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Abstract: 

Apparent evaporative cooling efficiency has typically been determined by applying a pre-wetted fabric 
“skin” on a dummy (“manikin”) simulating human thermal physiology, to understand the effective cooling 
components of body perspiration in clothing systems. This procedure is only a very rough approximation 
of real life, as the pre-wetted fabric does not have the capacity to continuously push extra moisture into 
the clothing layers, which would happen with continuous sweating of the body. In this study, a sweating 
torso was used to mimic different sweating situations (100, 175 and 250 g/h) with twelve single-layer 
(SI) and multilayer (MU) clothing systems to understand the effect of continuous sweating and its inter-
action with clothing materials on cooling efficiency. Our experiments revealed that evaporative cooling 
efficiency is affected differently by continuous sweating when compared to pre-wetted fabric “skin” ap-
proaches. With continuous sweating, up to 15 % (24 W·m-2) cooling power came from the so-called 
“heat pipe effect” and/or wet conduction and 24 % (44 W·m-2) evaporative latent heat was gained from 
the environment. It was found that the increase of perspired moisture can affect evaporative cooling 
efficiency for hydrophilic materials in dual ways. For each 75g/h sweat rate increase, the in-plane mois-
ture transfer can raise the evaporative cooling efficiency of SIs at least 3-12 % and the transplanar 
moisture transfer may reduce the evaporative cooling efficiency by at least 2-7 % and 2-9 % for SIs and 
MUs, respectively. For hydrophobic materials, the evaporative cooling efficiency was less affected by 
different levels of perspiration due to low wicking. Results also showed the negative correlation of evap-
orative cooling efficiency of hydrophilic materials with fabric evaporative resistance and thickness. Our 
study contributes to the understanding of the effective sweat cooling power and evaporative latent heat 
from environment for the clothed human body with continuous sweating. It also provides insight into the 
interaction between liquid and water vapor transport, and material design for optimizing the evaporative 
cooling. 

Keywords: thermoregulation; sweat; evaporation; wicking; evaporative cooling efficiency. 

1. Introduction

Evaporative cooling of perspired moisture is a crucial pathway for heat dissipation in human thermoreg-
ulation, with clothing affecting the cooling mechanism as a barrier between the human body and the
environment. People usually consider the weight change of clothed human body to estimate the evap-
orative cooling [1-5]. However, some studies [6, 7] have demonstrated that the evaporative heat loss
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calculation based on mass loss might be misleading. In addition to the evaporative latent heat from the 
human body, the mass-based evaporative heat may also include an evaporative heat part from the 
environment, which does not contribute to the cooling of the human body. Thus, the calculation based 
on mass loss may overestimate body evaporative heat loss and underestimate body heat accumulation. 
Meanwhile, the mass-based calculation neglects the cooling benefits brought by microclimate heat pipe 
effect1 [6] and wet conduction. Although these two parts of heat transfer do not contribute to mass loss, 
they still bring physiological cooling. Havenith et al. showed [7] that the cooling caused by heat pipe 
effect and wet conduction can  be  three times higher than the evaporative cooling. Through the classic 
body heat balance equation in human trials [8, 9] or heat flux measurements of thermal manikins [6, 7], 
the sweat cooling power (also known as apparent evaporative heat loss), consisting of evaporative cool-
ing and cooling caused by heat pipe effect and wet conduction, can be obtained. The ratio between the 
sweat cooling power and the mass-based evaporative heat is defined as the apparent evaporative cool-
ing efficiency [6, 7, 10]. By comparing these two parts, the quantification of the components of sweat 
cooling power and mass-based evaporative heat can also be achieved. 

