
Moisture in clothing and its transient 
influence on human thermal responses 
through clothing microenvironment in cold 
environments in winter 
Article 

Accepted Version 

Creative Commons: Attribution-Noncommercial-No Derivative Works 4.0 

Du, C., Li, B., Yu, W., Liu, H., Li, C. and Yao, R. ORCID: 
https://orcid.org/0000-0003-4269-7224 (2019) Moisture in 
clothing and its transient influence on human thermal 
responses through clothing microenvironment in cold 
environments in winter. Building and Environment, 150. pp. 1-
12. ISSN 0360-1323 doi: 
https://doi.org/10.1016/j.buildenv.2018.12.066 Available at 
https://centaur.reading.ac.uk/81735/ 

It is advisable to refer to the publisher’s version if you intend to cite from the 
work.  See Guidance on citing  .

To link to this article DOI: http://dx.doi.org/10.1016/j.buildenv.2018.12.066 

Publisher: Elsevier 

All outputs in CentAUR are protected by Intellectual Property Rights law, 
including copyright law. Copyright and IPR is retained by the creators or other 
copyright holders. Terms and conditions for use of this material are defined in 
the End User Agreement  . 

http://centaur.reading.ac.uk/71187/10/CentAUR%20citing%20guide.pdf
http://centaur.reading.ac.uk/licence


www.reading.ac.uk/centaur   

CentAUR 

Central Archive at the University of Reading 
Reading’s research outputs online

http://www.reading.ac.uk/centaur


 

1 

 

 

Moisture in clothing and its transient influence on human thermal responses 

through clothing microenvironment in cold environments in winter  

 

Chenqiu Dua,b*, Baizhan Lia,b*, Wei Yua,b, Hong Liua,b, Chao Lia,b, Runming Yaoa,c 

 

Affiliation:  
a Joint International Research Laboratory of Green Buildings and Built Environments 

(Ministry of Education), Chongqing University, Chongqing 400045, China  
b National Centre for International Research of Low-carbon and Green Buildings 

(Ministry of Science and Technology), Chongqing University, Chongqing 400045, 

China 
c School of the Built Environment, University of Reading, Reading RG6 6AW, UK 

 

Building and Environment, Volume 150, March 2019, Pages 1-12 

https://doi.org/10.1016/j.buildenv.2018.12.066 

Abstract: 

Air humidity produces conditions of varying moisture contents in clothing, which 

affects the heat and moisture transfer between human body, clothing and environment, 

as well as the wearers’ comfort. This study was designed to evaluate the moisture effects 

in clothing in cold environments. A series of wearing experiments were conducted in a 

climate chamber, simulating transient moisture absorption and desorption in 

experimental clothes. Totally 20 subjects were involved in three temperature levels (16 
oC/20 oC/24 oC) and two relative humidity levels (15% RH/85% RH) during winter, 

with physiological measurement and subjective evaluation. The results showed that 

moisture in clothing under 85% RH significantly reduced subject mean skin 

temperatures(MST) and increased the local blood flow, due to enhanced heat loss by 
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vapour evaporation. The initial skin wettedness was approximately 0.7 at 85% RH and 

stabilised at 0.33 after 90min exposure. The skin heat loss (Qskin) at 85% RH was almost 

twice as high as that at 15% RH under the same temperature conditions, owing to larger 

sensible and evaporative heat loss caused by moist clothing. The inner clothing 

effective temperature Teff was proposed to relate to TSV that the TSV increased by 1.12 

units with an increase of 1 oC of Teff, which quantified the coupled effects of air 

temperature and humidity in clothing microenvironment on human thermal comfort. 

The findings address the negative effect of clothing absorbing a large amount of 

moisture, which should be considered for indoor heating temperature designs in cold-

humid environments. 

Keywords: 

Cold environment; Moisture in clothing; Physiological responses; Inner clothing 

effective temperature; Thermal comfort. 

 

1. Introduction 

Clothing provides a means of controlling heat exchange with the environment and 

is used outside the skin to extend the body’s range of thermoregulatory control [1]. 

Particularly in cold climates, people are accustomed to clothing adjustments to adapt to 

the indoor and outdoor environments [2]. However, if the clothing allows for easy 

sorption of moisture, it may lead to certain additional chilled feelings under cold 

conditions. This phenomenon, known as “after chill”, may be uncomfortable to the 

wearers [3]. Therefore, it is crucial to explore the effects caused by moisture in clothing 

on human thermal comfort in cold conditions. 

Clothing adjustment, as a significant behavioural adaptation [4], reduces the 

metabolic heat generation when a body is outside of its thermos-neutral zone. To date, 

numerous on-site field surveys among different populations and ages [5-8] have 

explored the characteristics of occupant clothing regulations and highlighted the 

significant relations between clothing insulation and indoor/outdoor temperatures [9-

11]. Based on an investigation in five cities of Pakistan, Nicol et al. [12] constructed a 

regression model of the changes in the mean clothing insulation, where the daily mean 

outdoor temperatures explained 80% of the changes in occupant clothing insulation. 

Several other developed models, such as the linear function [11, 13], power function 

[10], and exponential function [14], have also demonstrated improved fittings of the 

relations between clothing insulation and indoor and outdoor temperatures. Recently, 

Liu et al. [15] further proposed a logistic function to describe the relation between 

indoor clothing insulation and the running mean outdoor temperature, with the aim of 
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reflecting the diminished degree of freedom for clothing adjustment with outdoor 

temperatures becoming high in summer and low in winter. All of these studies have 

addressed the important role of clothing regulations on human thermal comfort.  

Nevertheless, owing to the limitations of population-based field surveys, the 

impact of moisture absorption and desorption in clothing on human thermal comfort 

has received little attention. Several researchers examining human perspiration 

absorption and desorption in clothing reported that skin wettedness was related to 

human heat exchanges and thermal comfort. As sweating always occurs and reacts with 

clothing in hot conditions, the moisture content, surface temperature and humidity, as 

well as the thermal/moisture transfer of clothing, are believed to affect the human-

clothing microenvironments dramatically. Schneider [16, 17] presented a state-of-the-

art literature review on the moisture transfer through clothing and found that the 

changes in skin temperature were affected by the moisture sorption when in contact 

with the skin. The responses of skin thermoreceptors were found to be dependent on 

the skin temperature and its change rate, further determining the subjective feelings. 

