl with individual 

characteristics. Additionally, behavioral adaptations, such as drinking cold or hot drinks, changing 

clothing during the experiment, or participant’s psychological status, were not considered in this study. 

These factors also influence thermal sensation and must be considered in future studies. Despite these 

limitations, this research contributes to the advancements in real-time thermal sensation monitoring 

process. This study demonstrated that IRT can be utilized to predict thermal sensation in real time to 

control the HVAC system and optimize the energy consumptions of air conditioning. 
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3.7 Summary 

This study aimed for accurate and simple real-time predictions of thermal sensations. The IRT 

technology was employed to predict tcl, tsk, and PMV, along with the traditional PMV prediction method. 

Additionally, M estimation was performed utilizing HR and BMR with PAR, alongside the generalized M 

as a uniform value. The results demonstrated that IRT could reasonably predict thermal sensation by PMV 

prediction. The major results of this study are as follows: 

 

a) The range of differences between M from the HR and 1.2 MET was wider across all seasons, whereas 

the difference between M from the BMR and PAR with 1.2 MET was narrower; however, the average 

values of both M_hr and M_bmr were lower compared to M_1.2 in all seasons. 

b) The IRT-predicted clothing insulation using tcl was significantly higher compared to the Icl_q in all 

seasons. However, IRT-predicted Icl, tcl, and tsk showed better estimations against Icl_q. 

c) Among the PMV predictions based on M_bmr and Icl_tcl, tsk showed better correlation with TSV. 

 

The possibility of using IRT to predict PMV in real time is validated from these findings. The prediction 

of Icl via IRT offers a promising alternative for predicting instantaneous thermal sensation estimates in 

real working environment. 
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APPENDIX 3.A: Laboratory test, validation of mean tsk estimated from tforehead and tdorsal hand 

 

3.A.1 Introduction 

Mean skin temperature (tsk) is a key physiological parameter that reflects the human response to cold or 

hot environment and indicates the state of heat exchange between the body and its thermal environment 

[144]. In general, values for tsk are calculated by summing of multiple local skin temperatures and their 

corresponding weighting factors. Several calculation methods have been established in the field of 

physiology, differing mainly by the number of skin temperature measurement sites and their associated 

weighting factors. Among them Hardy and DuBois’s seven-point method (mean tsk_hd) [193] remains one 

of the commonly used means for assessing thermal comfort which involve forehead, trunk, forearm, hand, 

thigh, calf and foot local skin temperature. In this method, both covered and non-covered body surface 

areas by clothing were considered. Another model proposed by Ramanathan (mean tsk_r) [194] is a four 

point model that includes the chest, upper arm, thigh, and calf regions. Generally, under normal 

conditions, all four of these areas are typically covered by clothing. Particularly to predict Icl, from the tcl 

and tsk, mostly tsk represents the mean skin temperature under the clothing.  

From a physiological perspective, the forehead, located near the trunk, typically exhibits one of the 

highest skin temperatures. In contrast, the dorsal hand, located at a distal extremity and more influenced 

by environmental factors and vasomotor control, mostly shows one of the lowest skin temperatures. From 

this perspective as well as possibility of easy skin temperature detection by IRT, in this case tforehead and 

tdorsal hand were chosen to estimate mean skin temperature. To confirm the validity of this methos, the 

average mean skin temperature calculated from that two regions were compared with Hardy and Dubois’s 

seven-point method and Ramanathan’s four-point method.  

 

3.A.2 Methods 

This research was conducted in July of 2025. The experiment was conducted in a climatic chamber, 

where environmental condition was fully controlled. 

 

3.A.2.1 Participants 

The research protocol was reviewed and approved by the Ethical Review Board for Life Science and 

Medical Research, Hokkaido University Hospital (No. 生 2024-0238). 

In this experiment 22 participants joined either morning or afternoon experimental shift. Their wearing 

was long-sleeved shirt, long pants and underwear with socks and shoes (around 0.60 clo).  

The age of the participants were 22.7 ± 2.2 years old in average. Their height and weight were 172.4 ± 

5.3 cm and 61.5 ± 7.9 kg, respectively. Core body temperature was 36.5 ± 0.3 °C (measured orally). 
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3.A.2.2 Research protocol 

Upon arrival at the laboratory, participants changed into pre-selected standardized clothing. Then they 

entered the climatic chamber and had 30 minutes of adaptation time in experimental condition. In the 

experiment, the temperature setting was around 26.1 °C. During that time, skin thermistor sensors were 

attached to the participants. Following the adaptation period, they were seated and involved in sedentary 

activities for 30 min.  Fig. 3.A.1 shows the experimental setup. 

 

 
Fig. 3.A.1. Experimental setup for measuring local skin temperatures and environmental conditions. 

 

3. A.2.3 Measurements 

During the experiment their local skin temperature of chest (tchest), upper arm (tupper arm), forearm (tforearm), 

thigh (tthigh), calf (tcalf), foot (tfoot), tforehead and tdorsal hand temperature were recorded by data logger (NR543R, 

Nikkiso-Thermo, Japan).  

Air temperature was measured at a height of 0.6 m using a thermistor sensor connected to a data logger 

(NR543R, Nikkiso-Thermo, Japan). 

 

3. A.2.4 Prediction of mean tsk 

From the experimental data mean tsk_hd were calculated by Hardy and Dubois’s proposed equation [193], 

 

tsk_hd = 0.35 × tchest + 0.19 × tthigh + 0.14 × tforearm + 0.13× tcalf  + 0.07× tforehead  + 0.07× tfoot  + 0.05× tdorsal hand 

[°C], 

(Equation 3.A.1)  
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Additionally, from the experimental data mean tsk_r were calculated by Ramanathan’s proposed equation 

[194], 

 

tsk_r = 0.3 × tchest + 0.3 × t upper arm + 0.2 × tthigh + 0.2 × tcalf    [°C],                                           (Equation 3.A.2) 

 

And the average temperature of tforehead and tdorsal hand estimated as mean tsk, by Equation 3.3, explained at 

Section 3.3.6.1.3. 

 

3.A.2.5 Statistical analysis 

In this study, various mean skin temperature estimations were compared using the paired Student’s t-test. 

For all statistical analyses, differences were considered significant at p < 0.05. The analyses were 

performed using IBM SPSS Statistics version 20 software. 

 

3.A.3 Results  

Fig. 3. A.2 shows the comparison of mean tsk calculated from Hardy and Dubois’s 7 point method (tsk_hd), 

Ramanathan’s 4 point method (tsk_r) and average temperature of tforehead and tdorsal hand estimated as mean tsk, 

in two conditions.  

It was found that tsk_hd was around 0.30°C lower than the average temperature estimated from tforehead and 

tdorsal hand, while tsk_r was around 0.38°C lower than the average temperature estimated from tforehead and 

tdorsal hand.  

 

3.A.4 Discussion 

Even though the significant differences were observed, the absolute mean difference among the three 

estimations were not so big in margin. There was a significant error observed even in the most renowned 

two method. Probably larger sample size and/or variation in the environmental conditions can mitigate the 

differences. In addition, given the inherent variability in skin temperature across body regions due to the 

difference in vasomotor control, further investigation in variable environmental condition would be better 

to confirm the validity of this method.        

However, at least in the thermoneutral environment with wearing typical cloth, the gap between the 

standard methods for estimating mean tsk and average of tforehead and tdorsal hand appears to be within the 

acceptable range. Considering the non-invasive practical advantages of tforehead and tdorsal measurements as 

non-invasive way using IRT, these simplified methods may still provide sufficiently accurate estimates of 

mean tsk.  
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Fig. 3.A.2 Comparison of mean skin temperature (tsk) calculated from Hardy and Dubois’s 7 point method 

(tsk_hd), Ramanathan’s 4 point method (tsk_r) and average temperature of tforehead and tdorsal hand. 

 

3.A.5 Conclusion 

From the research outcome it was found that mean skin temperature from tforehead and tdorsal hand were in 

considerable condition. It was also noticed that in any environmental condition, these two local skin 

temperatures can be easily detectable. Considering the two facts in this research work, average of tforehead 

and tdorsal was considered as mean skin temperature under the cloth covering body surface. 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

CHAPTER 4:    Predicting individual variability in thermal sensations, predicted mean vote (PMV) 

and predicted percentage of dissatisfied (PPD) and local skin (tsk) temperature differences. 

 

4.1 Introduction 

Human comfort, specifically thermal comfort is a complex and subjective state of mind that highly 

reflects an individual's overall satisfaction with their surrounding thermal environment. This description 

clearly highlights that comfort is not solely dependent on environmental factors but also on how these 

conditions are perceived by individuals [2]. Consequently, maintaining thermal comfort requires a holistic 

approach that considers both the physical conditions and the subjective experiences of human being [13]. 

It is very hard to maintain a common thermoneutral environment to every individual since comfort 

levels widely varied by numerous contextual factors, such as differences in M, Icl, behavioral adaptation, 

morphological characteristics and so on [109]. Previous research indicates that thermal comfort is indeed 

significantly influenced by occupants' individual preferences [6]. The sensation of comfort is highly 

dependent on a combination of environmental conditions as well as the demographic characteristics of the 

users [195]. Environmental factors include ta, RH, tr, and va, while morphological characteristics embrace 

age, gender, body size as well as clothing, and activity level. Each person's unique combination of these 

factors influences their individual experience of thermal comfort in a given condition [196]. Chen et al. 

mentioned strong correlation between comfort vote and the individual factors like M and Icl, [197]. These 

subjective factors interact in complex ways, meaning that even under the same environmental conditions, 

individuals can feel varying levels of thermal comfort depending on their distinct characteristics. 

Thermal comfort (TC) and thermal sensation can be expressed as the human responses to thermal stimuli, 

which evoke specific sensory perceptions [30]. Thermal comfort is a subjective assessment of whether the 

thermal environment is satisfactory or acceptable and it is influenced by physical, physiological, 

psychological, and many other process [1].  Human mind assess the comfort by integrating direct 

temperature and moisture sensations from the skin, the temperature of the core body and the necessary 

effort to balance body temperature [31, 32]. On the other hand thermal sensation is influenced primarily 

by the activation of thermoreceptors on the skin surface and other sensory pathways that detect changes in 

the surrounding environment [198]. Thermal sensation refers to the immediate and conscious perception 

of a thermal environment, such as feeling hot or cold at various levels. Furthermore thermal preference 

(TP) and thermal dissatisfaction level (DL) are additional parameters used to evaluate the thermal 

environment [33]. All these evaluations require individual surveys through personal inquiries. 

Interestingly, individuals’ morphological characteristics and activity levels also influences personal 

experience of thermal comfort, thermal sensation, thermal preference and satisfaction differently under a 

given condition [34]. 

Traditionally, subjective survey is considered as the true judgment and can be considered as reference 

value to assess thermal environment [33]. Though, conducting such surveys in busy working 
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environments presents substantial challenges, largely due to the necessity of obtaining replies from every 

personnel. Thus, researchers are investigating alternative approaches and technologies, such as 

mathematical models and sensor-based systems [3, 196], to complement or substitute traditional survey 

methods.  

Following that, to predict thermal sensation, PMV is one of the widely used mathematical models, used 

to predict thermal sensation.  PPD is calculated based on the PMV estimation. According to ASHRAE, 

most people feel comfortable within a PMV range of -0.5 to +0.5 [8]. Additionally in this range, more 

than 90% of individuals are satisfied with the environmental conditions which is acceptable for setting the 

thermal environment [11]. According to thermal comfort standards, if the PPD value is less than 10%, the 

environment is considered to provide an acceptable level of thermal comfort for most people [11]. This 

PMV -PPD model is developed based on heat balance equation between human and environment [11]. 

This model consists of four environmental features ta, tr, RH and va, and two human factors, Icl and M. 

Though achieving thermal comfort for everyone requires having some meaningful control over their own 

thermal conditions as an adaptive approach [6]. To understand these individual requirements, it is 

essential to understand individual differences in thermal perceptions and physiological responses related 

to thermal comfort. 

 In current thermal comfort research, specifically within the context of office environments, 

morphological variations such as BMI emerge as critical factors influencing human thermal perceptions 

[199]. For example, one of the key factor of BMI is body mass, which  significantly influence thermal 

comfort [110]. A higher body mass increases internal heat generation and heat capacity. It is primarily 

composed of muscle tissue and fat, with muscle playing a key role in heat production and fat layer acts as 

an insulation of the body which reduces heat loss [200]. This often causing higher BMI individuals to feel 

warmer than their leaner counterparts under the same conditions [201]. Body surface area is another key 

component that affects heat exchange between human and environment. When an individual has a 

relatively large surface area compared to their body mass, heat is lost more quickly to the surrounding 

environment. This accelerated heat loss can increase susceptibility to cold. In contrast, a smaller surface 

area-to-mass ratio reduces heat loss, which may be beneficial in cold climates but can impair heat 

dissipation in hot conditions, increasing the risk of overheating. These morphological and physiological 

distinctions significantly affect individuals experience and respond to their adjoining thermal 

environments.  

Gender differences also play a significant role in shaping thermal comfort. One of the basic reasons for 

this is the variation in M between males and females, with males generally shows higher metabolic heat 

production due to greater muscle mass and different body composition [202, 203]. This discrepancy can 

lead to different thermal comfort requirements even under identical environmental conditions. 

Furthermore, Icl also varies by gender, often influenced by sociocultural norms and fashion trends rather 

than thermal comfort requirements. Mostly in professional condition, men might wear suits and ties, 
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whereas women may wear heavier garments but non-uniform clothing insulation between upper and 

lower body [204]. This highly impact on thermal comfort levels. Beyond clothing and metabolism, 

physiological factors like skin temperature distribution, peripheral blood flow and so on, also differ 

between genders, contributing different thermal sensitivity and thermoregulatory responses [129, 205, 

206]. These intrinsic differences can cause one gender to perceive environmental condition differently, 

someone may find thermally neutral while the other may find it uncomfortable. 

Another individual difference named 'cold constitution', known as 'hie-sho' in Japanese [150], originates 

from traditional East Asian medicine and culture. This refers to a condition where an individual is 

substantially sensitive to cold [24]. Individuals with cold constitution have a distinct skin blood flow 

regulatory system with heightened adrenergic sensitivity, leading to increased cutaneous vasoconstriction 

in the distal extremities during cold exposure [151]. Certain studies focusing on cold constitution, have 

reported that people with cold constitution experience greater cold sensations even in the thermoneutral 

environment recommended by ASHRAE [155, 207]. Cold-sensitive people mostly feel cold sensations, 

particularly in extremities like hands and feet. This symptom was observed when they were exposed to a 

cold or even neutral environment and they presented greater vascular sensitivity to sympathetic input. 

[155]. Inadequate blood flow to the extremities due to vasoconstriction can lead to persistent cold 

sensations [208]. Considering this, to ensure thermal comfort for a long period of time, it is essential to 

consider the cold constitution with some behavioural adaptations. Like increasing clothing insulation or 

ingesting hot liquids, which can influence thermal perception and the body’s thermoregulatory response. 

It is also important to address the cold constitution, while designing personal air conditioning systems 

rather than just relying on a uniform air conditioning environment for all. 

In addition, maintaining a thermoneutral environment is also essential for preserving occupants' 

performance, productivity, and concentration [7]. Working long-term in an unsatisfactory environment 

can impair users’ motivation to work. Without knowing the corresponds to thermal environment, most of 

the spaces rely on fixed air conditioning settings to create a decent working environment without 

accounting for individual thermal preferences. This often leads to widespread discomfort and unnecessary 

energy consumption  [209].  

Understanding and integrating morphological characteristics as well as gender difference and cold 

constitution into thermal comfort standards is necessary for designing thermoneutral environments. That 

environment can satisfy a diversified population, to ensure optimal thermal comfort for every individual. 