Craig [11] found a decrease in apparent evaporative cooling efficiency with an increased clothing water 
content, but the extent of the decrease was not quantified. As liquid sweat transfers in two directions in 
clothing, i.e., the in-plane and transplanar transfer [12-14], later studies investigated the effect of per-
spired moisture distribution in clothing on the cooling efficiency. A thermal manikin study showed that 
when evaporation took place from the skin, the underwear and the outermost layer, the cooling efficiency 
was found to be 100%, 72% and 22%, respectively [7]. Wang et al. [15] further showed that the cooling 
efficiency linearly decreased as moisture transported from the skin surface to the clothing layer. Some 
researchers [7] also qualitatively reasoned that, when the skin is not fully wet, the in-plane wicking of 
sweat from the skin may also have a positive effect by increasing the surface area of evaporation. How-
ever, no studies have provided experimental evidence on how the evaporative surface area increase, 
that is, how the in-plane transfer of moisture, influences the cooling efficiency. These previous studies 
contribute to the understanding of cooling efficiency in cases with the limited sweat supply. As shown in 
Fig.1a, the sweat may influence the cooling efficiency through two aspects: (I) increasing the evaporative 
distance from the skin through the transplanar transfer and (II) increasing evaporative area through the 
in-plane transfer. 

Clothing materials also show their effect on the cooling efficiency. For evaporation from the “skin” sur-

face of thermal manikin (at lower ambient temperatures, i.e., 10 and 20 ℃), the cooling efficiency of 

permeable clothing was lower than that of impermeable clothing [6].  For evaporation at the clothing 
outer surface, the cooling efficiency was negatively related with clothing thermal insulation [16]. As sweat 
transported from the skin to the clothing layer, material thickness has a negative effect in maintaining a 
high cooling efficiency [15].     

                                                      
1 Microclimate heat pipe effect: evaporation of moisture at the skin that condenses in and releases heat to the 
clothing layers without being transferred to the environment. 
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Figure 1. (a) In-plane and transplanar transfer of sweat and its effect on evaporation. In-plane transfer increases evapo-
ration area. Transplanar transfer increases evaporation distance from the skin. (b) Direct and indirect effect of material 
properties on moisture evaporation. Direct effect: Materials (e.g. porosity) can influence water evaporation directly by 
evaporative resistance; indirect effect: Materials affect liquid moisture transport and distribution (i.e. hydrophilicity), 

thereby influencing evaporation.  

However, these previous studies usually used pre-wetted underwear and/or pre-wetted fabric “skin” to 
investigate the cooling efficiency, in which sweating was simulated through wetting the fabric by spraying 
it with distilled water before testing [6, 7, 15]. This pre-wetted method does not consider continuously 
pushing extra moisture into the clothing layers and mainly focuses on water evaporation. But in practice, 
individuals sweat continuously and often profusely, e.g., in activities of high intensity. This unlimited 
supply of liquid moisture will lead to the concurrence of liquid water transport and evaporation. As shown 
in Fig. 1b, clothing materials can influence water evaporation directly by evaporative resistance. How-
ever, materials may also affect liquid water transport and distribution, which in turn affects evaporation. 
The latter indirect effect on evaporation has not been systematically studied. One study considered 
continuous sweating [10, 17] proposed that when the relative evaporation (𝑅𝑅.𝐸𝐸.) (i.e., the ratio between 
the required evaporation cooling and the evaporative capacity of the air) was low, sweat was not trans-
ferred to the clothing and a higher proportion was evaporated on the skin. This resulted in higher cooling 
efficiency. However, the limitations of this study may include (I) only one hydrophilic material was con-
sidered, (II) the sweat rate was controlled to keep in balance with the evaporation rate, without consid-
ering excessive liquid sweating. 

The aim of our study is to understand the apparent evaporative cooling efficiency of a continuously 
sweating person, quantifying the effective cooling power of sweating and the evaporative heat from 
environment. For this, different levels of sweat rates were chosen to investigate the effect of perspired 
moisture on the apparent evaporative cooling efficiency and a wide range of clothing systems were 
applied to explore the interaction between perspired moisture and material properties. This study will 
contribute to the understanding of the real cooling power caused by sweating and accurate evaluation 
of heat stress in intensive activities. 