Havenith et al. [18] examined clothing effects using the Predicted Mean Vote (PMV) 

model and pointed out that the PMV index did not include moisture vapour resistance 

in clothing; however, clothing with high vapour resistance would affect comfort owing 

to high skin wettedness, particularly outside the comfort zone. Nielson and Endrusick 

[19] studied the influence of subject physical activities and clothing structures on 

various thermal and moisture sensations. They determined that the skin wettedness 

contributed to humidity sensation, while dampness sensation was related to the amount 

of sweat accumulated in the clothing. By performing a series of experiments with 

clothed young females, Takanokura et al. [20] examined the influence of clothing 

moisture adsorption on the thermal sensation; the results indicated that subjects at rest 

were maintained in a thermal comfort state until the skin wettedness reached 0.25 to 

0.3. These findings demonstrate that moisture in clothing contributes significantly to 

skin wettedness and therefore to comfort perceptions during actual wear conditions[21-

23]. Given the significance of moisture in clothing, the clothing vapour resistance has 

been included in the developed evaluation indices of Effective Temperature (ET*) and 

Standard Effective Temperature (SET), in which comfort is affected by heat loss at the 

skin, skin temperatures and skin wettedness [18]. However, although these indices 

reflect the heat and moisture transfer through clothing systems, they have mainly 

focused on warm and hot situations in which body sweat is a main driver affecting 

moisture in clothing, and little attention has been paid to the moisture absorption in 

clothing itself in cold-humid conditions. For example, people in Hot Summer and Cold 

Winter (HSCW) zone express significantly stronger cold feelings and unacceptability 

to cold-humid environments in reality in winter than those in northern China with a 

cold-dry climate. The clothing adjustment was more obvious in this zone than in cold 

zones [24], which is inferred to be owing to clothing thermal insulation performance in 
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humid conditions. As a result, there remains a paucity of examining the effects of 

moisture in clothing on human comfort with high air humidity in cold climates.  

It is hypothesized that higher air humidity produces external moisture contents in 

clothing, when people are trapped in ensembles, moisture may strongly affect the heat 

transfer by altering the thermal properties of clothes such as the thermal and vapour 

resistance. Several mechanisms of water vapour and liquid water transfer through 

clothing and textile materials have been explored [25]. Fan et al. [26] compared  

clothing thermal insulation under very low and very high perspiration, and found that 

clothing thermal insulation was reduced during perspiration and the amount varied from 

2% to 8%, depending on the water accumulation within the clothing ensembles. The 

effects of moisture on the thermal performance of multi-layer clothing assembly were 

analysed by Schacher [27] under low-level (6.3 to 21 kW/m2) radiant heat exposure. It 

was observed that the thermal protective performance of clothing decreased for moist 

clothing, to which a lower amount (12% to 50%) of moisture was added. These results 

verify that moisture absorption and transfer through clothing strongly affects the heat 

transfer, by means of evaporation, condensation, desorption and absorption [28]. 

However, differing in objectives and disciplines, most of these previous studies were 

based on experimental measurements [29, 30] and numerical simulations [31, 32], 

focusing on clothing performance evaluation in specific situations. In that case, 

dynamic moisture absorption and desorption in clothing from ambient environments 

and their effects on heat transfer during wearing, as well as the comfort effects on 

wearers, remain incompletely understood. 

Taken together, in cold-humid climates in winter, both moist clothing and high air 

humidity have profound effects on clothing performance and human thermal comfort. 

However, what are the thermal behaviours in the clothing microenvironment under 

actual wearing situations, and how to evaluate the clothing moisture effects caused by 

cold-humid environments on human thermal comfort remain unknown. Therefore, the 

study raises this research question from an investigation of the significantly colder 

feelings of people in the cold-humid climate (e.g., HSCW zone) in winter. This work 

payed attention to the possible moisture absorption and desorption effects in clothing 

and simulated a series of wearing trials in cold-humid and cold-dry environments. The 

dynamic changes of clothing microenvironments during dressing with pre-set water 

saturation in clothing were investigated, and the transient effects on physiological and 

psychological responses of human were evaluated. The outcome is expected to fill the 

gap in understanding the impact of transient thermal and moisture transfer in the 

clothing system on human thermal responses, and provide a consideration for improved 

heating design for indoor thermal environments in HSCW region in winter.  



 

5 

 

2.Methods 

2.1 Climate chamber 

The experiments were carried out in a climate chamber with dimensions of 

4×3×3m (L×W×H). The air temperature and humidity in the chamber could be 

effectively controlled. The air temperature could be regulated within the range of -5 oC 

to 40
 oC, with an accuracy of ± 0.3

 oC (<10
 oC, ± 0.5

 oC). The chamber could be 

modified with relative humidity(RH) by automatically controlling the input power of 

the wheel dehumidifier and steam humidifier, within the range from 0% to 100% and 

with an accuracy of ± 3%. The air during the experiments was supplied to the chamber 

using piston flow ventilation through the perforated ceiling and the air velocity in the 

chamber was controlled under 0.1 m/s. A room adjacent to the chamber was maintained 

at a neutral thermal environment (26 oC, 50%-60% RH) for preparation work prior to 

the experiments.  

2.2 Experimental design 

2.2.1 Experimental conditions 

The research is derived from the question that people in HSCW zone commonly 

express colder feelings during winter and attribute it to high air humidity in this region. 

Reference [9] addressed the typically cold and humid climate during winter in HSCW 

zone that with no heating, both the indoor and outdoor RH were generally over 70%. 

In contrast, in the north of China, the RH was relatively low; coupled with a long indoor 

heating period, the RH was lower than 30% [33]. This provided a research background 

for the experimental design in this study.  

With one previous study, Li et al. [34] had designed a series of experiments in 

spring, summer and winter to examine human thermal responses under a wide range of 

RH levels, which based on the meteorological data in Chongqing, China. This study 

referred to the previous experimental design and selected the 85%RH level as a 

fundamental research, considering the limited exposure duration in the tests, rather than 

long-term exposure. Meanwhile, a substantially lower 15% RH was selected to conduct 

a comparison. Furthermore, because the experiments were designed to simulate winter 

scenarios, the temperature conditions were determined for cold sides, based on the 

calculated PMV at cold (PMV < -1), moderately cold (-1 < PMV < -0.5), and neutral (-

0.5 < PMV < 0). Table 1 displays the design conditions during the experiments, as well 

as the corresponding humidity ratio, where significantly differences can be observed 

between the 15% RH and 85% RH conditions.  
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Table 1 Design conditions for experiments 

Condition Temperature(oC) RH(%) Humidity ratio(g/kg) 

1 16 15 1.7 

2 16 85 9.7 

3 20 15 2.1 

4 20 85 12.5 

5 24 15 2.7 

6 24 85 16.1 

 

2.2.2 Experimental clothing  

It is hypothesised that clothing performance may play a vital role in heat and 

moisture transfer in the human-clothing microenvironment system and lead to 

differences in human thermal perceptions in cold-humid and cold-dry environments. 

Cotton material has been confirmed to exhibit superior moisture absorption and 

desorption [35]. Therefore, this study selected clothing ensembles of 100% cotton, 

including a long-sleeved dress shirt, long-sleeved sweater shirt and thick trousers. A 

slightly thin clothing design compared to the previous study [33] was selected in this 

study. The net weight of the dried clothing ensembles was 1086 g in total (long-sleeved 

shirt: 190 g, long-sleeved sweater: 423 g, thick trousers: 473 g). According to the 

ASHRAE Handbook[36], coupled with the underwear and shoes, the intrinsic clothing 

insulation of these ensembles was estimated at 0.9 clo.  

Prior to each test, the clothes were pre-treated under the designed conditions (Table 

1) in the climate chamber for at least 24h to achieve a steady state balance of moisture 

in clothes. The initial moisture contents of the experimental clothes were calculated by 

weighing the clothes in dried and actual conditions, with each measurement repeated 

three times. Table 2 shows the mean weight of the experimental clothes in each 

condition at the beginning of tests. It is clearly observed that, compared to the dried 

weight of the clothes (approximately 1086 g), after being placed under a highly humid 

condition (85% RH) for a lengthly period, the clothing mass increased significantly. 