By doing so, it becomes possible to move toward optimal thermoneutral condition that are inclusive and 

responsive to individual differences, thereby enhancing comfort, well-being, and productivity in a broader 

scale. 

 

4.2 Aim of the study 

This research aims to investigate the individual variability in thermal perceptions and physiological 
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responses such as skin temperature. Besides these, personal factors like M and Icl, as well as PMV and 

PPD are also investigated by individual differences, due to seek their significant impact on thermal 

sensations. To focus on individual differences, subjects were classified based on morphological 

divergency, gender contrast and association with cold constitution. 

Additionally, another focus was to predict the individual differences in real time monitoring. Hence, to 

predict individual differences and physiological response, a novel method was developed by predicting Icl, 

tcl and tsk via IRT. Furthermore, to predict M a method was adopted considering only morphological 

differences (gender, age, height, and weight). Finally, estimated PMV and tsk (face and hand region) 

through IRT analysis, were compared with reference value of TSV. This comparison aims to assess the 

individual differences in thermal perceptions and thermoregulatory responses associated with thermal 

comfort.  

 

4.3 Methods 

 

4.3.1 Participants 

Table 4.1 shows the morphological characteristics of the participants. In this experiment, 89 and 75 

volunteers participated during summer and winter, respectively. All participants were informed of the 

research protocols and gave their written informed consent before participation. They were healthy and 

joined in the experiment in their office. To identify the individual differences, here three types of group 

division were made, based on BMI difference, gender and association with cold constitution. In BMI 

grouping, 22 kg/m2 considered as the normal and healthy BMI [210] for adults. According to that, less 

than 22 kg/m2 named as BMI < 22 group and upper than 22 kg/m2 named as BMI > 22 group. To identify 

individuals with cold constitution and non-cold constitution, a questionnaire survey was conducted, and 

two groups were formed as cold constitution (CC) group and non-cold constitution (NC) group. 

In summer and winter corresponding to BMI differences, BMI < 22 : BMI > 22 were, 37 : 52 and 28 : 47, 

corresponding to gender, male : female ratio was 72 : 17 and 61 : 14;  and according to cold constitution 

differences, CC : NC were 29 : 60 and 24 : 51. 

The research protocol was reviewed and approved by the IRB in the Faculty of Engineering, Hokkaido 

University (No. R5-8). 

 

4.3.2 Research protocol 

This research was designed as a field experiment to investigate the individual difference of real thermal 

perception in an office environment at Tokyo in Japan, that was fully air conditioned at the range of 

thermoneutral condition recommended by ISO 7730 [11], all through the year. The experiment was 

conducted at the 17th floor of a 54 storied building at it’s northern, southern and eastern zone. Average 

floor area was 3400 m2 with a partition less office space except wash zone and service zones. The 
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building was constructed by reinforced cement concrete structure with double glass windows and blinds, 

which could restrict solar heat gain. However, central air conditioning was well-maintained, minimizing 

the influence of outdoor conditions on the indoor environment. Additionally, the experimental spaces 

were uniform in terms of use and occupancy load. The field study was conducted during summer 

(2023/08/30 - 2023/09/05) and winter (2024/02/08 - 2024/02/14) among regular office workers. 

This research started with morphological data collection by questionnaire survey, such as age, sex, 

height and body weight. From there, after 60 minutes of adaptation period with regular office activities, 

thermal voting was collected by subjective questionnaire. Previous studies indicates that 60 minutes is 

sufficient for adapting in a new thermal environment [211, 212]. After that time armpit temperature was 

collected as a substitute of tcr. At last, thermal image was taken by IRT to predict tcl, Icl and tsk to estimate 

PMV and PPD. 

 

4.3.3 Environmental data  

Four main environmental factors ta, tg, RH and va were recorded throughout the experiment. All the data 

were recorded at 1-second intervals. Data logger setup with the sensors and loggers are shown in Fig. 4.1. 

During the experiment, ta was measured using thermistor sensor and recorded using a data logger 

(NR543R, Nikkiso-Thermo, Japan). The thermistor sensor probe was placed in open air and was 

connected with the logger to record the ta. To predict tg the same thermistor and logger was used with a 

Bernon type 150 mm black globe (Sibata, Japan). Here the thermistor was placed at the centre of the 

globe. RH was recorded by humidity recorder (RS-14WB, Espec, Japan), with humidity sensor (RSH-

4010, Espec, Japan). For va, an anemometer logger (Testo 440, Testo, Germany) was used with an 

omnidirectional hot-wire air flow probe (–TUC 0628 0152, Testo, Germany) to predict wind velocity 

from all directions. All the data was collected at a height of 0.6 m, which can be considered as the centre 

of the body mass while in a sitting position. Before starting of the experiment, three sets of data loggers 

were placed in three zones of the office space and switched on before 30 minutes prior to the 

experimental time. Finally, once the experiment was conducted, data was stored as a digital file. Based on 

the tg outcomes, tr was calculated by the Equation 3.1, explained in Section 3.3.3 [176]. 

To predict the individual PMV and PPD , the values of ta, tr, RH and va measured at their working area 

were considered for every individual.  

 

4.3.4 Questionnaire survey 

To assess individual thermal sensation, a questionnaire survey was conducted. Questionnaire framework 

was designed according to ISO 28802 [33] guidelines. For clear understanding, it was translated to 

Japanese with their original meanings. Participants were asked to vote their TSV on 7-point scale, where -

3 to 3 represented by cold, cool, slightly cool, neutral, slightly warm, warm and hot sequentially. 

Additionally, TC (-3 to +3 represented by very uncomfortable, uncomfortable, slightly uncomfortable, 
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neither, slightly comfortable, comfortable, very comfortable), TP (-3 to 3 represented by much cooler, 

cooler, slightly cooler, no change, slightly warmer, warmer, much warmer), and DL (1 to 4 represented by 

satisfied, slightly satisfied, slightly non-satisfied, non-satisfied) were asked to evaluate individual 

differences. Fig. 4.2 shows a sample of thermal sensation questionnaire survey. 

Additionally, to identify individuals with cold constitution and non-cold constitution, a questionnaire 

survey was conducted. Table 4.2 shows the questionnaire used to assess the subjective symptoms of the 

cold constitution with the criteria for classifying individuals as having a clod constitution or not. This 

questionnaire was based on previous research on cold constitutions originally designed by Terasawa [213] 

and modified by Sakaguchi [214], which included some questions that were not used for the classification. 

These unused questions were excluded in this study. From the survey, two groups were named as the CC 

group and the NC group.  

 

 

  
Fig. 4.1. Data logger setup for the environmental data collection (a), different sensors and probes (b), data 

loggers (c). 
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Fig. 4.2. Questionnaire for assessing thermal perceptions. 
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Table 4.1. Morphological characteristics of the participants. 

Morphology Summer Winter 

Number of participants 89 75 

Gender (M : F) 
M (BMI < 22 : BMI > 22) 
F (BMI < 22 : BMI > 22) 
M (CC : NC) 
F (CC : NC) 

72 : 17 
23 : 49 
14 : 3 
18 : 54 
11 : 6 

61 : 14 
17 : 44 
11 : 3 
13 : 48 
11 : 3 

BMI (BMI < 22 : BMI > 22) 
BMI < 22 (M : F) 
BMI > 22 (M : F) 
BMI < 22 (CC : NC) 
BMI > 22 (CC: NC) 

37 : 52 
23 : 14 
49 : 3 
18: 19 
11 : 41 

28 : 47 
17 : 11 
44 : 3 
17 : 11 
7 : 40 

Cold constitution (CC : NC) 
CC (M : F) 
NC (M : F) 
CC (BMI < 22 : BMI > 22) 
NC (BMI < 22 : BMI > 22) 

29 : 60 
18 : 11 
54 : 6 
18 : 11 
19 : 41 

24 : 51 
13 : 11 
48 : 3 
17 : 7 
11 : 40 

Age (year) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

36.2 ± 11.9 
36.6 ± 12.2 : 34.4 ± 10.7 
32.7 ± 11.1 : 38.7± 11.9 
36.0 ± 11.6 : 36.3 ± 12.1 

37.1 ± 11.6 
37.6 ± 11.9 : 34.7 ± 9.9 
33.8 ± 9.6 : 39.0 ± 12.3 

36.2 ± 11.1 : 37.5 ± 11.9 

Height (cm) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

169.3 ± 7.0 
171.5 ± 5.6 : 160.1 ± 4.5 
167.2 ± 7.6 : 170.9 ± 6.2 
167.0 ± 7.5 : 170.5 ± 6.6 

168.9 ± 7.0 
171.0 ± 5.1 : 159.3 ± 6.3 
166.5 ± 8.1 : 170.3 ± 5.9 
165.5 ± 7.2 : 170.5 ± 6.4 

Weight (kg) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

66.0 ± 11.6 
69.4 ± 9.9 : 51.7 ± 6.0 
56.3 ± 6.9: 72.9 ± 9.0 

59.6 ± 10.3 : 69.1 ± 11.0 

64.9 ± 10.6 
68.0 ± 8.4 : 51.6 ± 8.7 
54.8 ± 7.5 : 71.0 ± 6.9 

57.6 ± 11.1 : 68.4 ± 8.4 

Surface area (m2) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

1.76 ± 0.17 
1.19 ± 0.19 : 0.83 ± 0.10 
0.95 ± 0.16: 1.25 ± 0.19 
1.00 ± 0.21 : 1.18 ± 0.22 

1.74 ± 0.16 
1.16 ± 0.16 : 0.82 ± 0.15 
0.92 ± 0.17 : 1.21 ± 0.14 

0.96 ± 0.22 : 1.170.17 

Surface area / Weight (m2/kg) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

0.017 ± 0.002 
0.017 ± 0.001 : 0.016: 0.001 

0.017 ± 0.001 : 0.017 ± 0.001 
0.017 ± 0.001 : 0.017 ± 0.001 

0.017 ± 0.002 
0.017 ± 0.001 : 0.016 ± 0.001 
0.017 ± 0.001 : 0.017 ± 0.001 
0.017 ± 0.001 : 0.017 ± 0.001 

BMI (kg/m2) 
M : F 
BMI < 22 : BMI > 22 
CC: NC 

22.9 ± 3.0 
23.5 ± 2.8 : 20.2 ± 2.4 
20.1 ± 1.2 : 24.9 ± 2.2 
21.3 ± 2.6 : 23.7 ± 2.9 

22.7 ± 2.9 
23.2 ± 2.5 : 20.3 ± 3.3 
19.7 ± 1.3 : 24.5 ± 1.9 
20.9 ± 3.0 : 23.5 ± 2.5 

M: male, F: female, BMI: body mass index, CC: cold constitution, NC: non-cold constitution. 
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Table 4.2. Questionnaire on cold constitution.  
Cold constitution assessment 

Do you or are you_ 

Category 
“a” 

1 Compared to others, I tend to be more sensitive to the cold. 
2 I suffer because my back, hands and feet or some part of my body is cold. 
3 I suffer in air-conditioned rooms because my body feels cold. 
4 Compared to others, my hands and feet are cold. 
5 Even in summer, my hands get cold. 
6 Especially in winter, I sometimes cannot sleep because my feet are cold. 

 
Category 

“b” 
7 I sometimes suffer because my entire body is cold. 
8 I wear thick socks even in the summer because my feet are cold. 
9 Due to cold weather in winter, I always use an electric blanket, mattress or pocket 

warmer. 
10 I have been suffering from the cold for the last several years. 
11 In winter and on cold days, I urinate more frequently. 
12 Compared to others, my face is more pale. 
13 My hands and feet always feel cold. 

 

This table was modified from a previous study [214]. 

Criteria for cold constitution:  

Answered yes, more than 2 in Category “a” questions or  

Answered yes, 1 in Category “a” question + more than 2 in Category “b” questions. 

 

4.3.5 IRT data analysis 

To predict Icl, tcl and tsk, IRT was used as a non-intrusive method. In this experiment, thermal images 

were taken using an IRT camera (R500EX-S, Nippon Avio, Japan), which is well-renowned for its high-

resolution imaging capabilities and specific temperature measurement accuracy. The camera was placed 

at a height of 0.90 m from the ground, considering the camera plane was perpendicular with the body 

plane at the centre of the body in standing position [178]. For tcl and tsk prediction, same technique and 

process was followed, described at Section 3.3.5. First the thermal image was taken during the survey, 

and then regions of interest were mapped in the computer application and finally the required temperature 

was predicted.  

Prior the experiment IRT camera’s temperature prediction, the camera’s output was calibrated using a 

thermistor, which measured true known temperature of a black body surface, to ensure the validation of 

the IRT camera. 

 

4.3.6 PMV and PPD prediction 

According to ISO 7730, PMV was calculated by the Equation 2.4, explained in Section 2.5.1. It was 

mainly calculated from four environmental factors (ta, tg, RH and va) and two personal factors (M and Icl,).  
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Additionally, utilizing PMV value determined, PPD can be calculated by the Equation 2.5, explained in 

Section 2.5.1. 

 

4.3.7 Icl estimation 

According to ISO 7730, there is a relationship between Icl with tcl and tsk, as explained in Section 

2.5.1.1.4. In that prediction of Icl, it was estimated based on the ratio of the temperature difference 

between mean skin temperature under the clothing and clothing surface temperature to the rate of dry heat 

loss.  

In this scenario, IRT was used to predict tcl and tsk. tcl and tsk were estimated by the process explained at 

Section 3.3.5. Firstly, thermal image was captured by IRT both front and back side and then the average tcl 

was calculated by the camera application. Average of tforehead and tdorsal hand was calculated as tsk. From that 

Icl was estimated for every individual. 

 

4.3.8 M estimation 

For the prediction of M, a method was adopted based on BMR and PAR [215]. BMR refers to the amount 

of energy needs to maintain the vital activity of the awake state. It indicates the energy required for our 

body at rest in supine position, in a fasting situation (without breakfast), and in an awakening condition 

[79]. PAR is the ratio that expresses the energy expended in a particular activity (such as, sitting, standing, 

and desk work) and relative to an individual's BMR [80, 81]. Here M was calculated by the equations 

explained in Section 2.5.1.2.5. It is notable that BMR depends on individual morphological differences 

like age, sex, body height and weight and the adopted formula was derived from studies involving Asian 

participants. PAR also relies on gender and BMI and the values of PAR used here also derived from studies 

involving Asian participants. 

 

4.3.9 Local tsk prediction 

In this research, non-covered skin surface temperature was examined by IRT analysis. In the face region, 

skin temperatures of the forehead (tforehead), nose (tnose), chin (tchin), neck (tneck), cheek (tcheek) (average of 

both sides), and inner eye canthus temperature (teye canthus) (average of both eyes) were collected by IRT 

application through spot analysis. In hand region, dorsal hand (tdorsal hand) dorsal fingertip (tdorsal finger), 

palmar hand (tpalmar hand) and palmar fingertip skin temperature (tpalmar finger) were analysed using the same 

techniques. Additionally, previous researches mentioned Δtproximal – distal as a parameter of vasoconstriction 

[27, 28]. To observe that, Δtforehead - nose and Δtpalm hand  - palmar finger were calculated and analysed. 

 

4.3.10 Statistical analysis 

The group differences in TSV, TC, TP and DL were analysed using Mann-Whitney U test. Group 

differences in Icl, M, PMV, PPD, tsk and Δtproximal - distal predictions were analysed by non-paired Student’s t-
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test. TSV and PMV was analysed by Wilcoxon signed ranked test. Correlation between TSV and PMV, as 

well as TSV and tsk was analysed by Spearman rank correlation test. In addition, correlation analysis with 

BMI was analysed by Pearson correlation analysis with Icl, M, tsk and Δtproximal – distal (as parametric data) 

and others with Spearman rank correlation test (as non-parametric data). Correlation analysis with gender 

and cold constitution were analysed  by Spearman rank correlation test. All data are presented as mean ± 

SD. In all statistical analysis, differences at p < 0.05 were considered significant. The analysis was 

conducted using IBM SPSS statistics version 20, IBM software. Here, gender was also encoded as a 

binary variable, where males were assigned a value of 0 and females were assigned a value of 1. In 

addition, cold constitution individuals were coded as 1 and non-cold constitution individuals were coded 

as 0. This coding scheme was used to facilitate correlation analysis and other statistical procedures that 

require numerical input. 