 

Nomenclature 𝑃𝑃𝑎𝑎 Vapor pressure in the environment, kPa 

Latine letters 𝑃𝑃𝑠𝑠𝑠𝑠,𝑠𝑠 
Saturated vapor pressure at the torso sur-

face, kPa 

ℎ𝑒𝑒 
Mass transfer coefficient of cloth-

ing material, g·m-2·h-1·kPa-1 
𝑅𝑅.𝐸𝐸. Relative evaporation, dimensionless 

𝑖𝑖𝑚𝑚 
Permeability index of clothing ma-

terial, dimensionless 
𝑅𝑅𝑐𝑐𝑐𝑐 

Thermal resistance of clothing material, 

10-3·K·m2/W 
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𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐 
Weight change of clothed torso 

due to sweating, g 
𝑅𝑅𝑒𝑒𝑐𝑐 

Evaporative resistance of clothing mate-

rial, m2·Pa/W 

�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 Evaporation rate of sweat, g/h 𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡𝑑𝑑 
Total heat loss in P1 (dry heat loss), 

W/m2 

𝑚𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 Evaporation amount of sweat, g 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑒𝑒𝑐𝑐 

Total heat loss in P2 (combination of dry 

heat loss and heat loss caused by sweat-

ing), W/m2 

�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒,𝑚𝑚𝑎𝑎𝑚𝑚 Maximum evaporation rate, g/h Greek letters 

𝑚𝑚𝑠𝑠𝑤𝑤𝑒𝑒𝑎𝑎𝑐𝑐 Sweat amount, g λ 
Latent heat of sweat evaporation, 0.673 

W·h·g-1 at 35 °C 

𝐴𝐴𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐 Effective surface area of torso, m2 ɳ 
Apparent evaporative cooling efficiency, 

dimensionless 

𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 
Apparent evaporative heat loss, 

W/m2 
∆ɳ 

Variation of apparent evaporative cooling 

efficiency, dimensionless 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 
Evaporative heat from environ-

ment, W/m2 
  

𝐸𝐸ℎ𝑒𝑒𝑎𝑎𝑐𝑐 𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒 
Heat loss caused by heat pipe ef-

fect, W/m2 
  

𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 
Evaporative cooling potential, 

W/m2 
  

𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 Non-evaporative heat loss, W/m2   

𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐 Real evaporative heat loss, W/m2   

𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 
Heat loss caused by wet conduc-

tion, W/m2 
  

 

2. Methods 

2.1 Measurement 

2.1.1 Torso manikin experiment 

(1) Torso manikin 

To accurately determine the heat and moisture transfer between the clothed human body and its sur-
rounding environment, measurements were performed on a sweating torso manikin (Fig. 1) (Swiss Fed-
eral Laboratories for Materials Science and Technology, St. Gallen, Switzerland) [18, 19]. The torso 
consists of a multi-layered main cylinder with the dimension of an adult human torso and two heated 
aluminum guards. The main cylinder can maintain a constant surface temperature by controlling heat 
input. The two guards are used to prevent heat losses in the upward and downward directions. Fifty-
four sweating outlets are evenly distributed over the surface of the main cylinder and are connected to 
internal controlled valves to simulate various sweating levels2. Other detailed information regarding the 
torso can be found in the literature [20, 21]. 

                                                      
2 As the water is the main component (≈99%) of the sweat and other minor components may complicate the heat 
and moisture transfer analyses, we used distilled water to simulate sweat in the current research stage. 
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Figure 2. Schematic diagram of the sweating torso manikin. PTFE, polytetrafluoroethylene. 

(2) Clothing materials 

Twelve common commercially-available clothing material systems with different physical properties 
were selected, including seven single-layered (SI) and five multi-layered (MU) systems. Based on pre-
vious studies on the effect of material properties on the evaporative cooling efficiency and the application 
of liquid sweat in our study, material weight, thickness, thermal resistance (𝑅𝑅𝑐𝑐𝑐𝑐), evaporative resistance 
(𝑅𝑅𝑒𝑒𝑐𝑐), permeability index (𝑖𝑖𝑚𝑚) and hydrophilicity/hydrophobicity were chosen as the possible influential 
material properties (Table 1). The hydrophilicity and hydrophobicity of materials were identified by meas-
uring the contact angle of the innermost side of material systems. According to the measured contact 
angle, pho-SI2, pho-SI5, pho-MU9 and pho-MU10 are hydrophobic materials, while others are hydro-
philic materials. 