The calculated regain rates of the clothes in Table 1 were approximately 3% to 5% for 

15% RH and 8% to 11% for 85% RH, which is consistent with Morton [37], in which 

the regain rates of cotton were measured to be approximately 3% at 15% RH and 10% 

at 85% RH. This ensured that the experimental clothes reached the moisture equilibrium 

between the clothing and environments under the designed conditions. The moisture 

differences in the clothing were attributed to the different humidity ratios in air under 

varying conditions, as indicated in Table 1. These results respond to the research 
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hypothesis of this study and lay the foundation for exploring the impacts of moisture in 

clothing on human thermal comfort.  

 

Table 2 Changes in experimental clothes mass (mean ± SD)*  

Conditions 
16 20 24 

15% 85% 15% 85% 15% 85% 

Before 

experiments 

1091 g ±  

24 g 

1190 g ±  

72 g 

1090 g ±  

69 g 

1215 g ±  

70 g 

1090 g ±  

69 g 

1231 g ± 

77 g 

Regain rate** 5.30% 8.70% 3.00% 10.60% 3.80% 11.80% 

Note: * the clothes mass was averaged by all 20 tests (i.e., 20 subjects) in each condition.  

**: the clothing regain rate was calculated as follows: actual dry dryR=(W -W )/W *100%  

where Wactual is the weight of experimental clothes at steady state under designed conditions, g; Wdry 

is the weight of experiment clothes at dried condition.   

2.3 Subjects 

A priori power analysis in G*Power 3[38] was employed to calculate the 

appropriate sample size according to experimental design. The within-subject design 

was used to minimise individual differences. Refering to [39], the test type was the F-

test and the statistical test was ANOVA (repeated measures, within factors: power level 

1-β (0.8), significance level α (0.05), effect size f (0.4)). The calculated sample size was 

16 for each condition. During recruiting, the body mass index was firstly controlled 

within a narrow range to minimise the metabolic rate differences. The subjects were 

required to be in cold-humid climates (for example, Chongqing) for more than one year 

and in good health, with no cold-related sensitivity. A total of 20 subjects (10 females 

and 10 males, all university students) were finally recruited and paid to participate in 

the experiments.  

The experiments were performed in accordance with the ethical standards of the 

1964 Declaration of Helsinki [40]. Written content regarding the study was received 

from subjects before they participated in the experiments. At the first time subjects 

visited the laboratory, they were provided further details in order to become acquainted 

with the experimental procedure, relevant instruments, physiological measurements. 

Prior to each test, the participants were asked not to drink alcohol, do strenuous exercise, 

or smoke, as well as to refrain from drinking coffee and tea for 2h before the test. The 

anthropometric data from the subjects are displayed in Table 3.  
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Table 3 Physical characteristics of subjects (mean ± SD) 

Sex Number Age(year) Height(cm) Weight(kg) AD(m2) Clo 

Male 10 22.7±0.8 175±6 64.5±6.1 1.78±0.1 0.9 

Female 10 23.2±0.6 163±4 52.7±5.9 1.55±0.1 0.9 

Total 20 22.9±0.8 169±7 60.4±9.0 1.66±0.1 0.9 

2.4 Instruments and measurements 

The ambient air temperature and RH in the climate chamber were monitored 

continuously by means of a thermal comfort monitoring instrument (MI 6401). The 

sensors were placed in the centre of the chamber near to the subjects at a 0.6 m height 

and the data were recorded every 10 s. 

The subjects’ local skin temperatures on eight parts of the body, including the 

forehead, left chest, left back, left upper arm, left lower arm, left hand, right anterior 

thigh and anterior calf, were measured by thermocouples (TSD202B, BIOPAC). The 

data were recorded at 10 s intervals by the multi-channel physiological acquisition 

system (MP150). The mean skin temperature (MST) were calculated using an eight-

point formula[41], based on the area-weighted averages of the local skin temperatures, 

as expressed in Equation (1). Moreover, a study by Berglund et al. [42] indicated that 

the dew point gradient in the gap between the skin and clothing is small, so the vapour 

pressure measurement close to the skin can be used to estimate the vapour pressure at 

the skin surface. Therefore, the air temperature (Tin) and relative humidity (RHin) in the 

clothing microenvironment between the subject skin surfaces and inner clothing layers 

were monitored by means of wireless thermal sensors (PyroButton-TH, Opulus), at the 

same four locations as the measured local skin temperatures, namely the chest, upper 

arm, thigh and calf. The mean Tin and RHin values were calculated by the four-point 

weight method (0.3 for chest and upper arm, 0.2 for thigh and calf). The vapour pressure 

between the skin and inner clothes was calculated by using Tin and RHin based on the 

ASHRAE Handbook[36], and the mean value (Psk) was calculated by Equation (2). 

forehead chest back upperarm

lowerarm hand thigh calf

MST 0.07*T 0.175*T 0.175*T 0.07*T

0.07*T 0.05*T 0.19T 0.2*T

   

  
             (1) 

sk sk,chest sk,arm sk,thigh sk,calfP 0.3*P 0.3*P 0.2*P 0.2*P                  (2) 

The local blood flow at the back of the left hand of the subjects was measured 

using the Laser Doppler probe (MP150-LDF100C), with a time interval of 10 s. Before 

and after each test, the clothing ensembles and subjects with and without clothes were 

weighed (YP100KN), in order to calculate the mass loss of the body and clothes.  

The details of the instruments used in experiments are summarized in Table 4. 
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Table 4 Measuring parameters and instruments during experiments 

Measured indices Instrument Place Range and accuracy 

Environmental Ta 

and RH 

Thermal comfort monitoring 

instrument MI 6401 

METREL, 

Germany 

Accuracy: T: ± 0.2 oC, relative 

humidity: ±2% 

Local skin 

temperature 

Sensor: TSD202B 

Logger: MP150-SKT100C 

BIOPAC, US  0 oC - 70 oC, accuracy: ± 0.1 oC 

Clothing 

microenvironment 

Tin 

PyroButton-TH Opulus, US -20 oC - +85 oC, accuracy: 

±0.1oC (calibrated), resolution: 

0.0625 oC 

Clothing 

microenvironment 

RHin 

PyroButton-TH Opulus, US 0% - 100%, accuracy:  ±1% (10%-

90%), resolution: 0.4% 

Blood flow Sensor: Laser Doppler probe 

Logger: MP150-LDF100C 

BIOPAC 

Company, US 

/ 

Body weight YP100KN Japan Accuracy: ±1 g 

A questionnaire was designed to investigate the subjective thermal perceptions. 

The thermal sensation was evaluated based on ASHRAE 55[43] seven-point scale (-3: 

cold, -2: cool, -1: slightly cool, 0: neutral, +1: slightly warm, +2: warm, +3 hot). 