 

4.4 Results 

This research was carried out in a thermoneutral office environment to signify the differences of thermal 

sensations between BMI variances, gender differences and CC and NC groups via IRT technology. Table 

4.3 represents the environmental condition in summer and winter. It was observed that both in summer 

and winter, the environment was well and uniformly controlled. It is noticeable that, because of the 

similar environmental condition in two seasons, it was enabled to focus on individual variations. 

Here, outcomes can be specified by thermal sensation differences, Icl, M, PMV and PPD, tsk and Δtproximal 

– distal variations, and comparison between TSV and PMV predictions. 

 

Table 4.3. Environmental conditions during the research period. 

Environmental condition  Summer Winter 

ta (°C) 25.09 ± 0.28 25.52 ± 0.50 

tr (°C) 25.62 ± 0.26 25.72 ± 0.61 

RH (%) 59.06 ± 1.71 36.10 ± 1.82 

va (m/s) 0.14 ± 0.00 0.11 ± 0.04 

pa (Pa) 1924.7 ± 38.4 1477.7 ± 65.5 

hc (W/(m2∙K)) 4.46 ± 0.07 4.06 ± 0.51 

hr (W/(m2∙K)) 5.95 ± 0.02 5.95 ± 0.03 

ta: air temperature, tr: mean radiant temperature, RH: relative humidity, va: air velocity, pa: water vapor 

pressure in ambient air, hc: convective heat transfer coefficient, hr: radiative heat transfer coefficient. 
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4.4.1 BMI differences 

 

4.4.1.1 Morphological differences 

Morphological differences are fundamental factors that significantly influence both individual thermal 

sensation and thermoregulatory responses. It was observed that in the BMI > 22, percentage of females 

comparing with males were low, as well percentage of cold constitutional individuals comparing with 

non-cold constitutional individuals were lower. Additionally, the height and weight of BMI > 22 was 

significantly higher than BMI < 22 (p < 0.05) (Table 4.1). 

 

4.4.1.2 Comparison of thermal perceptions 

Fig. 4.3 shows the comparison of TSV, TC, TP, and DL between the two BMI groups (BMI < 22 vs. 

BMI > 22). In summer, the BMI > 22 group showed significantly higher TSV compared to the BMI < 22 

group (p < 0.01). Additionally, TP in the BMI > 22 group was significantly lower compared to the BMI < 

22 group (p < 0.01). No significant differences in TC and DL were found between the groups. In winter, 

no significant differences were observed between these two groups in TSV, TC, TP, and DL. 

 

4.4.1.3 Comparison of Icl 

There was no significant difference in Icl between these two groups (Fig. 4.4). However, Icl in winter was 

significantly higher compared to Icl in summer (p < 0.01), for both the BMI < 22 and BMI > 22 groups.  

 

 

Fig. 4.3. Comparison of thermal sensation vote: TSV; thermal comfort: TC; thermal preference: TP; 

dissatisfaction level: DL, between BMI < 22 and BMI > 22 groups in summer (a) and winter (b). 

(Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. *: p < 0.05 between BMI groups. 
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4.4.1.4 Comparison of M 

Fig. 4.5 shows the comparison of M between the BMI < 22 and BMI > 22 groups. The BMI > 22 group 

showed significantly higher MET compared to the BMI < 22 group in both seasons (p < 0.01). 

 

 
 

Fig. 4.4. Comparison of clothing insulation (Icl) between BMI < 22 and BMI > 22 groups in summer (a) 

and winter (b).  

(Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation.  

 

 

 Fig. 4.5. Comparison of metabolic rate (M) between BMI < 22 and BMI > 22 groups in summer (a) and 

winter (b). 

(Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. **: p < 0.01 between BMI groups. 
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4.4.1.5 Comparison of PMV and PPD 

Fig. 4.6 shows the PMV comparisons between the BMI < 22 and BMI > 22 groups. In both seasons, 

there were no significant differences in PMV between these groups.  Additionally, in the PPD comparison, 

there were no significant differences observed between the two groups in both seasons (Fig. 4.7). 

 

 

 Fig. 4.6. Comparison of predicted mean vote (PMV) between BMI < 22 and BMI > 22 groups in summer 

(a) and winter (b).  

(Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. 

 

 

Fig. 4.7. Comparison of predicted percentage of dissatisfied (PPD) between BMI < 22 and BMI > 22 

groups in summer (a) and winter (b). 

 (Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation.  
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4.4.1.6 Comparison between TSV and PMV 

Comparing the TSV and PMV prediction, the BMI > 22 group showed significantly higher TSV than 

PMV prediction in summer (p < 0.01). However, in winter, there was no significant difference (Fig. 4.8). 

For the BMI < 22 group, there were no significant differences between the TSV and PMV.  

Additionally, Table 4.4 shows the PMV and TSV comparison with the absolute mean values differences 

with SD, RMSE value and correlation between TSV and PMV. There was no significant correlation 

observed between TSV and PMV in all comparisons for BMI groups. 

 

4.4.1.7 Comparison of tsk  

Local skin temperature comparison between the BMI < 22 and BMI > 22 groups are shown in Fig. 4.9. 

The BMI > 22 group showed significantly higher tnose temperatures compared to the BMI < 22 group in 

both seasons (p < 0.01). Similarly, the BMI > 22 group showed significantly higher temperatures in the 

tcheek and tdorsal finger in both seasons (p < 0.05). In addition, in summer, the BMI > 22 group showed 

significantly higher temperatures in the tpalmar finger (p < 0.05) and dorsal hand (p < 0.01) compared to the 

BMI < 22 group. 

Table 4.5 shows the correlation coefficient (ρ) between TSV and local skin temperature. In summer, for 

the BMI < 22 group, the temperatures of the tcheek and teye canthus were significantly corelated with TSV (p < 

0.05 for each). For the BMI > 22 group, the temperatures of the tpalmar finger and tdorsal finger were significant 

corelated with TSV (p < 0.05 for each). In winter, the BMI < 22 group showed significant correlation 

between TSV and the temperatures of the tnose, tpalmar finger and tdorsal finger (p < 0.05 for each). However, no 

significance correlations found between TSV and local skin temperatures for the BMI > 22 group. 

 

Table 4.4. PMV and TSV comparison with absolute mean difference ± SD, RMSE and correlation 

coefficient “r” value in BMI groups. 
 

Absolute mean difference ± 
SD 

RMSE r value  

Summer     

BMI < 22 0.59 ± 0.51 0.78 0.18 

BMI > 22 0.70 ± 0.63 0.94 0.15 

Winter     

BMI < 22 0.85 ± 0.67 1.08 -0.14 

BMI > 22 0.60 ± 0.48 0.76 0.28 
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Fig. 4.8. Comparison of thermal sensation vote (TSV) and predicted mean vote (PMV) for BMI < 22: 

summer (a) and winter (b); for BMI > 22: Summer (c) and Winter (d). 

 (Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. **: p < 0.01 between TSV and PMV. 
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Fig. 4.9. Comparison of local skin temperature (tsk) between BMI < 22 and BMI > 22 groups in summer 

(a) and winter (b).  

(Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. *: p < 0.05, **: p < 0.01 between BMI groups. 
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Table 4.5. Local skin temperature (tsk) and TSV comparison with Spearman’s rank corelation test in BMI 

groups. 
  

tforehead tnose tchin tneck tcheek 
teye 

canthus 
tpalmar 

finger  
tpalmr 

hand 
tdorsal 

finger 
tdorsal 

hand  

Summer             

BMI < 22 ρ 
value 0.25 0.32 0.22 0.20 0.46* 0.34* 0.16 0.15 0.11 0.15 

BMI > 22 ρ 
value -0.07 0.17 -0.05 -0.05 0.09 -0.04 0.31* 0.24 0.27* 0.22 

Winter             

BMI < 22 ρ 
value 0.26 0.39* 0.31 0.27 0.10 0.16 0.40* 0.27 0.43* 0.18 

BMI > 22 ρ 
value -0.02 -0.09 -0.16 -0.08 -0.07 0.01 -0.18 -0.19 -0.06 -0.04 

Values are corelation coefficient (ρ value). * Significant correlation (p < 0.05). 

 

4.4.1.8 Comparison of Δtproximal - distal 

Fig. 4.10. Comparison of Δtproximal - distal between the BMI < 22 and BMI > 22 groups. It was observed 

that BMI < 22 group had higher Δtforehead - nose and Δtpalmar hand -palmar finger comparing with BMI > 22 groups 

in both summer and winter (p < 0.05). 

 

 

Fig. 4.10. Comparison of Δtproximal-distal between BMI < 22 and BMI > 22 groups in summer (a) and winter 

(b). 

 (Summer, BMI < 22: BMI > 22 = 37:52; Winter, BMI < 22: BMI > 22 = 28:47) 

Values are mean ± standard deviation. *: p < 0.05, **: p < 0.01 between BMI groups. 
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4.4.1.9 Correlation analysis with BMI 

Table 4.6 represents the relationships between BMI and various factors, including gender, CC, Icl, M, 

TSV, TC, TP, DL, PMV and PPD. Furthermore, partial correlations among these factors were analyzed 

to assess their relationships with BMI. In summer, gender, CC, M, TSV, TP, PMV and PPD had 

significant moderate correlations with BMI (ρ = -0.47, r = -0.64, ρ = 0.63, 0.36, -0.41, r = 0.29 and 22, 

respectively, p < 0.05). In addition, in partial correlation analysis, when gender was controlled, 

correlation with CC, M, TSV, TP and PMV become slightly lower (ρ = -0.27, 0.53, 0.26, -0.27 and 0.26, 

respectively, p < 0.05). When CC was controlled, gender, M, TP and PMV were significantly correlated, 

though it was little weaker (ρ = -0.36, 0.58, -0.23 and 0.23, respectively, p < 0.05). When Icl was 

controlled, mostly all the correlations remained same and significant correlations observed for gender, 

CC, M, TSV, TP, PMV and PPD (ρ = -0.47, -0.37, 0.65, 0.34, -0.31, 0.48 and -0.22, respectively, p < 

0.05). When M was controlled, no significant correlation was observed. While gender and CC were 

controlled together, M and PMV were significantly correlated with BMI (ρ = 0.51 and 0.23, respectively, 

p < 0.05). 

In winter, gender, CC and M showed significant correlation with BMI (ρ = -0.38, -0.42 and r = 0.56, 

respectively, p < 0.01). In partial correlation, while gender was controlled, reduced correlation was 

observed and CC, M and TSV showed significant correlation with BMI (ρ = -0.29, 0.42 and 0.31, 

respectively, p < 0.05). Reduced correlation found while CC was controlled and then gender and M 

showed significant correlation with BMI (ρ = -0.25 and 0.45, respectively, p < 0.05). When Icl was 

controlled, mostly all the correlations remained same and gender, CC, M, TSV, and PMV showed 

significant correlation (ρ = -0.44, -0.42, 0.57, 0.24 and 0.33, respectively, p < 0.05). When M was 

controlled, reduced correlation observed, only CC and TSV showed significant correlation (ρ = -0.23 

and 0.27, respectively, p < 0.05). While gender and CC were controlled together, M and TSV showed 

significantly correlated with BMI (ρ = 0.41 and 0.27, respectively, p < 0.05). 

In Table 4.7, the correlations between BMI and local tsk as well as Δtproximal - distal are shown. In summer, 

several significant correlations were noted. Significant correlations were figured out for tnose, tchin, tcheek, 

tpalmr finger, tpalmr hand, tdorsal finger and tdorsal hand with BMI (r = 0.40, 0.21, 0.23, 0.38, 0.23, 0.43 and 0.24, 

respectively, p < 0.05). Significant negative correlations were observed for Δtforehead - nose and Δtpalmar hand - 

palmar finger with the BMI (r = -0.44 and -0.47, respectively, p < 0.01). In the partial correlation analysis 

while gender was controlled, correlation level became little weaker, however tnose, tpalmr finger, tdorsal finger, 

Δtforehead - nose and Δtpalmar hand - palmar finger were significantly correlated with the BMI (ρ = 0.25, 0.24, 0.30, -

0.32 and -0.28, respectively, p < 0.05). Similarities found while CC was controlled, little bit weaker 

correlation observed for tnose, tpalmr finger, tdorsal finger, Δtforehead - nose and Δtpalmar hand - palmar finger with the BMI (ρ 

= 0.31, 0.30, 0.36, -0.37 and -0.35, respectively, p < 0.01). However, while Icl was controlled mostly all 

the correlations remained same and significant correlations with the BMI were observed at tnose, tpalmar finger, 

tdorsal finger, Δtforehead - nose and Δtpalmar hand - palmar finger (ρ = 0.40, 0.36, 0.42, -0.45 and -0.41, respectively, p < 
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0.01). While M was controlled, correlation became weaker, though tpalmar finger, tdorsal finger, Δtforehead - nose and 

Δtpalmar hand - palmar finger were significantly correlated (ρ = 0.25, 0.31, -0.28 and -0.27, respectively, p < 0.05). 

When gender and CC controlled together only tdorsal finger, Δtforehead - nose and Δtpalmar hand - palmar finger were 

significantly correlated with BMI (ρ = 0.28, -0.27 and -0.24, respectively, p < 0.05). 

In the winter, there were hardly any significant correlation found with BMI, though tnose, tcheek and Δtpalmar 

hand - palmar finger had significant correlation (r = 0.26, 0.36 and 0.23 p < 0.01). Controlling CC, Icl, gender 

and CC together, tcheek was still significantly correlated with BMI (ρ = 0.29, 0.36 and 0.29, respectively, p 

< 0.05). Beside that Icl controlled condition Δtpalmr hand - palmar finger was significantly correlated with BMI (ρ 

= -0.23, p < 0.05). While M was controlled, no significant correlation was observed.  

Fig. 4.11 shows the Correlation between BMI and Δtproximal - distal in summer and winter. It was observed 

that lower BMI individuals tend to have greater Δtproximal – distal. Comparing the summer and winter Δtproximal 

– distal, in winter Δtproximal – distal was lower for the smaller BMI participants. 

 

 

Fig. 4.11. Correlation between BMI and Δtproximal - distal in summer and winter. 

(S : Summer, W : Winter) 

  **: p < 0.01 between BMI and Δtproximal – distal,   *: p < 0.05 between BMI and Δtproximal - distal. 
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Table 4.6. Correlations of the BMI with gender, CC, Icl, M, thermal perceptions, PMV and PPD. 