Table 1 Physical properties of clothing materials 

Clothing Systems Fiber Type 

Physical Properties 

Weight
a 

(g/m2) 

Thicknessb 

(mm) 

Contact an-
glec 
(°) 

Rctd 

(10-3·K·m2/W) 
Rete 

(m2·Pa/W) imf 

 Single-
layered 
clothing 

(SI)  

phi-
SI1 

meta-aramid/fire retardant 
(FR) viscose 197 0.4 0 10.8 2.1 0.30 

phi-
SI2 

aramid/ lyocell/ modacrylic/ 
anti-static fiber 241.6 0.6 0 13.4 2.7 0.30 

pho-
SI2 

aramid/ lyocell/ modacrylic/ 
anti-static fiber 253.1 0.7 128.6 13.2 2.7 0.29 

phi-
SI3 

meta-aramid/ para-aramid/ 
antistatic fibre 154.7 0.3 0 11.7 2 0.34 

phi-
SI4 

meta-aramid/ para-aramid/ 
antistatic fibre 229.8 0.4 0 12.7 3.2 0.24 

pho-
SI5 FR Modacrylic/FR Cotton 367.3 0.7 130.7 16.6 3.4 0.29 

pho-
SI6 FR Cotton 366.8 0.8 0 14.5 4.4 0.20 

 Multi-
layered 
clothing 

(MU) 

phi-
MU7 

aramid/beltron+ PTFE coated 
meta-aramid+ fleece+ meta-

aramid/viscose 
635.2 3.2 0 82.7 15.6 0.32 

phi-
MU8 

Meta-aramid+ PU liner on 
meta-aramid+ aramid  592.1 3.8 0 95.4 23.9 0.24 

pho-
MU9 

FR viscose/meta-aramid/anti-
static+ PU coated meta-ara-

mid/FR viscose+FR vi-
scose/meta-aramid 

587.8 2 130.8 46.6 9.4 0.30 

pho-
MU10 

FR viscose/meta-aramid/ an-
tistatic+ PTFE coated meta-
aramid/FR viscose + FR vi-

scose/meta-aramid 

599.8 2.2 130.2 49.3 10 0.30 

phi-
MU11 

Meta-aramid+ PTFE coated 
meta-aramid/para-aramid/ba-

sofil + meta-aramid quilted 
with meta-aramid/ FR viscose 

493 2.3 0 71 16.8 0.25 



6 
 

*Physical properties were measured according to aISO 3801:1977 (by weighing balance of Mettler-Toledo, Switzerland), bISO 
5084:1996 (by thickness tester of Frank-PTI, Germany), cASTM D7334 - 08(2013). If the contact angle of a material is 0°, it is 
categorized as hydrophilic If the contact angle is greater than 90°, the material is categorized as hydrophobic, d, e, fISO 11092:2014 
(by hot plate tester of Hohenstein Institute, Germany. [22-24] For MU, the fiber type is shown as outer layer+middle layer+inner 
layer. PTFE: polytetrafluorethylene; PU: polyurethane. 