Subjects’ sensation to air humidity was referred to the evaluation of wettedness 

sensation [44, 45], but with a slightly fine-tuned description and scale. That is, the study 

defined the humidity sensation and adopted the seven-point bipolar scale instead of the 

seven-point unipolar scale (-3: very dry, -2: dry, -1: slightly dry, 0: neutral, +1: slightly 

humid, +2: humid, +3: very humid), which is consistent with [34]. In addition, subjects 

reported their thermal/humidity acceptability on a split scale with a gap in the middle, 

from clearly unacceptable (–1) to slightly unacceptable (–0.1), and thereafter from 

slightly acceptable (+0.1) to clearly acceptable (+1). The subjects were also given the 

option to score 0.5 with all scales if they hesitated to select between adjacent scales 

(e.g., +1.5 between +1 and +2) when filling in the questionnaires.  

2.5 Experimental process 

The experiments were conducted during winter from December 2016 to January 

2017, in Chongqing, China. Each subject participated in all six experimental conditions, 

and each time two subjects were simultaneously arranged in a test. 

For each test, the climate chamber was pre-set to the designed conditions 1 h in 

advance to ensure a uniform environment. Subjects were asked to arrive at the chamber 

30 min in advance to eliminate the effects of outdoor environments and individual 

metabolisms. During preparation, the subjects were dressed in experimental clothing 

ensembles with pre-set moisture. They were asked to weigh their body mass, single 
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clothing mass and fully dressed mass. Thereafter, subjects were asked to attach the 

thermocouples onto the local skin surfaces (see section 2.4) using surgical, water 

permeable, and adhesive tapes. Then, the back sides of PyroButton sensors (Figure 1(d)) 

were attached to subjects’ inner clothing layers in four places using double-sided 

adhesive tape, responding to the locations of measured skin temperatures. In that case, 

the front measurement sides with temperature and relative humidity sensors (see Figure 

1(d)) were closely oriented to skin surface to measure the microenvironment. The backs 

of the left hand of the subjects were cleaned using an alcohol preparation pad, following 

which the Laser Doppler probe was fixed at the back using medical adhesive tape 

(Figure 1(a) and (b)). All of these preparations were carried out in the chamber to avoid 

the effects of outdoor environments. For the first time, the subjects were briefed 

regarding the questionnaire contents and evaluation scale of each index. For example, 

the meanings of the seven-scale thermal sensation and humidity sensation votes were 

explained with an additional understanding based on ASHRAE 55[43]: the 

environmental temperature and humidity were acceptable if they voted sensations from 

-1 to +1, and were not acceptable if they voted beyond this range. This ensured they 

were well-informed on the questionnaires and voted correctly based on their subjective 

perceptions.  

The formal test lasted for 90 min, starting after the subjects finished all of the 

preparations. Over this period, the environmental parameters and subject physiological 

indices were measured continuously. Besides, subjects rated their thermal perceptions 

every 5 min at the first 30 min and every 10 min thereafter throughout the test, using 

identical questionnaires. Subjects were occupied with office work, and only light 

activities such as reading, listening and talking softly were allowed in order to maintain 

a steady state condition (the metabolic rate was 1.0 met [43]). The on-site measurement 

is illustrated in Figure1.  

At the end of the tests, the subjects were asked to change their clothes and weigh 

again, the requirements being the same as those before the test. The test was then 

completed once all data were collected and saved. The experimental process was 

repeated for all six conditions.  
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Figure 1 On-site measurement during experiments. (a) skin blood flow at back of hand (b) MP150 

multi-channel physiological acquisition system (c) clothing microenvironment measurement on 

back (d) PyroButton-TH sensor. 

Note:  

1) the blood oxygen saturation(SpO2) was meantime measured in Figure 1 (a) (fingertip 

measurement) and the heat flux on clothing surface at some local parts of body were measured in 

Figure 1(c), but exclusively analyzed in this study; 

2) the measurement of outer layer of clothes was displayed as example in Figure 1(c) considering it 

was difficult to take pictures of sensors in the inner layer of clothes when wearing.  

3) the back of PyroButton in Figure 1(d) was attached to the inner clothing layer of subjects to 

ensure the front side with temperature and humidity sensors orienting to skin surface to measure the 

clothing microenvironment. 

2.6 Date processing 

2.6.1 Statistical analysis 

The mean values for physiological parameters and questionnaires from all 20 

subjects were used, whatever for steady state condition, or for transient condition. For 

steady state condition, the repeated ANOVA was performed to determine the stable time 

and then the values at steady state were averaged. For transient condition, the 

parameters recorded at 10s interval during experiments were averaged at 1min interval 

during analysis for each subject. The dynamic results over 90min were presented by 

averaging the values of 20 subjects at each minute. The Shapiro-Wilk W-test was used 

to test the normality of the distribution for all metrics and the ANOVA test was then 

used to compare the differences caused by air temperature and humidity. The 

correlations among the subjective votes and physiological indices were analysed using 

linear/non-linear regression. A significance level of 0.05 was applied throughout the 
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analysis. 

2.6.2 Body heat loss 

It is estimated that approximately 97% of body heat production is dissipated by 

radiation, convection and evaporation at skin surface, and 3% by means of respiration 

[46]. Therefore, heat exchanges between the body skin surface and environment affect 

human thermal sensation. In order to evaluate such effects quantitatively, the Gagge’ 

[47] two-node physiological model was employed to obtain the theoretical heat loss 

from skin surface (Qskin).  

In addition, a method using the heat balance equation in ASHRAE Handbook[36] 

was used, to calculate the real Qskin according to experimental design in this study, as 

indicated in Equation(3). 

skin sk

sk o cl cl sk,s a e,cl cl e

Q C R E

(t t ) / [R 1 / (f h)] w(p p ) / [R 1 / (f h )]

  

     
        (3) 

where Qskin is the total heat loss, W/m2 ; C is the convective heat loss from the skin surface, W/m2; 

R the radiant heat loss from the skin surface, W/m2; Esk is the evaporative heat loss from the skin 

surface, W/m2; tsk is the skin temperature, oC; to is the ambient operative temperature, oC; Rcl is the 

thermal resistance of clothing, m2K/W; fcl is the clothing area factor; h is the total convective and 

radiative heat transfer coefficient, W/m2 oC; w is the skin wettedness; psk,s is the saturated water 

vapour pressure at skin temperature (tsk), kPa; Re,cl is the evaporative heat transfer resistance of 

clothing, m2Pa/W; and he is the evaporative heat transfer coefficient, W/m2kPa. 

 Because the moisture absorption and desorption in clothing ensembles is a 

dynamic process when worn by people, the thermal and moisture vapour resistances 

will certainly change with the time and remained moisture contents in clothes. However, 

it is indeed difficult to predict the thermal and vapour resistance dynamically, which is 

dependent on the microenvironment of the skin-clothing system. As the aim of this 

study is to evaluate the relative variations in skin heat loss among different conditions 

and between experimental and theoretical values, the intrinsic thermal resistance and 

vapor resistance of the clothing ensembles are used in Equation (3) [43]. Using such 

prerequisites, several calculating parameters in Equation (3) [36] are determined in 

Table 5. The comparisons using two methods to calculate the Qskin are analysed in the 

following Results section. 