 Gender CC Icl M TSV TC TP DL PMV PPD 

Summer           

r  or ρ value 
 

-0.47** -0.38** -0.02 0.64** 0.36** -0.17 -0.41** 0.01 0.29** -0.22* 

Partial ρ 
(controlled: 

gender) 
- -0.27* 0.19 0.53** 0.26* -0.17 -0.27* 0.13 0.26* -0.12 

Partial ρ 
(controlled: CC) 

-0.36** - -0.01 0.58** 0.22 -0.21 -0.23* 0.03 0.23* -0.14 

Partial ρ 
(controlled: Icl) 

-0.47** -0.37** - 0.65** 0.34** -0.17 -0.31** 0.04 0.48** -0.22* 

Partial ρ 
(controlled: M) 

0.14 -0.20 0.19 - 0.15 -0.12 -0.15 0.11 0.10 0.03 

Partial ρ 
(controlled: 
gender, CC) 

- - 0.16 0.51** 0.18 -0.20 -0.21 0.11 0.23* -0.08 

Winter           

r or ρ value 
 

-0.38** -0.42** -0.03 0.56** 0.22 0.01 -0.17 0.00 0.14 -0.06 

Partial ρ 
(controlled: 

gender) 
- -0.29* 0.20 0.42** 0.31** 0.03 -0.12 0.00 0.22 0.11 

Partial ρ 
(controlled: CC) 

-0.25* - 0.02 0.45** 0.21 0.01 -0.13 0.01 0.12 -0.01 

Partial ρ 
(controlled: Icl) 

-0.44** -0.42** - 0.57** 0.24* 0.02 -0.12 -0.03 0.33** -0.06 

Partial ρ 
(controlled: M) 

0.06 -0.23* 0.17 - 0.27* 0.12 -0.03 -0.11 0.11 0.05 

Partial ρ 
(controlled: 
gender, CC) 

- - 0.17 0.41** 0.27* 0.02 -0.12 0.02 0.18 0.09 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, TSV: thermal sensation vote, TC: 

thermal comfort, TP: thermal preference, DL: dissatisfaction level, PMV: predicted mean vote, PPD: 

predicted percentage of dissatisfied. Values are correlation coefficient (ρ value).  
**: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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Table 4.7. Correlation of the BMI with local tsk and Δtsk differences. 

 tforehead tnose tchin tneck tcheek teye canthus tpalmar finger tpalmr hand tdorsal finger tdorsal hand 
Δtforehead - 

nose 

Δtpalmar 

hand - palmar 

finger 

Summer             

r value 0.01 0.40** 0.21* 0.05 0.23* 0.04 0.38** 0.23* 0.43** 0.24* -0.44** -0.47** 

Partial ρ 
(controlled: 

gender) 
-0.10 0.25* 0.11 -0.05 0.05 0.07 0.24* 0.13 0.30** 0.15 -0.32** -0.28** 

Partial ρ 
(controlled: 

CC) 
-0.04 0.31** 0.13 -0.06 0.12 0.02 0.30** 0.16 0.36** 0.18 -0.37** -0.35** 

Partial ρ 
(controlled: 

Icl) 
-0.03 0.40** 0.18 -0.01 0.20 0.04 0.36** 0.21 0.42** 0.22 -0.45** -0.41** 

Partial ρ 
(controlled: 

M) 
-0.17 0.19 0.12 -0.07 0.00 -0.06 0.25* 0.16 0.31** 0.17 -0.28* -0.27* 

Partial ρ 
(controlled: 
gender, CC) 

-0.10 0.21 0.08 -0.09 0.01 0.05 0.21 0.11 0.28* 0.13 -0.27* -0.24* 

Winter             

r value 0.14 0.26* 0.16 0.03 0.36** 0.13 0.10 -0.13 0.12 0.00 -0.22 -0.23* 

Partial ρ 
(controlled: 

gender) 
0.05 0.11 0.07 -0.08 0.27* 0.08 0.01 -0.13 0.03 0.02 -0.10 -0.10 

Partial ρ 
(controlled: 

CC) 
0.06 0.14 0.09 -0.10 0.29* 0.05 0.03 -0.14 0.08 -0.04 -0.13 -0.14 

Partial ρ 
(controlled: 

Icl) 
0.14 0.26* 0.16 0.02 0.36** 0.13 0.10 -0.13 0.12 0.00 -0.22 -0.23* 

Partial ρ 
(controlled: 

M) 
-0.05 0.04 0.05 -0.12 0.22 0.05 0.05 -0.06 0.05 0.07 -0.07 -0.11 

Partial ρ 
(controlled: 
gender, CC) 

0.02 0.07 0.05 -0.14 0.25* 0.04 -0.01 -0.14 0.03 -0.01 -0.07 -0.08 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, tforehead: forehead skin temperature, tnose: 

nose skin temperature, tchin: chin skin temperature, tneck: neck skin temperature, tcheek: cheek skin 

temperature, teye canthus: eye canthus skin temperature, tdorsal hand: dorsal hand skin temperature, tpalmar hand: 

palmar hand skin temperature, tdorsal finger: dorsal finger skin temperature, and tpalmar finger: palmar finger 

skin temperature. Values are correlation coefficient (ρ value). 

 **: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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4.4.2 Gender differences 

 

4.4.2.1 Morphological differences 

It was observed that in the female group, percentage of BMI > 22 individuals were lower comparing 

with BMI < 22 individuals. Additionally, it was observed that in the female group, percentage of non-cold 

constitution individuals were lower comparing with cold constitution individuals. Additionally, females 

hight, weight and BMI were significantly lower comparing with males (p < 0.05) (Table 4.1). 

 

4.4.2.2 Comparison of thermal perceptions 

Fig. 4.12 shows the comparison of TSV, TC, TP and DL between the two gender groups. In summer, the 

male group showed higher TSV compared to the female group with a statistically significant difference (p 

< 0.05). In that season, TC, TP and DL showed no significant gender differences. In winter, there were no 

significant gender differences observed in TSV, TC, TP, and DL. However, the female group showed a 

wider range in DL during winter compared to the male group. 

 

 
 

Fig. 4.12. Comparison of thermal sensation vote (TSV), thermal comfort (TC), thermal preference (TP) 

and dissatisfaction level (DL), between male and female groups in summer (a) and winter (b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. *: p < 0.05 between gender groups. 

 

4.4.2.3 Comparison of Icl 

Fig. 4.13 shows the comparison of clothing insulation predicted by IRT. Icl was significantly higher (p < 

0.01) in the female group than in the male group in both seasons. Additionally, in winter, Icl was 

significantly higher (p < 0.01) compared to Icl in summer for both male and female groups.  
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4.4.2.4 Comparison of M 

Fig. 4.14 shows the comparison of M prediction. The male group showed significantly higher MET (p < 

0.01) than the female group in both seasons.  

 

 

Fig. 4.13. Comparison of clothing insulation (Icl) between male and female groups in summer (a) and 

winter (b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14). 

Values are mean ± standard deviation. **: p < 0.01 between gender groups. 

 

 

 

Fig. 4.14. Comparison of metabolic rate (M) between male and female groups in summer (a) and winter 

(b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. **: p < 0.01 between gender groups.  
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4.4.2.5 Comparison of PMV and PPD 

Fig. 4.15 shows the PMV comparisons between the male and female groups. In summer and winter, 

PMV predictions from IRT showed no significant differences between the male and female groups. In the 

PPD comparison in winter (Fig. 4.16), the female group showed significantly higher dissatisfaction than 

the male group (p < 0.01), while there was no significant gender difference in summer. 

 
 

 Fig. 4.15. Comparison of predicted mean vote (PMV) between male and female groups in summer (a) 

and winter (b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. 

 

 Fig. 4.16. Comparison of predicted percentage of dissatisfied (PPD) between male and female groups in 

summer (a) and winter (b). 

 (Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. **: p < 0.01 between gender groups. 
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4.4.2.6 Comparison between TSV and PMV 

A comparison between TSV (as reference value for prediction) and PMV prediction is described in Fig. 

4.17. In the male group, TSV was significantly higher than PMV (p < 0.01) in summer. In other cases, 

there were no significant differences between PMV and TSV. 

Comparing the TSV and PMV prediction, Table 4.8 shows the absolute mean differences with standard 

deviation (SD), root mean square error (RMSE) and correlation between TSV and PMV. There was no 

significant correlation observed between PMV and TSV in both seasons for both gender groups. 

 

 
 

 

 

Fig. 4.17. Comparison of thermal sensation vote (TSV) and predicted mean vote (PMV) for male in 

summer (a) and winter (b); for female in summer (c) and winter (d).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. **: p < 0.01 between TSV and PMV. 
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Table 4.8. PMV and TSV comparison with absolute mean difference ± SD, RMSE and correlation 

coefficient “r” value in gender groups. 
 

Absolute mean difference ± 
SD 

RMSE r value  

Summer     

Male 0.66 ± 0.60 0.89 0.13 

Female 0.61 ± 0.55 0.81 0.27 

Winter     

Male 0.65 ± 0.57 0.86 0.01 

Female 0.87 ± 0.53 1.03 0.20 

 

4.4.2.7 Comparison of tsk 

Local skin temperature on the face and hand are shown in Fig. 4.18. The male group showed 

significantly higher tnose compared to the female group in both seasons (p < 0.01). The hand and finger 

temperatures of the male group were significantly higher compared to the female group in summer (p < 

0.05). Table 4.9 shows correlation coefficient (ρ) between TSV and local skin temperature. In summer, for 

the male group, tnose, tpalmar finger, tpalmar hand, tdorsal finger, and tdorsal hand significant correlation with TSV (p < 

0.01). For the female group, tcheek temperature showed significant correlation with TSV (p < 0.05). In 

winter, however, no significant correlation was found between TSV and tsk for either group. 

 

Table 4.9. Local skin temperature (tsk) and TSV comparison with Spearman’s rank corelation test in 

gender groups. 
  

tforehead tnose tchin tneck tcheek 
teye 

canthus 
tpalmar 

finger  
tpalmar 

hand 
tdorsal 

finger 
tdorsal 

hand  

Summer             

Male ρ 
value 

0.05 0.32* 0.07 0.11 0.21 0.05 0.38* 0.31* 0.36* 0.32* 

Female ρ 
value 

0.06 -0.08 0.11 0.04 0.53* 0.27 -0.33 -0.27 -0.37 -0.37 

Winter             

Male ρ 
value 

0.07 0.17 0.10 0.09 -0.01 0.10 0.12 0.05 0.20 0.07 

Female ρ 
value 

0.38 0.39 0.17 0.17 0.52 0.27 -0.04 -0.25 -0.07 0.02 

Values are corelation coefficient (ρ value). * Significant correlation (p < 0.05). 
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Fig. 4.18. Comparison of local skin temperature (tsk) between male and female groups in summer (a) and 

winter (b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. *: p < 0.05, **: p < 0.01 between gender groups. 

 

4.4.2.8 Comparison of Δtproximal - distal 

Fig. 4.19. shows the comparison of Δtproximal - distal between the male and female groups. It was observed 

that females had higher Δtforehead - nose and Δtpalmar hand - palmar finger comparing with male groups in both 
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summer and winter (p < 0.01). 

 

 

Fig. 4.19. Comparison of Δtproximal-distal between the male and female groups in summer (a) and winter 

(b).  

(Summer, M:F = 72:17; Winter, M:F = 61:14) 

Values are mean ± standard deviation. *: p < 0.05, **: p < 0.01 between gender groups. 

 

4.4.2.9 Correlation analysis with gender 

Table 4.10 represents the relationships between gender and various factors, including BMI, CC, Icl, M, 

TSV, TC, TP, DL, PMV and PPD. In addition, the partial correlations among these factors were 

examined to see their relationships with the gender, and the results are shown in Table 4.6. In summer, 

BMI, CC, Icl, M and TSV had significant moderate correlations with the gender (ρ = -0.47, 0.33, 0.34, -

0.68 and -0.26, respectively, p < 0.05). In addition, in partial correlation analysis, when BMI was 

controlled, correlation of the Icl and M became stronger with gender (ρ = 0.43, -0.74, p < 0.01). When 

CC was controlled, BMI, Icl and M were significantly correlated with gender (ρ = -0.36, 0.41 and -0.77, 

respectively, p < 0.01). When Icl was controlled, significant correlations with the gender were observed 

for BMI, CC, M, TSV, DL, PMV and PPD (ρ = -0.47, 0.34, -0.78, -0.27, 0.24, -0.74 and 0.35, 

respectively, p < 0.05). When M was controlled, the correlation weakened and only for Icl and PMV were 

significantly correlated with gender (ρ = 0.34 and 0.27, respectively, p < 0.05). When BMI and CC were 

controlled together, most of the correlation disappeared. Even though, Icl and M were still significantly 

correlated with the gender (ρ = 0.44 and -0.73, respectively, p < 0.01). 

In winter, BMI, CC, Icl, M and PPD showed significant correlation with gender (ρ = -0.38, 0.48, 0.35, -

0.68 and 0.37, respectively, p < 0.01). In partial correlation, when BMI was controlled, it did not affect 

too much on the correlations and CC, Icl, M, TSV and PPD showed significant correlation (ρ = 0.37, 
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0.50, -0.73, 0.23 and 0.39, respectively, p < 0.05). When CC was controlled, BMI, Icl, M and PPD still 

showed significant correlations (ρ = -0.25, 0.48, -0.72 and 0.37, respectively, p < 0.05). When Icl was 

controlled, it had little impact on most of the correlations and BMI, CC and PMV were significantly 

correlated (ρ = -0.44, 0.49, -0.76 and -0.63, respectively, p < 0.01). When M was controlled, Icl, PMV 

and PPD were significantly correlated (ρ = 0.41, 0.32 and 0.38, respectively, p < 0.01). When BMI and 

CC were controlled together, the correlation were little bit elevated and significant correlation were 

found in Icl, M, TSV, PMV and PPD (ρ = 0.50, -0.70, 0.27, 0.24 and 0.38, respectively, p < 0.05). 

In Table 4.11, the correlations between gender and local tsk as well as Δtproximal - distal are summarized. In 

summer, several significant correlations were noted. Significant negative correlations were figured out for 

tnose, tcheek, teye canthus, tpalmr finger, tpalmar hand, tdorsal finger and tdorsal hand with cold constitution (ρ = -0.38, -0.31, -

0.24, -0.37, -0.22, -0.37 and -0.24, respectively, p < 0.05). Significant positive correlations were observed 

for Δtforehead - nose and Δtpalmar hand - palmar finger with the gender (ρ = 0.36 and 0.43, respectively, p < 0.01). In 

the partial correlation analysis while BMI, CC and M were controlled separately, the magnitude of most of 

the correlations reduced. However, Δtpalmar hand – palmar finger was significantly correlated with the gender (ρ = 

0.28, 0.37, 0.26, respectively and p < 0.01). In addition, Δtforehead – nose was significantly correlated with the 

gender while CC was controlled (ρ = 0.34, p < 0.01). When Icl was controlled, most of the correlation 

remained same and the tnose, tcheek, tpalmar finger, tdorsal finger and tdorsal hand were significantly negatively 

correlated with the gender (ρ = -0.36, 0.25, -0.34, -0.33 and -0.23, respectively, p < 0.05). Additionally 

positive correlations were found for Δtforehead - nose and Δtpalmar hand - palmar finger  when Icl was controlled (ρ = 

0.38 and 0.39, respectively, p < 0.01). While when BMI and CC were controlled together, correlation 

decreased a little, however tnose, tcheek, tpalmr finger, Δtforehead - nose and Δtpalmar hand - palmar finger showed significant 

correlation with gender (ρ = -0.26, -0.26, -0.22, 0.23 and 0.27, respectively, p < 0.05) 

In winter, significant negative correlations were found for tnose, tchin and tneck (ρ = -0.36, -0.24 and -0.23, 

respectively, p < 0.05). A significant positive correlation was observed for Δtforehead - nose and Δtpalmar hand - 

palmar finger with the gender (ρ = 0.27 and 0.28, p < 0.05). When BMI was controlled, tnose, tcheek, Δtforehead - nose 

and Δtpalmar hand - palmar finger showed significant correlations (ρ = -0.34, -0.26, 0.28 and 0.29, respectively, p 

< 0.05). When CC was controlled, tnose, tcheek, Δtforehead - nose and Δtpalmar hand - palmar finger showed significant 

correlations (ρ = -0.30, -0.24, 0.25 and 0.27, respectively, p < 0.05). When Icl was controlled, tnose, Δtforehead 

- nose and Δtpalmar hand - palmar finger showed significant correlation (ρ = -0.39, 0.35 and 0.30, respectively, p < 

0.01). When M was controlled, correlation value reduced and only tpalmar finger and Δtpalmar hand - palmar finger 

showed significant correlation (ρ = -0.24 and 0.25, respectively, p < 0.05). Interestingly when BMI and 

CC were controlled together, tnose, Δtforehead - nose and Δtpalmar hand - palmar finger showed significant correlation 

((ρ = -0.28, -0.23 and 0.25, respectively, p < 0.05).  
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Table 4.10. Correlations of the gender with BMI, CC, Icl, M, thermal perceptions, PMV and PPD. 