 (3) Experimental design 

Experiments were performed in a climatic chamber with air temperature 20.0±0.5 °C, relative humidity 
50±2 % and air velocity 0.65±0.10 m/s. The experiment was designed to include two consecutive phases 
with a constant surface temperature of 35 °C. The heat input required to achieve the constant tempera-
ture was measured. In phase one (P1), the torso was kept in the dry state for one hour. In phase two 
(P2), it began to sweat at a pre-set sweat rate for two hours. Three sweat rates 100, 175 and 250 g/h 
were chosen. Two weighing scales were used to record the real-time weight of the sweat tank (balance 
I, accuracy: 0.1 g, Mettler-Toledo SB8001, Mettler-Toledo GmbH, Greifensee, Switzerland) and weight 
of clothed torso (balance II, Mettler-Toledo KCC150, Mettler-Toledo GmbH, Greifensee, Switzerland, 
accuracy: 1 g). Before tests, clothing materials were preconditioned in the climatic chamber for at least 
24 hours. Due to the complexity of moisture effect, we considered in this study that materials contacted 
the torso surface homogeneously without an air gap. Thus, we were able to investigate liquid sweat 
transfer and phase-change in clothing-human body system. The materials were prepared with the same 
dimensions to guarantee homogeneous pressure between material layers.  

All the heat and moisture transfer data were collected during the steady state. For all materials, during 
the last 30 mins of each phase, the coefficient of variation (CV) of the mean torso surface temperature 
was less than 0.3% and the CV for the heating power of the torso was less than 5.8%.  In accordance 
with previous studies [25], we assumed that the heat transfer of clothed torso during the period of time 
reached steady state. For each sweat rate, at least three replicates of the fabric were tested on the 
sweating torso, guaranteeing the CV of heating power among the three repetition tests to be less than 
6.8%. For all tests, the normalized root-mean-square deviation (NRMSD) of the evaporation rate (�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒) 
during the last 30 minutes of P2 was lower than 1.1%, thus we considered that �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 was constant 
during this period and the evaporation process reached the steady state. The calculation of �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 is 
introduced in 2.2.1. 

In addition, a thermographic camera (FLIR A40M, Flir Systems Inc., Wilsonville, Oregon, USA) was 
used to record the thermal images of the clothed manikin, as to observe the sweat transport and evap-
oration.  

2.1.2 X-ray tomographic measurements 

To investigate the in-plane and transplanar wicking between different sweat rates, X-ray tomographic 
measurements for selected materials (phi-SI4 and phi-MU8) were performed according to an estab-
lished procedure [26]. Material selection was done based on the apparent evaporative cooling efficiency 
observed during the torso experiments. The test material was fixed on a horizontal flat sweating skin 
model and then exposed to X-ray for the measurements. This is our existing skin model that is closest 
to the torso measurement and can be used to measure the in-plane and transplanar wicking. To obtain 
steady moisture distribution, the measurements were performed for 2 hours, which was the same dura-
tion with P2 of torso measurements. Each case was repeated twice. 

 

2.2 Calculations 

2.2.1 Calculation of cooling efficiency 

The apparent evaporative cooling efficiency (ɳ) was calculated as eqn. (1) [6]. 
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ɳ =
𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒

 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  
     (1) 

where 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒  is the apparent evaporative heat loss, W·m-2, calculated as eqn. (2); 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  is the evaporative 
cooling potential, W·m-2, calculated as eqn. (3). 

𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 = 𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑒𝑒𝑐𝑐 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡𝑑𝑑     (2) 

𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 = �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 × 𝜆𝜆    (3) 

In eqn. (2), 𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑡𝑡𝑑𝑑  is the total heat loss in P1, i.e., the dry heat loss, W·m-2;  𝑇𝑇𝑇𝑇𝑇𝑇𝑤𝑤𝑒𝑒𝑐𝑐  is the total heat loss 
in P2, i.e., the combination of dry heat loss and heat loss caused by sweating, W·m-2. In eqn. (3), �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 
is the evaporation rate of sweat, g·h-1, obtained through the weighing scales. Through the real time 
measurement of scale I and II, the sweat amount (𝑚𝑚𝑠𝑠𝑤𝑤𝑒𝑒𝑎𝑎𝑐𝑐) and the weight change of clothed torso due 
to sweating (𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐) can be obtained. According to the relationship among the weights (eqn. (4)), 
the amount of evaporative sweat (𝑚𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒) can be obtained. Then, �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 was calculated as the slope of 
𝑚𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 against time. 𝜆𝜆 is the latent heat of sweat evaporation, 0.673 W·h·g-1 at 35 °C.  