 

Table 5 Calculation values of parameters in Equation (3) 

Parameter Value Unit Parameter Value Unit 

Icl 0.9 clo hc 3.1 W/m2 oC 

Rcl 0.1395 m2oC/W hr 4.7 W/m2 oC 

fcl 1.279 / h 7.8 W/m2 oC 
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im 0.38 / he 51.15 W/m2kPa 

LR 16.5 oC/kPa Re,cl 0.0223 m2kPa/W 

2.6.3 Inner clothing effective temperature, Teff 

The skin temperature has been illustrated as providing the potential to predict 

human thermal comfort at a steady state [48, 49], but only the heat and mass exchanges 

between the skin surfaces and environments through clothing systems have been 

considered. In this case, the clothing is defined as being the intermediary function, and 

the potential additional heat loss from the human body resulting from moisture 

vaporisation in clothing is neglected to a significant extent. Therefore, this study 

initially focused on the moisture in clothing. Given that not only the air temperature, 

but also the relative humidity in the clothing microenvironment affect significantly the 

body physiological responses and thermal comfort, we adopted the index “inner 

clothing effective temperature (Teff) ” to evaluate the coupled effect, which is defined 

by Equations(4) and (5) [50].  

ef f in inT 0.492*T 0.19*P 6.47                 (4) 

in in in inP 0.6107*exp((17.27*T ) (237.3 T ))*RH              (5) 

where Teff is the effective temperature, oC; Tin is the inner clothing temperature, oC; Pin is the inner 

clothing water vapour pressure, kPa; and RHin is the inner clothing relative humidity, %.  

The Teff was related to subjects’ thermal sensation votes (TSV) to quantify clothing 

moisture effects on thermal comfort in the following results. The real time Teff of each 

subjects in minutes was calculated and then the mean values were obtained by 20 

subjects. As the Teff were continuous variables and the TSV were discrete ones, the Teff 

was averaged in periods responding to when subjects voting their thermal sensations. 

Such data processing was used to examine the relation of Teff and TSV and to reflect 

the transient changes of both during 90min in Results.  

 

 

3. Results 

3.1 Clothing microenvironment 

3.1.1 Water loss in experimental clothes 

The mass of the experimental clothes before and after each test was determined to 

explore the changes in moisture contents in clothes and the water loss is plotted in 

Figure 2 under different conditions. The water loss of the experimental clothes was 

significantly higher under 85% RH (ANOVA, p < 0.05), increasing from 79 g at 16 
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oC/85% RH to 97 g at 24 oC/85% RH. In contrast, little fluctuation was observed in the 

water loss at 15% RH, at lower than 10 g. This was attributed to the differences of 

moisture absorption in the experimental clothes (Table 2: clothing weight) before 

experiments. Therefore, when subjects wore clothes with high moisture contents during 

the tests, the vapour evaporation caused by the clothes was inferred to promote 

additional heat loss from the body, inevitably affecting the thermal comfort of subjects 

in cold environments.          
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Figure 2 Water loss in clothes before and after experiments 

3.1.2 Inner clothing Tin and RHin 

The real time Tin and RHin values of the clothing microenvironment in minutes 

were calculated for each condition and the mean values were then obtained for 20 

subjects. Figure 3 illustrates the mean Tin and RHin between the skin and inner clothing 

microenvironment under six conditions. In Figure 3(a), the mean Tin exhibited 

consistent increases during the initial 30 min and stabilised thereafter under all six 

conditions. Moreover, higher ambient temperature resulted in higher mean Tin. 

However, for each temperature level, the mean Tin values were higher at 15% RH 

compared to 85% RH, particularly at 16 oC. For example, the mean values of Tin at 16 
oC/15% RH fluctuated within the range of 26 oC – 28 oC while these values were 24 oC 

to 26 oC at 16 oC/85% RH. This was inferred that the initial higher moisture contents 

of the experimental clothes under 85% RH (Table 2) were evaporated during the 

experiments (Figure 2), thereby enhancing the heat loss from the body and reducing the 

inner air temperatures in the clothing microenvironment.   
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Figure 3 Changes in mean Tin and RHin in inner clothing environment over time 

Compared to Figure 3(a), the trends of the mean RHin during the 90 min were 

opposite, as indicated in Figure 3(b). That is, the mean RHin under both low and high 

humidity levels decreased gradually and then remained stable. The mean RHin values 

decreased quickly from over 15% to approximately 10% at initial 30min under 15% 

RH, and the differences between the three temperature levels were small. In contrast, 

under 85%RH, a high RHin was observed in the clothing microenvironment and the 

differences in RHin among three temperature levels were significant over the whole 

process. The initial mean RHin were nearly close to 80% under 16 oC/85% RH and 20 
oC/85% RH, and were reduced to approximately 55% and 60%, a large RH differences 

being observed between the beginning and the end of tests. However, the initial RHin at 

24 oC/85% RH was even up to 85% but decreased slightly during experiments. In 

particular, the RHin at 24 oC in Figure 3(b) was the highest during the entire process and 

was not stable by the end of tests. This could partly be explained by the higher moisture 

absorption in clothes at 24 oC/85% RH at first (Table 2). Furthermore, with increasing 

relative humidity, the difference in water vapour pressure between the skin surfaces and 

ambient environments were lessen at 24 oC/85% RH, which in turn reduced the 

evaporation rate of moisture contents in clothing. Coupled with a limited exposure time 

of 90min, the moisture in experimental clothes might not evaporate completely, thereby 

leading to higher RHin values at 24 oC/85% RH, as illustrated in Figure 3 (b). 

3.2 Physiological responses 

3.2.1 MST 

Figure 3 presents the changes in the clothing microenvironments, which were 

closely related to the subjects’ skin temperatures. Therefore, Figure 4 further 

demonstrates the changes in MST for all 20 subjects at a steady state under the six 
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conditions, which are distinguished by different colours and symbols. According to 

Figure 4, the MST of subjects increased with the temperatures (ANOVA, p < 0.05), 

from 32 oC at 16 oC to 32.4 oC at 24 oC. Moreover, the RH significantly affected subjects’ 

MST under the same temperature levels. The MST were obviously lower under 85% 

RH, and significant differences were found between 15% RH and 85% RH (p < 0.05), 

which were somewhat inconsistent with the theory predictions [51], without 

considering the moisture in clothing itself and the consequent evaporative heat loss. 

  

31.4

31.6

31.8

32.0

32.2

32.4

32.6

 

 

M
S

T
 (

o
C

)

Experimental conditions

* p = 0.000

* p = 0.006

* p = 0.005

     16
o
C/15%

     16
o
C/85%

     20
o
C/15%

     20
o
C/85%

     24
o
C/15%

     24
o
C/85%

mean

75%

min

max

25%

 

Figure 4 Changes in subjects’ MST under different conditions  

3.2.2 Skin wettedness 

Skin wettedness has been recognised as one of the most convenient indices for 

predicting human comfort levels, especially for sweating conditions on the warm 

sides[18]. Thanks to the measured local skin temperatures, microenvironment Tin and 

RHin in clothing obtained by the sensors, the subject skin wettedness was calculated 

referring to the study of Berglund [52]. Figure 5 illustrates the changes of mean skin 

wettedness of 20 subjects in minutes during experiments. The gradual downward trends 

were observed under all conditions in Figure 5. For 15% RH, the skin wettedness was 

approximately 0.12 at the initial stage and decreased to approximately 0.025 by the end 

of the experiments. Negligible differences existed for the three temperature levels, 

except that the skin wettedness was slightly higher at 16 oC. In contrast, the subject skin 

wettedness values were comparably higher under 85% RH, with a remarkable 

decrement between the beginning and ending of the experiments. For example, the skin 

wettedness was initially approximately 0.7 at 16 oC/85% RH and stabilised at 0.33. 