 BMI CC Icl M TSV TC TP DL PMV PPD 

Summer           

ρ value 
 

-0.47** 0.33** 0.34** -0.68** -0.26* 0.02 0.18 0.15 -0.09 0.18 

Partial ρ 
(controlled: BMI) 

- 0.20 0.43** -0.74** -0.12 -0.04 0.04 0.20 0.02 0.18 

Partial ρ 
(controlled: CC) 

-0.36** - 0.41** -0.77** -0.14 0.06 0.08 0.18 -0.04 0.18 

Partial ρ 
(controlled: Icl) 

-0.47** 0.34** - -0.78** -0.27* -0.05 0.16 0.24* -0.74** 0.35** 

Partial ρ 
(controlled: M) 

0.14 0.08 0.34** - -0.05 -0.09 -0.14 0.17 0.27* -0.07 

Partial ρ 
(controlled: BMI, 

CC) 
- - 0.44** -0.73** -0.06 -0.01 -0.01 0.20 0.04 0.15 

Winter           

ρ value 
 

-0.38** 0.48** 0.35** -0.68** 0.09 0.03 0.07 0.10 0.160 0.37** 

Partial ρ 
(controlled: BMI) 

- 0.37** 0.50** -0.73** 0.23* 0.03 -0.02 0.08 0.22 0.39** 

Partial ρ 
(controlled: CC) 

-0.25* - 0.48** -0.72** 0.20 0.04 0.03 0.05 0.20 0.37** 

Partial ρ 
(controlled: Icl) 

-0.44** 0.49** - -0.76** 0.09 -0.00 0.01 0.01 -0.63** 0.12 

Partial ρ 
(controlled: M) 

0.06 0.23 0.41** - 0.22 -0.15 -0.17 0.26 0.32* 0.38** 

Partial ρ 
(controlled: BMI, 

CC) 
- - 0.50** -0.70** 0.27* 0.04 -0.01 0.05 0.24* 0.38** 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, TSV: thermal sensation vote, TC: 

thermal comfort, TP: thermal preference, DL: dissatisfaction level, PMV: predicted mean vote, PPD: 

predicted percentage of dissatisfied. Values are correlation coefficient (ρ value).  
**: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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Table 4.11. Correlation of the gender with local tsk and Δtsk gradient. 

 tforehead tnose tchin tneck tcheek teye canthus tpalmar finger tpalmar hand tdorsal finger tdorsal hand 
Δtforehead - 

nose 

Δtpalmar 

hand - palmar 

finger 

Summer             

ρ value -0.16 -0.38** -0.18 -0.11 -0.31** -0.24* -0.37** -0.22* -0.37** -0.24* 0.36** 0.43** 

Partial ρ 
(controlled: 

BMI) 
-0.16 -0.28* -0.11 -0.09 -0.28* 0.08 -0.24* -0.12 -0.21 -0.11 0.25 0.28* 

Partial ρ 
(controlled: 

CC) 

-0.14 -0.34** -0.14 -0.04 -0.28** 0.08 -0.31** -0.16 -0.31* -0.16 0.34** 0.37** 

Partial ρ 
(controlled: 

Icl) 
-0.05 -0.36** -0.11 0.03 -0.25* 0.04 -0.34* -0.19 -0.33* -0.23* 0.38** 0.39** 

Partial ρ 
(controlled: 

M) 
-0.02 -0.17 -0.13 -0.03 -0.15 0.27* -0.24* -0.16 -0.22* -0.14 0.18 0.26* 

Partial ρ 
(controlled: 
BMI, CC) 

-0.16 -0.26* -0.10 -0.07 -0.26* 0.09 -0.22* -0.11 -0.20 -0.10 0.23* 0.27* 

Winter             

ρ value -0.16 -0.36** -0.24* -0.20 -0.23* -0.15 -0.21 0.01 -0.20 0.03 0.27* 0.28* 

Partial ρ 
(controlled: 

BMI) 
-0.21 -0.34** -0.21 -0.26* -0.21 -0.11 -0.22 -0.05 -0.19 0.05 0.28* 0.29* 

Partial ρ 
(controlled: 

CC) 

-0.17 -0.30** -0.19 -0.13 -0.24* -0.06 -0.18 0.01 -0.19 0.09 0.25* 0.27* 

Partial ρ 
(controlled: 

Icl) 
-0.21 -0.39** -0.17 -0.18 -0.32 -0.07 -0.17 0.08 -0.12 0.05 0.35* 0.30** 

Partial ρ 
(controlled: 

M) 
0.02 -0.16 -0.14 -0.12 -0.11 -0.03 -0.24* -0.17 -0.19 -0.06 0.18 0.25* 

Partial ρ 
(controlled:  
BMI, CC) 

-0.16 -0.28* -0.17 -0.16 -0.18 -0.05 -0.18 -0.03 -0.18 0.09 0.23* 0.25* 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, tforehead: forehead skin temperature, tnose: 

nose skin temperature, tchin: chin skin temperature, tneck: neck skin temperature, tcheek: cheek skin 

temperature, teye canthus: eye canthus skin temperature, tdorsal hand: dorsal hand skin temperature, tpalmar hand: 

palmar hand skin temperature, tdorsal finger: dorsal finger skin temperature, and tpalmar finger: palmar finger 

skin temperature. Values are correlation coefficient (ρ value). 

 **: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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4.4.3 Cold constitution differences 

 

4.4.3.1 Morphological differences 

It was observed that in the NC group, number of females were less comparing with males. Additionally 

in the NC group, body height, weight and BMI were significantly higher comparing with the CC group (P 

< 0.05) (Table 4.1). 

 

4.4.3.2 Comparison of thermal perceptions 

Fig. 4.20 illustrates the TSV, TC, TP and DL comparisons between the CC group and the NC group. In 

summer, CC group showed significantly lower TSV comparing with the NC group (p < 0.01). 

Additionally, CC group showed significantly higher TP comparing with the NC group (p < 0.01). No 

significant differences were observed for TC and TP  between the CC group and the NC group in summer. 

On the other hand, in winter, no significant differences were found in TSV , TC, TP and DL between the 

two groups.  

 

 
 

Fig. 4.20. Comparison of thermal sensations between CC group and NC group in summer (a) and 

winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between the groups.  

 

4.4.3.3 Comparison of Icl  

Fig. 4.21 shows the Icl comparison between the groups. No significant differences were observed for the 

Icl between the groups in either summer or winter. However, when the summer Icl and the winter Icl were 

compared, the Icl in winter was significantly greater than that in the summer for both the groups (p < 0.01). 
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4.4.3.4 Comparison of M 

Fig. 4.22 highlights the M comparison between the groups. The results revealed that CC group had a 

significantly lower M in both seasons comparing with the NC group (p < 0.01). 

 

 

Fig. 4.21. Comparison of clothing insulation (Icl) between CC group and NC group in summer (a) and 

winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation.  

 

 

 

Fig. 4.22. Comparison of metabolic rate (M) between CC group and NC group in summer (a) and 

winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between the groups. 
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4.4.3.5 Comparison of PMV and PPD  

As shown in Fig. 4.23, there were no significant differences observed in PMV between the CC group 

and the NC group in either summer or winter. Fig. 4.24 presents PPD comparison between the two groups. 

In summer, CC group showed significantly higher PPD comparing with the NC group (p < 0.05). 

However, in winter No significant difference was observed for PPD between the groups.  

Table 4.12 also shows the PMV and TSV comparison including the absolute mean values differences 

with SD, RMSE values and correlation between TSV and PMV. No significant correlation was observed 

between TSV and PMV in all comparisons for the cold constitution groups. 

 

Table 4.12.  PMV and TSV comparison with absolute mean difference ± SD, RMSE and correlation 

coefficient “r” value in cold constitution groups. 
 

Absolute mean difference ± 
SD 

RMSE r value  

Summer     

CC group 0.52 ± 0.38 0.64 0.24 

NC group 0.72 ± 0.65 0.83 0.04 

Winter     

CC group 0.86 ± 0.59 1.03 -0.12 

NC group 0.62 ± 0.54 0.82 0.15 

 

 

Fig. 4.23. Comparison of predicted mean vote (PMV) between CC group and NC group in summer (a) 

and winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. 
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Fig. 4.24. Comparison of predicted percentage of dissatisfied (PPD) between CC group and NC group 

in summer (a) and winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between the groups.  

 

4.4.3.6 Comparison between TSV and PMV 

A comparison between TSV (as reference value for prediction) and PMV prediction is illustrated in Fig. 

4.25. In the NC group, TSV was significantly higher than PMV (p < 0.01) in summer. In other cases, there 

were no significant differences between PMV and TSV. 

 

4.4.3.7 Comparison of tsk 

Fig. 4.26 represents the local skin temperature comparison between the groups. It was observed that CC 

group have relatively lower skin temperature comparing with the NC group. Especially in the summer, 

CC group had significantly lower tnose, tcheek, tpalmar hand and tdorsal hand comparing with the NC group (p 

<0.05). In winter, CC group also showed significantly lower tnose, tneck and tcheek comparing with the NC 

group (p <0.05).  

Table 4.13 shows the correlation coefficient (ρ) between TSV and local skin temperature. No significant 

correlations were found between TSV and local skin temperatures for the cold constitution groups except 

CC group’s tdorsal was significantly correlated with TSV in summer (p < 0.05). 

 

4.4.3.8 Comparison of Δtproximal - distal 

Fig. 4.27 illustrates the temperature difference between tforehead and tnose, as well as tpalm and tpalmar finger. 

The CC group had significantly greater Δtforehead - nose and Δtpalmar hand - palmar finger  comparing with the NC 

group both in summer (p < 0.05) and winter (p <0.01). 
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Fig. 4.25. Comparison of thermal sensation vote (TSV) and predicted mean vote (PMV) for CC group: 

summer (a) and winter (b); for NC group: summer (c) and winter (d). 

 (Summer, CC: NC = 29:60; Winter, CC: NC = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between TSV and PMV. 



100 
 

 

 
 

 

 
 

Fig. 4.26. Comparison of local skin temperature (tsk) between CC group and NC group in summer (a) 

and winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between groups.  
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Fig. 4.27. Comparison of Δtproximal-distal between CC group and NC group in summer (a) and winter (b).  

(Summer, CC group : NC group = 29:60, Winter, CC group : NC group = 24:51) 

Values are mean ± standard deviation. **: p < 0.01 between the groups.  

 

Table 4.13. Local skin temperature (tsk) and TSV comparison with Spearman’s rank corelation test in cold 

constitution groups. 
  

tforehead tnose tchin tneck tcheek 
teye 

canthus 
tpalmar 

finger  
tpalmar 

hand 
tdorsal 

finger 
tdorsal 

hand 

Summer             

CC 
group 

ρ 
value 

0.11 0.23 0.19 0.12 0.35 0.19 0.18 0.02 0.20 0.14 

NC 
group 

ρ 
value 

0.03 0.18 0.03 0.03 0.23 0.21 0.25 0.21 0.19 0.16 

Winter             

CC 
group 

ρ 
value 

0.22 0.24 0.23 -0.02 0.16 0.24 0.32 0.23 0.43* 0.33 

NC 
group 

ρ 
value 

0.03 0.02 -0.03 0.09 -0.05 0.03 -0.04 -0.10 0.02 -0.05 

Values are corelation coefficient (ρ value). * Significant correlation (p < 0.05). 
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Table 4.14. Correlations of the cold constitution with gender, BMI, Icl, M, thermal perceptions, PMV and 

PPD. 

 Gender BMI Icl M TSV TC TP DL PMV PPD 

Summer           

ρ value 
 

0.33** -0.38** -0.01 -0.33** -0.44** -0.10 0.30** -0.03 -0.21* 0.27* 

Partial ρ 
(controlled: 

gender)  
_ -0.27* 0.13 -0.18 -0.35** -0.13 0.27* -0.07 -0.20 0.20 

Partial ρ 
(controlled: BMI) 

0.16 _ 0.13 -0.16 -0.31* -0.20 0.21* 0.02 -0.14 0.20 

Partial ρ 
(controlled: Icl) 

0.30** -0.37** _ -0.34* -0.38** -0.12 0.29** -0.00 -0.24* 0.30** 

Partial ρ 
(controlled: M) 

0.05 -0.21 0.12 _ -0.31* -0.17 0.21* -0.04 -0.18 0.14 

Partial ρ 
(controlled: 

gender, BMI) 
_ _ -0.06 -0.04 -0.31** -0.14 0.22* -0.06 -0.11 0.16 

Winter           

ρ value 
 

0.48** -0.42** 0.13 -0.39** -0.10 0.01 0.02 0.09 -0.04 0.10 

Partial ρ 
(controlled: 

gender)  
_ -0.29* -0.15 -0.14 -0.22 -0.05 0.01 0.07 -0.15 -0.09 

Partial ρ 
(controlled: BMI) 

0.37** _ 0.10 -0.29* -0.04 -0.03 -0.03 0.10 -0.01 0.10 

Partial ρ 
(controlled: Icl) 

0.49** -0.42** _ -0.44** -0.15 -0.04 0.02 0.09 -0.32** 0.06 

Partial ρ 
(controlled: M) 

0.23* -0.23* -0.03 _ -0.14 -0.11 -0.06 0.17 -0.03 0.04 

Partial ρ 
(controlled: 

gender, BMI) 
_ _ -0.10 -0.02 -0.14 -0.04 -0.03 0.08 -0.10 -0.06 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, TSV: thermal sensation vote, TC: 

thermal comfort, TP: thermal preference, DL: dissatisfaction level, PMV: predicted mean vote, PPD: 

predicted percentage of dissatisfied. Values are correlation coefficient (ρ value).  
**: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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Table 4.15. Correlation of the cold constitution with local tsk and Δtsk differences. 

 tforehead tnose tchin tneck tcheek teye canthus tpalmar finger  tpalmar hand tdorsal finger tdorsal hand 
Δtforehead - 

nose 

Δtpalmar 

hand - palmar 

finger 

Summer             

ρ value -0.08 -0.27* -0.14 -0.15 -0.21* -0.17 -0.17 -0.27* -0.18* -0.26* 0.31** 0.30** 

Partial ρ 
(controlled: 

gender)  
0.03 -0.21 -0.09 -0.12 -0.14 -0.09 -0.15 -0.11 -0.14 -0.10 0.24* 0.16 

Partial ρ 
(controlled: 

BMI) 
-0.03 -0.19 -0.08 -0.15 -0.17 -0.06 -0.13 -0.09 -0.10 -0.08 0.21 0.13 

Partial ρ 
(controlled: 

Icl) 
-0.01 -0.33* -0.16 -0.13 -0.23* -0.06 -0.25* -0.17 -0.25* -0.15 0.37** 0.27* 

Partial ρ 
(controlled: 

M) 
0.04 -0.19 -0.10 -0.12 -0.14 -0.02 -0.16 -0.12 -0.15 -0.12 0.23* 0.16 

Partial ρ 
(controlled: 

gender, BMI) 

-0.00 -0.15 -0.07 -0.14 -0.13 -0.07 -0.09 -0.07 -0.06 -0.07 0.17 0.09 

Winter             

ρ value -0.23* -0.33** -0.20 -0.27* -0.23 -0.23* -0.01 -0.17 -0.09 -0.13 0.25* 0.21 