𝑚𝑚𝑠𝑠𝑤𝑤𝑒𝑒𝑎𝑎𝑐𝑐 = 𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐ℎ𝑒𝑒𝑒𝑒 𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐 + 𝑚𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒      (4) 

2.2.2 Quantification of 𝑬𝑬𝒏𝒏𝒏𝒏𝒏𝒏−𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆 and 𝑬𝑬𝒆𝒆𝒏𝒏𝒆𝒆 

The heat transfer components in the apparent evaporative cooling efficiency (ɳ) are present in eqn. (5).  

ɳ =
𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒

 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  
=
𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐 + 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒
𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐 + 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

     (5) 

The apparent evaporative heat loss 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 consists of the real evaporative heat loss 𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐  and the heat 
loss caused by heat pipe effect (𝐸𝐸ℎ𝑒𝑒𝑎𝑎𝑐𝑐 𝑒𝑒𝑝𝑝𝑒𝑒𝑒𝑒) and wet conduction (𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒). The latter two are collectively 
referred to non-evaporative heat loss 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 in this study. The evaporative cooling potential 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 
consists of the real evaporative heat loss 𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐  and the evaporative heat from environment 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒.Thus, 
the difference between 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒  and 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  is the difference between 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 (eqn. (6)). 

𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 − 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  = 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 − 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒      (6) 

If 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 > 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠, the difference between 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒  and 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠  is the minimum value of 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 when assum-
ing that 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 is zero; if 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 < 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠, the difference is the minimum value of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 when assuming that 
𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 is zero. The real value of 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  could be higher than the calculated minimum 
value because 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 and 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒  could be above zero. But the minimum value is what can be obtained 
based on the current technical means and can provide effective information on heat components rele-
vant to evaporation.  

|ɳ − 1| is the minimum value of  𝐸𝐸𝑛𝑛𝑛𝑛𝑛𝑛−𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚

 or 𝐸𝐸𝑒𝑒𝑛𝑛𝑒𝑒 
𝐸𝐸𝑚𝑚𝑒𝑒𝑚𝑚𝑚𝑚

 (eqn. (7)) and also the error ratio of traditional evapo-

rative heat loss determination based on mass loss.   

ɳ − 1 =
𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 − 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒

𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠
     (7) 

2.2.3 Calculation of relative evaporation 

The relative evaporation (𝑅𝑅.𝐸𝐸.), which is an indication of the skin wettedness, was calculated as eqn. (8) 
[10], in which �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒,𝑚𝑚𝑎𝑎𝑚𝑚 is the maximum evaporative capacity for the clothed torso, g/h.  

𝑅𝑅.𝐸𝐸. =
�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒  

 �̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒,𝑚𝑚𝑎𝑎𝑚𝑚  
     (8) 
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�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒,𝑚𝑚𝑎𝑎𝑚𝑚 was calculated according to eqn. (9). 𝐴𝐴𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐 is the effective surface area of torso cylinder, m2; 
𝑃𝑃𝑠𝑠𝑠𝑠,𝑠𝑠 is the saturated vapor pressure at the torso surface, kPa; 𝑃𝑃𝑎𝑎 is the vapor pressure in the environ-
ment, kPa; ℎ𝑒𝑒 is the mass transfer coefficient of material, g·m-2·h-1·kPa-1, calculated based on the ISO  
evaporative resistance measurements [24] according to eqn. (10). 𝑅𝑅𝑒𝑒𝑐𝑐 is the material intrinsic evapora-
tive resistance, m2·kPa/W; 𝜆𝜆 is the latent heat of sweat evaporation, 0.673 W·h·g-1 at 35 °C. h𝑒𝑒,𝑏𝑏𝑐𝑐 is the 
mass transfer coefficient of the boundary layer, g·m-2·h-1·kPa-1, calculated according to the Lewis rela-
tionship as eqn. (11). LR is the Lewis coefficient; h𝑐𝑐,𝑏𝑏𝑐𝑐 is the convective heat transfer coefficient of the 
boundary layer, g·m-2·h-1·°C -1, calculated based on the nude torso measurement. 