Similar trends were observed under the other two conditions but the steady state was 

not reached under 20 oC/85% RH, which was consistent with Figure 3. However, a 

converse change trend was found among the three temperature levels under 85%RH. 
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Unlike the low humidity level (15% RH) at which the skin wettedness of subjects at 16 
oC/85% RH was higher, the skin wettedness of subjects at 24 oC/85% RH was slightly 

higher than that at 16 oC/85% RH. This was reasonably expected as the MST increased 

with the temperatures (Figure 4). In addition, the humidity ratio differences among 

varying temperature levels (Table 1) led to higher moisture absorption in clothes under 

a high temperature level (Figure 3(b)), thereby increasing the skin wettedness in Figure 

5.  
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Figure 5 Changes in skin wettedness of subjects over time 

 

3.2.3 Blood flow at skin surface 

Body parts, mainly involving the extremities, such as the hands and feet, occupy 

a significant proportion in response to ambient temperatures in cold environments and 

thereby affect human thermal comfort [53]. In this study, the real time measurement of 

local skin blood flow at the back of the subjects’ hands was conducted. The blood flow 

(unit: blood perfusion unit, BPU) per minute were averaged for 20 subjects during 90 

min exposures. Figure 6 shows the changes in the subjects’ blood flow in minutes under 

six conditions, where the blood flow fluctuated slightly over time, apart from the slight 

downward trend at 24 oC/85% RH. In detail, under 15% RH, the mean blood flow of 

the subjects increased approximately from 400 BPU at 16 oC, to 600 BPU at 20 oC, to 

800 BPU at 24 oC. This was owing to the body vasoconstriction to reduce heat loss 

from the extremities in cold conditions, thus leading to lower blood flow at lower 

temperatures [54]. Conversely, under 85% RH, the blood flow was higher at 16 oC and 

decreased with an increase of temperature. Compared to the physiological responses of 
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the MST in Figure 4, it was inferred that cold stress was more significant under high 

humidity conditions, due to the great evaporative heat loss. In such a case, to avoid 

cold-induced strain, the body increases blood flow from the heart and peripheral to the 

skin concomitantly[55], resulting in a higher blood flow in cold-humid conditions. 

However, as the temperature increased, the physiological strain caused by the cold 

stimuli was attenuated and the blood flow decreased, which was not contradictory to 

the changes under 15% RH. 
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Figure 6 Changes in subjects’ skin blood flow under different conditions 

3.2.4 Heat loss from skin surface 

According to Figures 4 and 6, the changes in skin temperature and blood flow were 

strongly related to the body heat loss of subjects at the skin surface. Therefore, the total 

Qskin with time was calculated using Equation (3) and is illustrated in Figure 7, where 

the Qskin was observed being remarkably higher in cold-humid conditions than that in 

cold-dry conditions and decreasing slightly with time. For 15% RH, the maximum Qskin 

value was observed at approximately 35 W/m2oC at 16 oC, which was higher than that 

at 24 oC (see solid lines in Figure 7). However, at 85% RH, Qskin was almost twice as 

high for the same temperature level, as indicated by the dotted lines in Figure 7; while 

the maximum Qskin value was above 160 W/m2oC at 16 oC/85% RH, comparing to 

approximately 90W/m2oC at 16 oC/15% RH. However, the Qskin was reduced with 

increasing temperatures, and stabilised at 113.2 W/m2oC at 16 oC/85% RH and 73.5 

W/m2oC at 16 oC/15% RH, respectively at the end of experiments. Overall, the different 

changes in Qskin under dry and humid conditions were closely in agreement with the 

changes in subjects’ MST (Figure 4).     
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Figure 7 Changes in heat loss from subjects’ skin surfaces under different conditions 

We further calculated the total sensible and evaporative heat loss from the skin 

surface of subjects during 90 min using the experimental inputs; meanwhile the 

theoretical values based on the two-node model [47] were calculated. Figure 8 

illustrates the total heat loss of subjects over the duration of the tests using the two 

methods, coupled with the sensible and evaporative heat loss. The corresponding values 

predicted by the model are demonstrated using the negative Y-axis in Figure 8. 

Significant differences were found between the experimental and predicted values with 

respect to the two humidity levels. At 15% RH, the sensible and evaporative heat losses 

in the experiments were slightly higher and close to the values predicted by the two-

node model (blue and pink bars in Figure 8). The same was observed for the total heat 

loss from the skin surface, indicated by the brown bars in Figure 8. It was explained by 

the thermal and vapor resistances in clothing being close to the intrinsic values used in 

the two-node model. As a result, the model was applicable for predicting the heat 

transfer between the human body and environments without considering the effect of 

moisture in clothing. However, the prediction performance of the two-node model was 

challenged under 85% RH. As indicated by the grey box in Figure 8, although the 

sensible heat losses were similar to the predicted values, the evaporative heat loss from 

the subjects’ skin surface was overwhelmingly higher in the real experiments. For 

example, at 16 oC/85% RH, the predicted evaporative heat loss was only 45.88 kJ, while 

the real value was approximately 568.46 kJ, with the prerequisite of the same 

experimental parameters. As a result, the total heat loss was nearly 1161.75 kJ in the 

experiments, compared to that of 580.35 kJ in the model under 16 oC/85%RH. Although 

the deviations were narrowed when the temperature increased, they were still 

significant. According to Figure 8, such substantial differences were attributed to the 

variations in evaporative heat loss between the model and experiments. The model 

predicts the heat and mass transfer between the skin surface and environments through 
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the clothing system under stable conditions; the moisture contents in clothing itself is 

not included. Therefore, the latent heat loss was simply based on the evaporation from 

the body skin surface, while the heat loss owing to vapor evaporation caused by the 

clothing was excluded in the calculation. The current study emphasized the transient 

process of moisture absorption and desorption in experimental clothes and considered 

the significant amount of heat loss caused by vaporisation in subjects’ clothes during 

wearing. As a result, the obtained total heat loss from the subjects’ skin surfaces were 

significantly higher than the predicted values in the model, indicating that the 

significant effect of heat and moisture loss in clothing should not be neglected in real 

situations in cold-humid environments. 
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Figure 8 Comparison of total skin heat loss between experiments and predictions 

3.3 Thermal perceptions 

3.3.1 TSV 

There are reasons to believe that the physiological responses of skin temperatures 

(Figure 4), local blood flow (Figure 6), and heat loss from the skin surface (Figures 7 

and 8) remarkably affect subjects’ thermal sensations. Therefore, Figure 9 illustrates 

the TSV responses of the subjects over time under six conditions. It is clearly observed 

that the TSV increased significantly when the temperature increased from 16 oC to 24 
oC. At each temperature level, the TSV were higher under 15% RH than under 85% RH, 

which was in agreement with the MST in Figure 4 and the total heat loss in Figure 8. 