Partial ρ 
(controlled: 

gender)  
-0.13 -0.16 -0.08 -0.19 -0.12 -0.15 -0.07 -0.00 -0.02 -0.11 0.12 0.10 

Partial ρ 
(controlled: 

BMI) 
-0.19 -0.25* -0.14 -0.30* -0.12 -0.16 -0.14 -0.06 -0.08 -0.09 0.19 0.17 

Partial ρ 
(controlled: 

Icl) 
-0.21 -0.31** -0.17 -0.27* -0.25* -0.18 -0.16 0.02 -0.10 -0.08 0.25* 0.23* 

Partial ρ 
(controlled: 

M) 
-0.09 -0.17 -0.11 -0.21 -0.13 -0.14 -0.14 -0.07 -0.07 -0.14 0.15 0.16 

Partial ρ 
(controlled: 

gender, BMI) 

-0.11 -0.14 -0.06 -0.22 -0.05 -0.13 -0.07 -0.04 -0.01 -0.11 0.09 0.07 

BMI: body mass index, Icl: clothing insulation, M: metabolic rate, tforehead: forehead skin temperature, tnose: 

nose skin temperature, tchin: chin skin temperature, tneck: neck skin temperature, tcheek: cheek skin 

temperature, teye canthus: eye canthus skin temperature, tdorsal hand: dorsal hand skin temperature, tpalmar hand: 

palmar hand skin temperature, tdorsal finger: dorsal finger skin temperature, and tpalmar finger: palmar finger 

skin temperature. Values are correlation coefficient (ρ value). 
**: Significant correlation (p < 0.01), *: Significant correlation (p < 0.05). 
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4.4.3.9 Correlation analysis with cold constitution 

Table 4.14 represents the relationships between cold constitution and various factors, including gender, 

BMI, Icl, M, TSV, TC, TP, DL, PMV and PPD. Additionally, the partial correlations among these factors 

were analyzed to examine their relationships with the cold constitution, and the results are shown in 

Table 4.14. In summer gender, BMI, M, TSV, TP, PMV and PPD had significant moderate correlations 

with the cold constitution (ρ = 0.33, -0.38, -0.33, -0.44, 0.30, -0.21 and 0.27, respectively, p < 0.05). In 

addition, in partial correlation analysis, when gender was controlled, correlation of the BMI and the cold 

constitution became weak, although it was significant (ρ = -0.27, p < 0.05). The correlation with TSV 

remains significant (ρ = -0.35, p < 0.01) and TP remains a moderate positive correlation (ρ = 0.27, p < 

0.05). When BMI was controlled, only TSV and TP were significantly correlated with cold constitution 

(ρ = -0.31 and -0.21, respectively, p < 0.05). When Icl was controlled, significant correlations were 

observed for gender, BMI, M, TSV, TP, PMV and PPD (ρ = 0.30, -0.37, -0.34, -0.38, 0.29, -0.24 and 

0.30, respectively, p < 0.05). When M was controlled, the correlation weakened and only for TSV and 

TP were significantly correlated with cold constitution (ρ = -0.31 and 0.21, respectively, p < 0.05). 

When gender and BMI were controlled together, most of the correlation disappeared. Even though, TSV 

and TP were still significantly correlated with the cold constitution (ρ = -0.31 and 0.22, respectively, p < 

0.05). 

In winter, gender, BMI and M showed significant correlation with cold constitution (ρ = 0.48, -0.42 and 

-0.39 respectively, p < 0.01). In partial correlation, while gender was controlled, it weakened the 

correlation and only BMI was significantly correlated with cold constitution (ρ = -0.29, p < 0.05). When 

BMI was controlled, gender and M still showed significant but weaker correlations (ρ = 0.37 and -0.29, 

respectively, p < 0.05). When Icl was controlled, it had little impact on most of the correlations and 

gender, BMI, M and PMV were significantly correlated (ρ = 0.49, -0.42, -0.44 and -0.32 respectively, p < 

0.01). When M was controlled, most correlations weakened, although gender and BMI were 

significantly correlated (ρ = 0.23 and -0.23, respectively, p < 0.05). When gender and BMI were 

controlled together, the correlation disappeared. 

In Table 4.15, the correlations between cold constitution and local tsk as well as Δtproximal - distal are 

summarized. In summer, several significant correlations were noted. Significant negative correlations 

were figured out for tnose, tcheek, tpalmar hand and tdorsal finger with cold constitution (ρ = -0.27, -0.21, -0.27 and -

0.18, respectively, p < 0.05). Significant positive correlations were observed for Δtforehead - nose and Δtpalmar 

hand - palmar finger with the cold constitution (ρ = 0.31 and 0.30, respectively, p < 0.05). In the partial 

correlation analysis while gender, BMI and M controlled separately, the magnitude of most of the 

correlations reduced. However, while gender and M were controlled, in both cases Δtforehead – nose was 

significantly correlated with the cold constitution (ρ = 0.24 and 0.23, respectively, p < 0.05). When Icl was 

controlled, most of the correlation elevated slightly and the tnose, tcheek, tpalmar finger and tdorsal finger were 

significantly negatively correlated with the cold constitution (ρ = -0.33, 0.23, -0.25 and -0.25, respectively, 
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p < 0.05). Additionally positive correlations were identified for Δtforehead - nose and Δtpalmar hand - palmar finger (ρ = 

0.37 and 0.27, respectively, p < 0.05). While gender and BMI were controlled together, no significant 

correlation was observed with cold constitution. 

In winter, significant negative correlations were observed for tforehead, tnose, tneck and teyecanthus (ρ = -0.23, -

0.33, -0.27 and -0.23, respectively, p < 0.05). A significant positive correlation was observed for Δtforehead - 

nose with the cold constitution (ρ = 0.25, p < 0.05). When BMI was controlled, it reduced correlation levels, 

and statistical significance was found for tnose and tneck (ρ = -0.25 and -0.30 respectively, p < 0.05). When 

gender, M and gender combined with BMI were controlled together, no significant correlations was 

observed. However, while Icl was controlled, the correlations slightly increased, and significant negative 

correlations were found for tnose, tneck and tcheek (ρ = -0.31, -0.27 and -0.25, respectively, p < 0.05). 

Additionally positive correlations were observed for Δtforehead - nose and Δtpalmar hand - palmar finger with the cold 

constitution (ρ = 0.25 and 0.23, respectively, p < 0.05). 

 

4.5 Discussion 

 

4.5.1 Thermal sensations and morphological characteristics  

This research was conducted in office environment where thermal environment was in the range of 

thermoneutral both in summer and winter. This likely explains why most participants responded with 

“neutral” for TSV, “neither” for TC and “no change” for TP (Fig. 4.3, Fig. 4.11, Fig 4.19). However, the 

mean DL was near to “slightly satisfied”, probably due to the human expectation of better conditions, 

which guide  the participants to engage in some adaptive activities [34, 59].  

From the TSV results, it appears that the BMI < 22 group had marginally higher cold sensitivity 

compared to the BMI > 22 group (Fig. 4.3), which is in line with prior research findings [117]. 

Individuals with higher BMI generally have a higher metabolic rate because larger bodies require more 

energy to maintain basic physiological functions. Additionally, they have lower surface area to volume 

ratio, which results in less heat loss per unit heat production [216, 217]. This is likely why the BMI > 22 

group had lower cold sensitivity compared to the BMI < 22 group.  

It was also observed that the female participants were slightly more sensitive to cold compared to the 

male participants. Previous study also demonstrated similar findings [129]. They also found that females 

have significantly lower TSV compared to males. Another study  also mentioned the higher 

dissatisfaction of females compared to that of males under the same thermal environments [202]. Males 

typically have higher metabolic rates than females, resulting in more heat production [218]. This might be 

explained by higher percentage of muscle mass in the male body [123]. Some studies have reported 

greater cutaneous thermal sensitivity in females than in males, which was assessed by the magnitude and 

threshold of the local thermal sensation to the peltier plate attached on the skin surface [219, 220]. In 

addition, there have been studies reporting that females showed lower skin temperature and reduced skin 
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blood flow during or after cold exposure compared to males [221]. This might be explained in part by the 

greater sensitivity of adrenergic receptors in cutaneous blood vessel and/or the lower bioavailability of 

nitric oxide, which is known as vasodilator, in females with cold constitution [151]. Moreover, higher 

surface area to mass ratio might be one another reason for lower cold tolerance in females  [222]. 

Additionally, typically, males have higher BMI than females [223, 224], and the BMI > 22 group in this 

study had a higher ratio of male participants (Table 4.1). This result indicates the influence of 

physiological and morphological characteristics on TSV [34, 59, 196]. 

From the morphological characteristics analysis of cold constitution group (Table 4.1) it was observed 

that mostly in the NC group, the female participants were less than males, which is consistent with the 

findings of some prior studies  [150, 225]. Notably, the body height, weight and BMI of the individuals in 

the NC group were significantly higher than those in the CC group. This aligns with some previous 

research, where researchers also mentioned the association of thinness with cold constitution [226]. 

Previous researches had shown that individuals with lower BMI have less insulation due to lower fat mass, 

and that individuals with lower BMI feels colder than those with higher BMI do [199]. Possibly due to 

this leanness, cold constitution individuals tend to feel colder compared to others, and this aligns with the 

findings in this research on TSV, TC, TP and DL differences between the CC group and the NC group 

(Fig. 4.20). The findings showed that in summer, TSV and TP had significant differences between the CC 

group and the NC group. The CC group reported colder than did the NC group. Additionally, the CC 

group voted their thermal preference warmer compared to the NC group. This result supports the basic 

principle of cold constitution where, cold constitution individuals feel colder than the other individuals do 

[227]. However, in winter, there were no significant differences observed between the groups. Possibly 

higher clothing insulation in winter comparing summer helped to elevate the thermal sensation in CC 

group (p < 0.01). Another possible reason can be seasonal acclimatization in thermoregulation [228]. In 

this experiment, the indoor environmental conditions were similar in both summer and winter, maintained 

at approximately 25.0 ~25.5°C. However, the outdoor conditions differed significantly, hot in summer 

and cold in winter. Which may explain why participants felt slightly cool indoors during summer but 

warm during winter. 

From the correlation and partial correlation analysis it was observed that in most cases TSV was 

significantly correlated with BMI, gender and cold constitution (Table 4.6, Table 4.10, 4.14). Strikingly in 

partial correlation analysis, while controlling for gender, BMI and cold constitution vice versa, the 

correlation weakened, which clearly signify the association of these individual variations with thermal 

sensation. 

 

4.5.2 Clothing insulation 

It was observed that across both BMI groups and cold constitution groups, there were no significant 

differences in clothing insulation, except winter Icl were higher than summer Icl for all groups, although 
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the indoor environmental conditions were mostly similar. This likely indicates that one's psychological 

state depending on seasonal variation can affect their clothing selection as a behavioural adaptation [202, 

229].  

When, comparing gender differences, females showed significantly higher Icl than males both in summer 

and winter. Most likely due to higher cold sensitivity, females had significantly higher clothing insulation 

(Fig. 4.13) as their behavioural thermoregulation compared to males [34, 202]. The difference in Icl 

between them is especially pronounced in winter. This indicates the seasonal acclimatization might be 

induced in behavioural thermoregulation [230]. The higher Icl in winter probably elevated the TSV for 

females, which is why no significant difference in TSV was observed between males and females during 

winter. In these regards, it can be illustrated that Icl likely influences TSV. Significant correlation between 

gender and Icl (Table  4.10) also indicates the importance of clothing insulation as an adaptive behavioural 

thermoregulation across gender. 

 Notably, the significant Icl difference between gender groups but not between BMI groups indicates that 

morphological differences between males and females are not the major reason for the behavioural 

clothing selection. Instead, higher skin cold sensitiveness of females [219, 220], as well as clothing norms, 

may influence them to wear more cloths than males. 

In addition, between CC group and NC group there were no Icl difference observed either in summer or 

winter. However, significantly higher Icl in winter than in summer for both CC group and NC group 

demonstrates the behavioural adaptation of thermoregulation. It was observed that in summer, the CC 

group reported feeling significantly colder than the NC group did, despite both groups having nearly the 

same clothing insulation. Most likely, clothing culture and norms suppressed behavioural adaptation and 

likely led to wearing lighter clothing for the CC group in summer, even though they felt cold. That can be 

the reason for the lack of significant correlation observed for Icl with the cold constitution. However, in 

winter, higher clothing insulation enabled cold constitution individuals to adapt comfortably to the 

thermal environment. 

There was significant correlation observed between Icl and gender (Table 4.10) only, though no 

significant direct correlation observed between Icl and BMI as well Icl and the cold constitution, 

suggesting that Icl was not significantly associated with the BMI and cold constitution (Table 4.6, Table 

4.14). In addition, when Icl was controlled in partial correlation with cold constitution, the general 

correlation coefficient of gender, BMI and M with cold constitution did not have a substantial effect, 

which also indicates the minimum influence of cold constitution on Icl. Similarities also observed while 

controlling Icl in correlation analysis with BMI. Most likely, clothing culture and norms are the reason of 

significant correlation between Icl and gender. Using the Icl is a type of behavioral thermoregulation. 

However, the results suggested that people with cold constitution or BMI < 22 did not have enough 

behavioral adaptations to cold. 
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4.5.3 Metabolic heat production 

While M prediction, the BMI > 22 group had significantly higher M prediction compared to the BMI < 

22 group (Fig. 4.3), males had significantly higher M prediction compared to females (Fig. 4.14), and NC 

group had significantly higher M prediction compared to CC group (Fig. 4.22). This result is consistent 

with previous studies [14, 151, 215]. It was observed that higher BMI individuals produce higher 

metabolic heat and mostly males have higher BMI [202, 203]. This can be related with presence of female 

individuals in the CC group as well as lower BMI individuals in the CC group, that’s why CC group had 

lower metabolic heat production (Table 4.1).  

This result are related with TSV results, especially in summer, where lower M indicates lower TSV for 

the BMI < 22 group, female group and CC group. However, in winter, higher Icl might reduce the effect of 

M, which is likely why there were no significant differences observed in TSV between BMI < 22 and 

BMI > 22 groups, between males and females, as well as CC group and NC group. 

Interestingly, in the correlation analysis, it was observed that M was significantly correlated with BMI, 

gender and cold constitution (Table 4.6, Table 4.10 and Table 4.14). Controlling for M in partial 

correlation analysis significantly weaken the correlation among gender, BMI, cold constitution and other 

thermal sensations, both in summer and winter. This result signifies the close relationship of M, and 

highlights the differences of M among BMI, gender and cold constitution groups.  Therefore, these 

findings suggest that higher BMI is a key determinant of increased metabolic rate, which significantly 

affects TSV.  

 

4.5.4 PMV - PPD and TSV 

PMV predictions (Fig. 4.6, Fig. 4.15, Fig. 4.23) displays no significant differences between groups of 

BMI, gender and cold constitution. Even PMV predictions mostly showed a similar tendency like TSV 

(Fig. 4.8, Fig. 4.17, Fig. 4.25). However, in summer, it was observed that TSV in BMI > 22 group was 

significantly higher than the PMV.  

It can be said that PMV just predicts the thermal sensation based on mathematical calculation, whereas 

TSV is a complex individual thermal perception. TSV relies on many personal factors including 

psychological state, acclimatization, acclimation and most importantly morphological characteristics 

[231-234].   

Individuals with higher BMI often have greater body fat [235], which can reduce heat dissipation due to 

its insulating properties and it can effect on TSV. This physiological limitation in thermoregulation may 

cause them to feel warmer in hot environments. However, such individual thermoregulatory responses are 

not directly accounted for in the PMV model. Additionally, seasonal acclimation and individual desire can 

be other reasons behind the differences between TSV and PMV. Notably, in BMI > 22 group the 

percentage of males and NC group’s individuals are higher. Interestingly in summer, males and NC 

groups’ TSV were also significantly higher than PMV. 
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Furthermore, PPD comparison between BMI groups, there were no significant differences, though BMI 

< 22 tends to have slightly higher PPD. In gender, females tended to be higher compared to male 

participants (Fig. 4.7), especially in winter females showed significantly higher PPD compared to males. 

This might be similar characteristics to the greater DL observed in females compared to males. Therefore, 

for females, behavioural thermoregulation such as higher clothing insulation [236] induces less heat loss. 

In a thermoneutral condition, especially in winter, this may be why females showed significantly higher 

PPD compared to males. Similar results were observed while comparing PPD in CC and NC group (Fig. 

4.24). During summer CC group showed significantly higher PPD comparing with NC group. This is 

likely due to the higher proportion of females and the lower BMI individuals observed in that CC group.  

In addition, considering the PMV prediction method in this study, it is mentionable that several studies 

have argued that PMV often predicts a higher thermal sensation compared to actual human perception 

[237, 238], whereas model in this study predicts PMV mostly without any significant differences with 

TSV (except in summer for the males, BMI > 22 group and NC group). One potential justification for the 

elevated PMV estimation could be flaws in predicting Icl due to the diverse range of clothing ensembles, 

whereas IRT solely depends on thermal status. On the other hand, ISO 8996 [15] suggested metabolic rate 

calculations are probably biased by gender and ethnic differences [182], which might lead to 

overestimation of the M. However, the M prediction model based on the BMR and PAR in this study is 

lower than the ISO generalized M according to the MET chart. This might be one of the reasons for better 

PMV prediction in this study. 

 

4.5.5 Local skin temperature 

Skin temperature is one of the parameters reflecting physiological response to the thermal environment. 

Several studies have suggested that local skin temperatures can provide closer and more sensitive 

indicators of thermal sensation [239, 240].  

Some studies have shown that distal body parts are the earliest to feel cold [241] and individuals with 

cold sensation tends to have lower tsk in those areas [242]. It can be described as the association of 

vasoconstriction with the cold sensation along with the tendency to perceive a thermoneutral environment 

as cold [150].  In cold environment sympathetic nervous system releases noradrenaline (NA) from the 

nerve ending and binds to adrenergic receptors to the vascular smooth muscle cell membrane to induce 

vasoconstriction [243]. It has also been reported that long-term local cold exposure reduces endothelial 

nitric oxide (NO) synthase activity, which suppresses NO-mediated vasodilation [244]. It  modulates 

vasoconstriction by activating intracellular signalling pathways that regulate smooth muscle contraction 

[244]. It reduces blood flow to the distal part of the body caused by vasoconstriction [124]. That’s the 

important aspect to address how the human body physiologically responds to varying thermal conditions. 

In the case of BMI groups, the BMI > 22 group had significantly higher tnose and tcheek temperatures 

compared to the BMI < 22 group in both seasons (Fig. 4.9). This might be due to the presence of high 
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AVAs in nose and finger regions [43, 45, 245]. In those areas vasoconstriction to sympathetic activation 

seems to be greater comparing with other skin regions, because of AVAs presence. Remarkably only in 

summer, BMI < 22 group had significantly lower hand skin temperature compared to the BMI > 22 group, 

not in winter. This indicates that in summer in the air-conditioned office environment, peripheral 

vasoconstriction probably occurs to reduce heat loss in lower BMI group compared to higher BMI group. 

In winter, although indoor conditions were comparable with summer, participants adapted by wearing 

higher clothing insulation. This likely reduced heat loss and minimized vasoconstriction at hand region in 

the BMI < 22 group. This result also represents greater cold sensitivity in the BMI < 22 group.  

From the correlation analysis (Table 4.7), it was also observed that distal body local skin temperatures 

have significant correlation with BMI. In addition, when controlling M in partial correlation, the 

significance level between BMI and local tsk weakened, indicating that M is strongly associated with BMI 

in terms of heat production and heat distribution. Individuals with higher BMI tend to have higher 

metabolic heat generation, and it is linked to more evenly distributed skin temperatures tsk across the body 

and less cold sensitivity. 

From the local tsk comparison (Fig. 4.18), females showed significantly lower tnose in both seasons and 

significantly lower temperature in hand region only in summer. Lower temperature at distal body part 

again remarks the presence of AVAs at that nose and hand area, and indicates vasoconstriction. While no 

significant gender difference observed in hand skin temperature in winter, possibly indicates the 

behavioural adaptation. Higher Icl in winter might be the fact behind it. And this could affect the TSV 

results also. That’s why in summer, females had significantly lower TSV than females, whereas no 

significant gender difference was observed in winter. Possibly higher Icl in winter elevated distal body 

parts tsk and eventually increased warm feelings for females. 

In cold constitution difference groups, it was observed that r tnose, tcheek, tpalmar finger and tdorsal finger were 

significantly lower in the CC group comparing the NC group in summer (Fig. 4.26). In winter only tnose, 

tneck and tcheek showed significantly lower in the CC group than in the NC group (Fig. 4.26). There were no 

significant differences observed at the hand region in winter. One possible reason again can be 

highlighted as higher Icl in winter than in summer for both groups like it happened in BMI and gender 

groups. Mostly it was observed that, the extra clothing was used to cover the trunk body, and particularly 

in winter people used to wear full sleeve clothing. It is possible that this kind of clothing could increase 

the hand region temperature for people with cold constitution. However, in the face area, there was no 

effect of clothing. This may explain the consistent local skin temperature difference in the face region 

between the CC group and the NC group, even in winter. Therefore, it can be presumed that no 

correlation was found between Icl and the cold constitution, however a higher Icl may serve as a 

behavioural adaptation to reduce body heat loss and enhance comfort for cold constitution people.  

From the correlation analysis it was also noticed that distal body skin temperature such as tnose, tpalmar 

finger and tdorsal finger were mostly correlated with BMI, gender and cold constitution, even while controlling 
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the other factors, they remained significant, which explain the substantial association of distal body parts 

skin temperature with g BMI, gender and cold constitution.  

In analysis of temperature difference between proximal and distal body part, it was observed that 

Δtforehead – nose and Δtpalmar hand - palmar finger were significantly higher for the BMI < 22, females, and CC group 

in both summer and winter (Fig. 4.10, Fig. 4.19, Fig. 4.27). It was also observed that Δtforehead – nose and 

Δtpalmar hand - palmar finger were mostly significantly correlated with BMI, gender, and cold constitution. This 

result clearly indicates that the vasoconstriction phenomenon occurred at the distal part of the body to 

suppress heat dissipation from the skin surface, especially for BMI < 22, females, and CC group. This 

event also matches the findings of previous studies [23, 244, 246, 247]. A lower skin temperature at the 

distal part of the body may lead to a cold sensation in individuals. However, it was observed that 

comparing with summer, correlation of Δtforehead – nose and Δtpalmar hand - palmar finger with BMI, gender, and cold 

constitution were little bit weaker in winter. Probably higher Icl in winter compared with summer Icl was 

the basic reason behind the weaker correlation. 

In Fig. 4.11, it was observed that with the decrease of BMI the Δtforehead – nose and Δtpalmar hand - palmar finger 

became greater, which clearly indicates the association of strong vasoconstriction at distal body parts and 

BMI. It also reveals that lower BMI have less heat production, that’s why to reduce heat loss, distal body 

parts tsk became lower in cold condition, whereas mostly proximal body parts tsk remained constant. 

Interestingly in winter it seems to have lower vasoconstriction (because of less Δtforehead – nose and Δtpalmar 

hand - palmar finger) in lower BMI individuals. Possibly higher Icl in winter and seasonal acclimation were the 

reason behind it. 

 

4.6 Limitations 

This research was conducted solely in a thermoneutral office environment. Future studies should explore 

a broader range of thermal environments to provide a more comprehensive understanding of IRT’s 

applications and better quantify individual differences. In this research, limited data loggers were used to 

collect sample environmental condition. As a result, microclimatic variations were not captured and 

treated each zone as having uniform environmental conditions. Additionally, the unequal gender ratio 

suggests that including more female participants in future studies could offer a clearer representation of 

gender differences. In this research because of small number of female participants, it can limit the power 

to detect the significant gender differences.  

 

4.7 Summary 

This study was carried out to investigate the individual differences in thermal perceptions and 

physiological responses. Individual differences were investigated based on differences between BMI 

above 22 kg/m2 and lower than 22 kg/m2, male and female, and individuals having cold constitution or 

not. From the research work the following outcomes can be drawn. 



112 
 

 

a) Even in thermoneutral environment, BMI < 22 group, females and CC group reported feeling colder 

than BMI > 22, males and NC group, respectively in summer, while in winter, no significant difference 

was observed between these groups.  

b)  M was higher in BMI > 22, males and NC group comparing BMI > 22, males and NC groups, 

respectively in both seasons. 

c) Female participants had higher clothing insulation in both seasons comparing with males. No 

differences observed for BMI or cold constitution differences. Though, all groups Icl was significantly 

higher in winter than in summer, indicates behavioural adaptation by season. 

d) Higer TSV than PMV for BMI > 22, males and NC group, indicating physiological, psychological, and 

behavioural adaptations can affect TSV, but are not captured by the PMV model. 

e) Differences between groups were observed in local tsk, where males, BMI > 22 and NC group had 

higher skin temperature compared to females, BMI < 22 group and CC group, respectively.  

f) tforehead - nose and Δtpalmar hand - palmar finger were significantly higher in the BMI < 22 group, females and CC 

group comparing BMI > 22, males and NC group, respectively, indicating stronger vasoconstriction at the 

distal body parts for BMI < 22 group, females and CC group. 

 

In conclusion, the results suggest that individual differences such as BMI, gender, and cold constitution 

have strong influence in thermal perceptions. In thermoneutral condition metabolic heat production (M) 

and behavioural thermoregulation (Icl) also have significant impact on individual thermal perceptions. It 

was also observed that thermoregulatory responses, such as skin temperature and proximal-to-distal skin 

temperature differences helps to shape individual thermal perceptions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



113 
 

CHAPTER 5: Assessing physiological responses to develop a real-time thermal sensation prediction 

model 

 

5.1 Introduction 

In the modern lifestyle, humans spend the majority of their time in built environments. Most of that 

environments are designed to maintain a uniform thermal condition. However, individuals often perceive 

thermal environments differently. As a result, prolonged exposure to such conditions may pose potential 

discomfort to some occupants. 

Generally, people act as active participants rather than passive recipients of environmental conditions. 

This perspective defines that in thermally discomfort situation, individuals respond by taking necessary 

actions aimed at regaining comfort [34]. While the thermal environment changes, cutaneous thermal 

receptors detect and transmit this information to support autonomic thermoregulation  [248, 249]. This 

also contributes to the perception of thermal comfort through the integration of thermal sensations [198]. 

The resulting thermal sensations drive behavioral thermoregulation, such as adjusting air conditioning, 

changing clothing or posture, drinking fluids, or seeking more comfortable environments [44]. In addition, 

physiological thermoregulation also takes place as an involuntary process that operates autonomously and 

independently. Physiological responses like regulating vasomotor control and blood flow to distal body 

parts for enhancing or suppressing heat loss. In addition, metabolic heat production is a fundamental 

component of the human thermoregulatory process, playing a crucial role in maintaining thermal balance 

and ensuring comfort. 

From the previous studies it was observed that PMV model can predict TSV moderately (Chapter 3), 

even though it considers personal factors like Icl and M, combining with environmental factors. Also, the 

reliance of PMV on multiple variables makes it complex to calculate. On the other hand, studies on 

individual differences (Chapter 4) have shown that physiological responses such as skin temperature and 

proximal to distal skin temperature gradients are prominent indicators of group differences and they are 

associated with thermal sensations. Furthermore, it was also observed that these physiological differences 

among groups vary with seasonal climatic changes. It was also noticed that these physiological responses 

can be easily detected using only infrared thermography. 

Therefore, considering these factors from the viewpoint of human physiological responses, individual 

differences and simplistic approach to predict TSV, it was presumed that temperature gradient between 

proximal and distal body parts may serve as an alternative approach to estimate thermal perception. 

Specially Δtproximal – distal, indicates the level of vasoconstriction in thermoneutral zone, which was also 

found correlated with thermal sensation [36]. 

 

5.2 Aim of the study 

To clarify the effect of the wide range of the ambient condition, here 3 seasons data were combined to 
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analyse. This part of the research aims to investigate behavioural adaptations and physiological responses 

across different climatic conditions and their association with thermal sensation. In addition, this study 

aimed to evaluate the potential of using Δtproximal – distal to predict TSV. Furthermore, this section proposes a 

novel model for predicting TSV based on physiological responses like Δtforehead – nose. 

 

5. 3 Methods 

The analyses in this section are based on the dataset described in Chapter 3, with some modifications. 

 

5.3.1 Participants 

In this study, 88 students from Hokkaido University participated in summer, 100 in autumn, and 68 in 

winter. Though, some participants took part in multiple seasons. To ensure the independence of the 

dataset, data were screened, and only one record per participant was retained. As a result, the final dataset 

included 65 participants for summer, 62 for autumn, and 63 for winter. Table 5.1 shows the morphological 

characteristics of the 190 participants. 

 

Table 5.1. Morphological characteristics of the participants. 

Morphology Average ± SD 

Number of participants 190 

Gender (Male : Female) 100: 90 

Age (year) 21.5 ± 2.0 

Height (cm) 165.5 ± 8.6 

Weight (kg) 56.6 ± 10.2 

BMI (kg/m2) 20.6 ± 2.4 

BSA (m2) 1.6 ± 0.2 

BMI: body mass index, BSA: body surface area. 

 

5.3.2 Research protocol 

Morphological data were collected at the beginning of the session, followed by a 60-minute stabilization 

period to allow participants to acclimate to the indoor environment. After stabilization, participants 

provided their thermal sensation vote, and thermal image was taken to predict tcl, tsk and eventually PMV.  

 

5.3.3 Environmental data 

Four fundamental environmental data were collected (ta, tg, RH, and va). The data collection process was 

described at Section 3.3.3. 
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5.3.4 Thermal sensation vote (TSV) 

Thermal sensation voting was carried out through a questionnaire survey. The process was described at 

Section 3.3.4. Participants answered their thermal sensation in a 7-point scale ranging -3 to 0 to 3 

representing cold to neutral to hot. 

 

5.3.5 Prediction of tsk and calculation of PMV 

IRT camera was used to measure tsk for assessing vasomotor response. IRT was also used to predict tcl, 

and the results of tcl and tsk were used for predicting Icl to calculate PMV. The process and other details 

were explained at Section 3.3.5 and Section 3.3.6. For the calculation of PMV, four environmental factors 

and two individual factors (M and Icl) were used. Here M was calculated from BMR, which was estimated 

considering the morphological characteristics and physical activity ratio (PAR), as explained in the 

previous chapters. 

 

5.3.6 Statistical analysis 

In this study correlations between ta and other factors were analyzed by Pearson correlation test 

(considering parametric data sets). Correlation of TSV with other values were analyzed using Spearman’s 

rank correlation test (considering TSV as non-parametric data). Linear regression analysis was conducted 

to develop the prediction model. For all statistical analyses, differences were considered significant at p < 

0.05. The analyses were performed using IBM SPSS Statistics version 20 software.  

 

5.4 Results 

This research was conducted in summer, autumn, and winter seasons, with air temperature ranging 

approximately from 20°C ~ 28°C. This temperature range provided an opportunity to analyse TSV, 

behavioural adaptations, and physiological responses across varying environmental conditions. 

To evaluate this Icl, M, tsk and Δtproximal – distal were analysed in relation to ta and TSV (Table 5.2). Based on 

the analysis, this study proposed a new TSV prediction model by linear regression analysis.  