In particular, the biggest differences of TSV were found at the initial stage (marked in 

grey shading) and the deviation was up to 1 when comparing 16 oC/15% RH to 16 
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oC/85% RH. This was because, owing to increased moisture absorbed in the 

experimental clothing ensembles at 85% RH, a significant amount of heat would be lost 

from the subjects and be used for vaporisation. As a result, subjects felt cooler under 

highly humid conditions and the TSV were significantly reduced. 
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Figure 9 Subjects’ thermal sensation changes with time during experiments 

Given that the SET is a comprehensive index for reflecting the coupled effects of 

air temperature and humidity, the relation between the mean TSV of the subjects at a 

steady state and the SET was further examined, as shown in Figure 10. Meantime, the 

PMV, which reflects the changes of human thermal perceptions with the thermal 

environment based on the body heat balance, is also plotted in Figure 10. According to 

Figure 10, without considering the effect of moisture in clothing, the PMV increased 

linearly with increasing SET. In contrast, the linear relation was broken between the 

real TSV and SET. As indicated by the solid symbols in Figure 10, the mean TSV 

increased with temperature, but not with humidity. The TSV were lower under 85% RH 

and a significant difference was found at 24 oC. At 16 oC and 20 oC, despite the 

statistical results being insignificant, the subject TSV were also comparably lower. The 

insignificant differences of TSV at lower temperatures may be attributed to the fact that 

the subjects’ thermal sensations were close to thermal neutrality at 24 oC; thus, the 

effects of the high and low humidity levels were significant. However, the temperatures 

of 16 oC and 20 oC were far beyond the comfort range, which would impose a very 

strong cold stimulus on all subjects [56]. In such cases, the temperature played a 

dominant role in all subjects feeling cold (TSV under -1) and the effect of air humidity 

was coverd to some degrees.   
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Figure 10 Comparisons between subject TSV and PMV  

3.3.2 Humidity sensation and acceptability 

The subjects’ mean humidity sensation votes (HSV) and its relation to their 

humidity acceptability were evaluated, as illustrated in Figure 11. According to Figure 

11, the air humidity had an observable influence on the subject HSV, which were all 

above 0 under 85% RH and below 0 under 15% RH. With increasing/decreasing HSV, 

the acceptability to air humidity was reduced, exhibiting an inverted U-type with the 

HSV (R2 = 0.64) in Figure 11, which was similar to the relationship between thermal 

sensation and thermal comfort in previous studies [57, 58].  
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Figure 11 Relation between subjects’ HSV and humidity acceptability 
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3.4 Evaluation of clothing microenvironments 

As analysed in Figures 4 to 11, the moisture in clothing has a significant effect on 

the subjects’ physiological and psychological responses in cold environments; while it 

is commonly neglected in current thermal comfort evaluations. To quantify the coupling 

effect of the air temperature and humidity in clothing microenvironments, this study 

adopted the comprehensive index inner clothing effective temperature Teff. According 

to Equations (4) and (5), the Teff values were calculated using experimental data of the 

microenvironment Tin and RHin and Psk at skin surface. The differences between the 

measured Tin and the calculated Teff (i.e., the Tin minus the Teff) is first calculated and 

shown in Figure 12. It is clearly seen that the Teff were both lower than the Tin for each 

condition that all the values were positive under six conditions. With the same RH, the 

differences increased and were approximately 1.4 oC for 15% RH and 1.8 oC for 

85%RH between 24 oC and 16 oC. Interestingly, at each temperature level, the 

differences between Tin and Teff were significantly higher at 15%RH than at 85%RH. 

This suggested that the effects of microenvironment RHin is non-ignorable. In this case, 

the Teff acts as a function of air temperature and humidity (Equation (3)) and can be 

better to reflect the coupled effects of clothing microenvironments.    
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Figure 12 demonstrated the relation of Tin and Teff that the Teff took advantage of 

deploying the microenvironment air humidity in clothing. As a result, the Teff was 

further examined to evaluate subject thermal sensation under moisture situations. Based 

on the data processing mentioned in section 2.6.3, the transient changes of Teff and TSV 

during 90min and under six conditions are shown in Figure 13. From Figure 13, with 

the same Teff, the thermal sensation was higher under 15% RH (marked with solid 

symbols) than under 85%RH (marked with hollow symbols), clearly revealing the 
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negative moisture effects in clothing. With an increase in Teff, the TSV increased and 

the differences between 15% RH and 85% RH were narrowed. However, the TSV were 

still lower under 85%RH. Overall a significant linear relation (R2 = 0.72) was observed 

between subjects’ TSV and Teff in Figure 13, where the TSV decreased by a 1.12 scale 

when decreasing the Teff by 1 oC. This indicates that subjects TSV are sensitive to air 

temperature and humidity between skin surface-clothing microenvironments and Teff 

can be a good indicator to quantify the moisture effects in clothing on human thermal 

sensation.  
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Figure 13 Relation between subjects’ TSV and Teff values during 90min 

4. Discussion 

4.1 Negative role of clothing moisture in cold environments  

In theory, the thermal performance of clothing reduces the heat loss from the 

human body to the surroundings and in cold-dry environments, due to the low regain 

rates of clothing, the moisture transfer effect in clothing is negligible. In such cases, an 

increase in the air humidity decreases the temperature gradient between the skin-

clothing contact[59], restrains the evaporative heat loss from the human body and 

positively increases the thermal sensation[60]. Berglund [52] experimentally 

demonstrated that for a sedentary person, a 30% increase in relative humidity had the 

same effect on the thermal balance and thermal sensation as a 1 oC increase in 

temperature. This is in agreement with Li et al. [34], where the RH had a positive effect 

under cold temperatures. In his study, subjects who were on dried experimental clothes 

voted their thermal sensations from -2.2 to -1.3 (p < 0.05) when the RH was increased 
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from 15% to 85% at steady state at 16 oC. Moreover, the subjects’ TSV exhibited a 

strong linear relation with the SET.  

However, those results are quite different from the current study, in which the 

effects of moisture sorption in clothing were considered. For example, based on the 

experimental data, subjects’ initial TSV in Figure 9 were higher under 15% RH than 

under 85% RH. Though the differences were reduced by the end, they were still higher 

under 15%RH. This responded to subjects’ physiological regulations. In Figure 4, the 

MST at 16 oC/85% RH was 0.2 oC lower at steady state, compared to the predicted MST 

by the two-node model [47], which was 0.31 oC higher under 16 oC/85% RH than that 

under 16 oC/15% RH. Furthermore, Figure 13 clearly indicates that regardless of the 

same Teff, subjects expressed lower thermal sensations under 85% RH. Filingeri et al. 

[45] demonstrated that the skin cooling rate threshold for people’s perception in sensing 

cold-dryness and cold-wetness was indeed between 0.07 and 0.14 oC/s. In fact, the 

wettedness sensation is a result of the integration of the somatosensory sub-modalities 

of touch and temperature [61, 62]. That is, the wettedness sensation due to air humidity 

is partly dependent on temperature but in turn affects people’s thermal sensations in 

cold environments. In this study, because the changes in Tin and RHin at 85% RH 

conditions were transient processes during 90 min exposure (Figure 3), such dynamic 

changes sensed by skin receptors, coupled with the humidity sensation perceived by 

subjects, aggravated the cooling sensation of subjects under cold-humid environments. 

Several previous researches [3, 26] had addressed the “after chill” effect caused by 

moisture evaporation in clothing and its positive role on body heat loss for fire-fighters, 

where sweating occurs in hot environments. However, in cold environments, such an 

effect is negative and the moisture desorption and evaporation within clothes may 

conversely reduce the clothing thermal insulation[26] and promote heat loss from the 

human body, leading to a substantially cooler feeling for people in cold environments.    

4.2 Evaluation of clothing moisture effects on human thermal comfort 

The clothing thermal insulation measured under dry conditions is frequently used 

to calculate the dry heat loss. However, the effects of moisture on clothing thermal 

resistance and heat transfer have been neglected in most cases [26]. Wang [35] 

measured the influence of clothing material on “wet” conductive thermal resistance and 

found that due to the higher amount of moisture contained, cotton fabric tended to 

exhibit a low thermal resistance. In this study, significant regain rates of approximately 

10% were observed in cotton clothes at 85% RH (Table 2), meaning that increased 

moisture contents were absorbed in the clothes prior to dressing. Since the thermal 

conductivity of water is much greater than that of air, the effective thermal resistance 

of the wetted clothes would decrease [63] with an increase in moisture regain. As a 

result, additional sensible heat loss caused by clothes is predictable during the 
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experiments, which results in lower MST (Figure 4) and TSV (Figure 10) of subjects at 

85% RH, in contrast to that under dried clothing conditions [34].    

Furthermore, the clothing system not only transmits a significant amount of heat 

through itself, but stores a certain amount of heat for warming the clothes and moisture 

evaporation. During experiments, when subjects wore the clothes, their skin 

temperatures were higher than the temperatures of clothing. Thus, the moisture 

equilibrium between the clothes and ambient environments was broken and the 

moisture present in the clothing underwent the phase changes from liquid to vapour, 

which can be reflected by the significant mass loss of clothes (Figure 2), further 

promoting deceases in the MST and TSV.  

The remarkable “after chill” effect was verified by the calculated evaporative heat 

loss and total Qskin in Figures 7 and 8. The heat losses from skin surface at 85% RH 

were significantly higher than 15% RH (Figure 7), so were the accumulated evaporative 

heat loss and total heat loss during the 90min period (Figure 8). In such a case, if a 

constant metabolic heat generation is assumed, subjects may have negative heat storage 

under the testing scenarios and suffer from cold strain to a certain degree. However, in 

fact, in cold conditions the body metabolic rates would be enhanced to maintain the 

balance between the heat generation and heat loss [64]. These changes in metabolic 

rates are speculated to offset the physiological and psychological responses of subjects 

during experiments, but this phenomenon requires further investigation.     

4.3 Limitations and further work 

Several limitations are stated here in order to provide an improved interpretation 

of the results in the current study. An accurate determination of the thermal resistance 

and moisture vapour resistance of clothing is crucial to predict human physiological 

responses and evaluate thermal comfort. However, the thermal behaviours of clothing 

in an active person are complex and difficult to quantify. As the moisture absorption 

and desorption in clothing changes dynamically in high humidity conditions, the 

clothing thermal resistance and vapor resistance may change gradually with time. This 

study focuses more on the relative changes between different conditions and the 

estimations of the heat loss using constant values in section 3.2.4 may have some 

deviations from real situations. Various existing models that predict the heat and mass 

transfer of clothing are usually combined with human physiological models, while 

clothing thermal and vapor resistances are still adopted as constants[65, 66]. Several 

other studies focusing on clothing performance improvement have been based on the 

theoretical analyses and experimental measurements of fabric materials [67-69], rather 

than of whole clothing under actual wearing conditions. This study makes the premised 

assumption of using the intrinsic thermal and vapour resistance of clothing when 

calculating the sensible and evaporative heat loss from the skin surface. However, 



 

27 

 

further studies are necessary to explore the dynamic moisture absorption and desorption 

in clothing assembly to determine the dynamic characteristics of the thermal and vapour 

resistances of clothing under wearing conditions, thereby evaluating human thermal 

comfort more accurately.  

This study bases on the research question of occupant cold and humid feelings in 

winter in HSCW zone and takes the moisture effects in clothing as a breakthrough point. 

However, due to the limited exposure time of 90min in experiments, there were some 

situations where the metrics did not reach steady state, for example, in Figures 3 and 5. 

The transient effects of moisture in clothing on subject thermal sensation may not be 

able to answer whether subjects would feel as warmer as theoretical predictions under 

85%RH after a long term exposure, where the moisture effects in clothing were 

weakened. One question should be noted that subjects in experiments wore thin clothes 

without overcoat. This led to a fact that the body skin temperatures were much higher 

than the temperatures of clothes so that moisture in clothing evaporated quickly. In 

reality, people would wear thick overcoat in winter and the transient moisture 

absorption and desorption may exist consistently in human body-clothing systems-

ambient environments in high humid climates, maintaining a dynamic thermal balance. 

Therefore, in a long run, whether such moisture effects on wears’ comfort would 

disappear or last should be examined based on further experiments and field 

investigations. Moreover, as the “part space-part time” intermittent heating mode is 

highly recommended in HSCW zone for winter heating [70], coupled with higher air 

humidity outdoors and the preferred window opening habits of occupants [9], the indoor 

high air humidity and moisture may not be alleviated significantly during heating 

situations, especially for residential buildings. In that case, this study revealed the 

negative effect of moisture evaporation in clothing enhancing body heat loss, which 

should not be neglected. However, how to offset the moisture effects, how to design the 

heating temperature setting points, and whether there would be different for residential 

buildings and for office buildings are under explored in future research.  

5. Conclusions 

Based on a series of wearing experiments in a climate chamber, this study has 

explored the effects of moisture in clothing on human thermal responses, and revealed 

the negative moisture absorption and desorption in clothing microenvironments in cold 

climates. Some conclusions can be drawn as follows. 

1) The subjects’ mean skin temperatures increased with temperatures but conversely 

decreased when comparing 85% RH to 15% RH, due to the moisture-induced heat 

loss in the clothing. The initial skin wettedness was approximately 0.7 at 85% RH, 

due to the higher clothing regain rates, and gradually stabilised at 0.33. 
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2) The total heat loss from skin at 85% RH was almost twice as high as that at 15% 

RH for the same temperature level. The experimentally accumulated evaporative 

and total heat losses at the skin surface were higher compared to those of the two-

node model, which was attributed to the additional heat and mass losses caused by 

the moisture vapour evaporation in the clothing. 

3) Moisture evaporation in experimental clothes aggravated subjects’ sensations of 

cold under 85% RH and the changes of TSV were consistent with the mean skin 

temperature, thereby explaining the mechanism underlying people significant 

colder feelings in cold-humid conditions.   

4) The inner clothing effective temperature Teff was proposed to evaluate the coupled 

effects of air temperature and humidity in the clothing microenvironments. The 

TSV was linearly related to the Teff, with the TSV increasing by 1.12 units when the 

Teff increased by 1 oC. The findings are beneficial for quantifying the moisture 

effects in clothing on human thermal comfort and guiding indoor thermal 

environment designs for heating in cold-humid climates.     
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