 

Table 5.2. Correlation of different parameters with ta and TSV.  
Corr
elati
on 
coeff
icien
t 

ta tr RH va PMV Icl M tforehe

ad 
tnose tpalma

r finger 
Δtfore

head–

nose 

Δtforh

ead–

palmar 

finger 

ta r 
valu
e 

- 0.98
** 

0.70
** 

0.64 
** 

0.75
** 

0.15
* 

-0.03 0.73
** 

0.84
** 

0.86
** 

-0.77 
** 

-  
0.81 
** 

TSV ρ 
valu
e 

0.64
** 

0.63
** 

0.42
** 

0.36
** 

0.57
** 

0.09 0.13 0.55
** 

0.63
** 

0.57
** 

-0.58 
** 

- 
0.52 
** 
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5.4.1 Correlation between ta and TSV 

Fig. 5.1 shows the correlation between TSV and ta. Significant positive correlation observed between 

them (ρ = 0.64, p < 0.01) (Table 5.2). With the rise of ta it was observed that TSV also shifted to the 

warmer side, which indicates strong association between these two parameters. 

 

 
Fig. 5.1 Correlation between TSV and ta.  

**: p < 0.01 between TSV and ta. 

 

5.4.2 Correlation of Icl with ta and TSV 

From Table 5.2 it was observed that there was a significant, though very weak, correlation between Icl 

and ta (r = 0.15, p < 0.05). No correlation was observed between Icl and TSV. Fig. 5.2 (a) presents the 

relationship between Icl and ta. Fig. 5.2 (b) shows the relationship between Icl and TSV. No distinct 

patterns or significant correlations were observed between Icl and TSV. 

 

 

Fig. 5.2 Correlation between Icl and ta (a), Icl  and TSV (b), in summer, autumn and winter. 

(S : Summer, A : Autumn, W : Winter) 

 *: p < 0.05 between Icl and ta prediction. 

 

(a)                                                                   (b) 
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5.4.3 Correlation of M with ta and TSV 

There was no significant correlation observed between M and ta, as well as M and TSV (Table 1, Fig. 

5.3). However, two distinct patterns in M were observed consistently across variations in environmental 

conditions and TSV, attributable to gender differences. 

 

 

Fig. 5. 3 Correlation between M and ta (a), M  and TSV (b), in summer, autumn and winter.  

(S : Summer, A : Autumn, W : Winter) 

 

5.4.4 Correlation of tsk with ta and TSV 

From Table 5.2, the significant correlation of ta with tforehead, tnose and tpalmar finger were observed (r = 0.73, 

0.84 and 0.86, p < 0.01). Significant correlations between TSV and tforehead, tnose and tpalmar finger, were also 

observed (ρ = 0.55, 0.63, 0.57 and 0.60, p < 0.01). 

Fig 5.4 shows the correlation of tforehead with ta and TSV, tnose with ta and TSV, and tpalmar finger with ta and 

TSV. It was observed that the tforehead was mostly in a narrow range in all environmental conditions and 

different thermal sensations. Whereas tnose and tpalmar finger data distribution was wider in the lower 

temperature, however with the increase of ta , they became narrower. It was also observed that at neutral 

TSV, the data distribution of tnose and tpalmar finger were very wider, whereas in warmer sensation and the 

cooler sensation side it became narrower. 

 

5.4.5 Correlation of Δtproximal – distal with ta and TSV 

Here, Δtproximal – distal were analysed as a thermoregulatory response to the environmental conditions. 

Significant negative correlation was observed between ta and Δtforehead – nose and Δtforhead – palmar finger (r = -

0.77 and -0.81, p < 0.01). TSV and Δtforehead – nose and Δtforhead – palmar finger were also significantly correlated (r 

=  -0.58 and -0.52, p < 0.01) (Table 5.2). 

Form the scatter plot illustration between Δtforehead – nose and ta, it was observed that in warmer condition 

the Δtforehead – nose data were in a narrow range comparing the cooler condition (Fig. 5.5 (a)). Similarities 

also observed for Δtforhead – palmar finger data sets (Fig. 5.5 (c)). 

(a)                                                                  (b) 
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Fig. 5.4 Correlation between tforehead and ta (a), tforehead  and TSV (b), tnose and ta (c), tnose  and TSV (d),  

tpalmar finger and ta (e), tpalmar finger and TSV (f), in summer, autumn and winter. 

(S : Summer, A : Autumn, W : Winter) 

 **: p < 0.01. 
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Fig. 5.5 Correlation between Δtforehead – nose and ta (a), Δtforehead – nose and TSV (b), Δtforhead – palmar finger and ta 

(c), Δtforhead – palmar finger and TSV (d), in summer, autumn and winter.  

(S : Summer, A : Autumn, W : Winter) 

**: p < 0.01 

 

5.4.6 Developing TSV prediction model based on physiological responses 

In this research by linear regression analysis a new predictive equation was developed to predict thermal 

sensation and named as “thermal sensation prediction” (TSP). Considering the skin temperature gradient 

from proximal to distal body part as a parameter reflecting vasoconstriction [27, 28], the equation for the 

TSP was developed from Δtforehead – nose.  

TSP =  0.737   −  0.238 ╳ Δtforehead – nose                                                                                    (Equation 5.1)   

r = 0.58, N = 190, p < 0.01 

 

5.5 Discussion 

It is assumed that occupants adapt thermal environment by some behavioural adaptations, metabolic heat 

production and thermoregulatory responses [250-252]. In this study, participants were free to choose their 

clothing, though other behavioural adaptation such as opening windows, controlling heating or cooling 

system was not practiced by any individuals.  

(c)                                                                 (d) 

(a)                                                               (b) 
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From the analysis, both clothing insulation and metabolic rate didn’t show any impactful contribution to 

TSV. Even with the wide range of ta, Icl and M were not affected so much by the change of ta. Considering 

these fact, only physiological thermoregulation, such as local skin temperatures and temperature gradient 

between proximal to distal body parts, were found to significantly predict TSV.  

It is important to note that body regions rich in AVAs exhibit greater sensitivity to sympathetic nervous 

system activity [43, 51]. In response to changes in ambient temperature, these areas undergo pronounced 

vasoconstriction, resulting in reduced skin blood flow and lower skin temperature at the distal extremities. 

While keeping the core body temperature, proximal body parts tsk remain relatively constant across 

different environmental conditions, showing minimal variation in response to external temperature 

changes. From the previous chapters it was observed that tsk at distal body parts fluctuate more 

significantly due to vasomotor control, which is highly influenced by environmental changes [211]. 

Considering the physiological perspective, in this section, tforehead, was analyzed as proximal body part’s tsk 

and tnose, tpalmar finger were analyzed as distal body parts’ tsk to observe the temperature gradient between 

proximal and distal body parts. 

In addition, considering the potential for non-invasive data collection via IRT, temperatures at the tforehead, 

tnose and tpalmar finger are easily obtainable, as these body parts are typically uncovered by clothing 

throughout all seasons. That was another consideration to considering the local skin temperatures and 

temperature gradients to analyze with ta and TSV. 

It was observed that in the lower temperature condition, tnose , tpalmar finger data were widely distributed 

while with the increase of ta, the ranges became narrower. The results indicate that under lower air 

temperature conditions, vasoconstriction occurred in distal body parts, as a thermoregulatory response. 

However, the degree of vasoconstriction varied among participants, potentially due to differences in 

physical characteristics, as well as influences of M and Icl. In contrast, under warmer conditions, the 

thermoregulatory response shifts toward heat dissipation rather than retention. Consequently, 

vasoconstrictive response at distal body regions is attenuated. It increases skin temperatures of distal areas 

approaching those of proximal regions. Since core body temperature is generally maintained around 37°C 

in all individuals, skin temperatures of the nose and palmar fingers tend to stabilize within a normal range 

under warmer conditions. This physiological responses at warmer condition limits the possibility to 

predict TSV in warmer environments. This phenomenon also observed in data distribution between ta 

with tforhead – nose and Δtforhead – palmar finger. 

While developing the prediction model, several physiological indicators were considered. It was 

observed that single local skin temperature such as tforehead, tnose and tpalmar finger were correlated with TSV. 

Although single-point local skin temperature is influenced by environmental conditions and may not 

accurately reflect true vasomotor thermoregulation, proximal-distal temperature differences were used in 

developing the prediction model. This approach reduces the impact of environmental factors and provides 

a more reliable representation of vasomotor thermoregulatory responses. 



121 
 

The temperature difference between the forehead and nose (Δtforhead – nose) was selected due to its 

physiological importance, particularly within the thermoneutral zone, as it reflects changes in vasomotor 

activity and peripheral blood flow regulation. Physiologically, due to the higher density of AVAs at the 

nose region, the nose as a distal region responds rapidly to environmental changes, while the forehead as 

a proximal region remains more stable [27-29]. This dynamic difference enhances predictivity of thermal 

sensation, across different conditions. In addition, both measurement sites are located within the same 

body region, making the analysis of temperature differences more physiologically relevant compared to 

measurements taken from two spots from two distinct body regions (such as Δtforhead – palmar finger). 

As well as practical advantages such as it enables easy data collection using IRT focused solely on the 

face. Sometimes IRT used to have measurement error however, applying the same sensor error to both 

points helps minimize the error. 

Finally, the developed TSP model demonstrated a strong positive correlation with TSV, indicating that 

the model is sufficiently reliable for estimating thermal sensation, particularly within the thermoneutral 

zone. 

 

5.6 Limitations 

Despite these promising findings, this study has limitations. The environmental conditions were mostly 

within thermoneutral ranges, even during summer and winter, what can limit the generalizability of the 

results. 

 

5.7 Summary 

This part of the research investigates behavioural adaptations, metabolic heat production and 

physiological responses under different climatic conditions and their relationship with TSV. The major 

findings can be listed as follows, 

 

a) Icl and M were mostly similar when ta is ranged around 20°C ~ 28°C. 

b) Distal body skin temperature such as tnose and tpalmar finger changes rapidly with ta changes, while 

proximal body skin temperature such as thead was mostly stable. 

c) Temperature gradient between proximal and distal body parts such as Δtforhead – nose and Δtforhead – palmar 

finger were significantly correlated with ta and TSV. 

d) The new predictive model, TSP can estimate TSV based on the skin temperature gradient between 

proximal and distal body regions. 

 

In conclusion, the newly developed model (TSP) based on the temperature gradient between proximal 

and distal body regions (Δtforhead – nose) demonstrates strong potential as a reliable predictor of thermal 

sensation, particularly within the thermoneutral zone. This physiologically grounded approach reflects 
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underlying vasomotor responses and offers a promising, non-invasive assessment method when integrated 

with infrared thermography technology. Its application could significantly enhance real-time thermal 

comfort evaluation in practical indoor environmental monitoring contexts. 
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CHAPTER 6: Summary and future perspective 

 

 This research aimed to develop a consistent, simple, and non-invasive method for real-time thermal 

sensation prediction using infrared thermography, with the ultimate objective of dynamically regulating 

the thermal environment based on individual comfort demand. In contrast to traditional static comfort 

models, this study comprised the complexity of human thermal perceptions by emphasizing the individual 

differences in behavioral adaptation, metabolic heat production and physiological responses, under 

identical thermoneutral conditions accepted by international standards. 

The central premise of this research lies in the recognition that thermal comfort, thermal perceptions and 

physiological thermoregulations are highly individualized. Even within similar thermoneutral conditions, 

thermal sensation and physiological responses vary significantly among individuals due to differences in 

morphological characteristics, metabolic heat production, choice of clothing, various personal adaptation 

strategies and physiological thermoregulation. 

The results of this study confirm that IRT can be efficiently utilized to predict thermal sensation in real 

time as a non-invasive manner, by estimating PMV using individual Icl estimated from the clothing 

surface and skin temperature. Alongside, M can be estimated from morphological characteristics. When 

these morphological predictions and thermographic predictions are integrated into PMV estimation, they 

significantly enhance the accuracy of thermal sensation assessment. This enables real-time feedback on 

occupant comfort, thereby providing opportunities for immediate thermal environmental adjustments. 

Advancing into physiological determinants, certain local skin temperatures and proximal-distal 

temperature gradients were observed to be substantially indicative of individual thermal sensation. 

Remarkably, proximal-distal temperature gradients can serve as a reliable indicator of peripheral 

vasoconstriction, which is closely associated with thermal sensation and thermoregulatory responses.  

Importantly, temperature gradients between proximal and distal skin regions could provide a more 

reliable indicator of vasomotor activity than single-point skin temperature measurements. While skin 

temperature is influenced by both ambient conditions and thermoregulatory responses, the proximal-to-

distal skin temperature gradient is considered to reflect thermoregulatory vasomotor activity more 

specifically. This is because both proximal and distal skin sites are similarly affected by the environment, 

whereas the distal regions show greater temperature reductions due to vasoconstriction. In addition, two-

point IRT-based temperature gradient measurements minimize sensor inaccuracy and distance-induced 

variability compared to single-site readings. 

 In this context, distal regions such as the fingers or nose are more sensitive to thermoregulatory 

vasomotor responses than proximal sites like the forehead, making them more effective indicators of 

thermal state. Thus, the proximal-distal temperature gradient provides a robust and physiologically 

meaningful predictor of individual thermal comfort. 

This process is also advantageous due to the ease of capturing these temperatures from the body areas 
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that are typically uncovered by clothing insulation. Based on this, a new model was proposed for 

predicting thermal sensation and it found strongly correlated with actual TSV data collected across all 

seasons. 

Moving forward, the next step will be to incorporating real time tracking of robust morphological 

variations and behavioral adaptations as indicators alongside vasomotor control could enhance the 

accuracy of thermal sensation predictions. 

Following the research outcomes, in future in indoor environment air conditioning systems could be 

evolved by incorporating real-time, individualized thermal comfort assessment technique. By predicting 

skin temperature and proximal-distal skin temperature gradients through IRT, predicting morphological 

characteristics such as body mass, height, sex, and age. Through commonly installed webcam-based 

imaging, integrating AI and machine learning algorithms could estimate each occupant’s thermal 

sensation without the need for intrusive sensors or manual input. These systems will automatically detect 

morphological features and enabling accurate consideration of individual physiological differences to 

predict thermal sensation. This approach will replace traditional thermal assessment methods, allowing 

for dynamic, personalized temperature control at personal level. Beyond comfort, this innovation will 

contribute to significant energy savings by minimizing over-conditioning in heating, ventilation, and air 

conditioning system. Ultimately, such technology has the potential to define a new global standard for 

thermal environment design, contributing to the modification of ISO standards to reflect individual 

variability. This direction aligns with flexible working styles by providing thermal environments tailored 

to individual needs in activity-based work environments. It’s a great possibility that personalized thermal 

control systems informed by real-time comfort assessments could replace conventional heating, 

ventilation, and air conditioning system operations with adaptive solutions that simultaneously improve 

comfort and well-being. Fig 6.1 shows a conceptual diagram of automated indoor air conditioning system 

with personal heating/cooling system based on individual physiological responses, morphological 

characteristics and behavioral adaptations. 

Looking ahead, future research should explore the integration of real time thermal assessment 

considering occupant movement analysis and machine learning algorithms. By embedding AI-driven 

systems into thermal comfort prediction, indoor environment as well built spaces can become more 

responsive. Such advancements would support the creation of intelligent comfort systems that 

autonomously adapt to occupants' thermal requirements over time. Adaptive thermal environments that 

continuously learn from occupant feedback and behavior can be more efficient for overall well-being and 

elevated human performance. This study, therefore, opens a new pathway toward the realization of 

modern, sustainable, and human-centric built environments. 
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Fig. 6.1. Conceptual diagram of automated indoor air conditioning system with personal heating/ 

cooling system based on individual physiological responses, morphological characteristics and behavioral 

adaptations. 
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