�̇�𝑚𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒,𝑚𝑚𝑎𝑎𝑚𝑚 =
𝐴𝐴𝑐𝑐𝑐𝑐𝑡𝑡𝑠𝑠𝑐𝑐 × �𝑃𝑃𝑠𝑠𝑠𝑠,𝑠𝑠 − 𝑃𝑃𝑎𝑎�

1 ℎ𝑒𝑒⁄ + 1 ℎ𝑒𝑒,𝑏𝑏𝑐𝑐⁄     (9) 

h𝑒𝑒 =
1

𝑅𝑅𝑒𝑒𝑐𝑐 × λ
    (10) 

ℎ𝑒𝑒,𝑏𝑏𝑐𝑐 =
𝑇𝑇𝑅𝑅 × ℎ𝑐𝑐,𝑏𝑏𝑐𝑐

λ
     (11) 

 

2.3 Statistical analyses 

Statistical analyses [27] were performed using the Statistical Package for the Social Sciences version 
23.0 (IBM, Armonk, NY, USA). One-sample T test was first performed to identify the significant differ-
ence between the calculated apparent evaporative cooling efficiency and unity. The separate effect of 
sweat rate on apparent evaporative cooling efficiency was investigated through one-way analysis of 
variance (ANOVA) and followed with Tukey’s honestly significant difference (HSD) or Tamhane’s T2 
post-hoc tests. The effect of material properties on apparent evaporative cooling efficiency were inves-
tigated with multiple linear regression. The force enter method was chosen for predictor selection. The 
multicollinearity assessment, casewise diagnostics, assumptions of linearity and homoscedasticity and 
normality of residuals were also investigated for the multiple linear regression models. 

 

3. Results and Discussion 

3.1 Components of effective cooling and evaporative heat 

Fig. 3 presents the minimum non-evaporative heat loss (𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒) and the minimum environmental 
evaporative heat (𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒). At least 0.5-23.7 W·m-2 (0.3-15.3 %3) effective cooling comes from 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 
and at least 0.3-43.7 W·m-2 (0.2-24.2 %) evaporative heat is 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒. The percentages also clearly demon-
strate the error ratios of traditional evaporative heat loss determination based on mass loss (-24.2-
15.3 %). 

3.1.1 Heat transfer components 

(1) Components of effective cooling 

For hydrophilic SIs, we assumed that for non-evaporative heat loss there was only wet conduction 
(𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒) with no heat pipe effect occurring, since no condensation on material surfaces was observed 
after tests. Overall, SIs showed 2.1-15.6 W·m-2 𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒, i.e., the moisture increased the heat conduc-
tion by 1-8%. This percentage is in line with previous studies (< 3-9 %) [6, 28, 29]. For hydrophilic MUs, 
due to the condensation observed on the inner side of outer layers after tests, we considered that the 
non-evaporative heat loss occurred via both wet conduction and heat pipe effect. Overall, MUs showed 
7.7-21.1 W·m-2 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒. Since the 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 increased by up to 21% compared to the dry heat loss, 

                                                      
3 %: (ɳ− 1), the corresponding average minimum percentage of 𝑬𝑬𝒏𝒏𝒏𝒏𝒏𝒏−𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆

𝑬𝑬𝒎𝒎𝒆𝒆𝒎𝒎𝒎𝒎
 and 𝑬𝑬𝒆𝒆𝒏𝒏𝒆𝒆

𝑬𝑬𝒎𝒎𝒆𝒆𝒎𝒎𝒎𝒎
. 
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which was remarkably higher than the possible increase of wet conduction based on previous studies 
(i.e., < 3-9 %), we may infer that there must be heat pipe effect for these MU cases, which is in line with 
our observed condensation. In our study, the permeability index (𝑖𝑖𝑚𝑚) range of SIs and MUs is 0.20-0.34 
and we consider that they are comparable with the permeable clothing in previous studies (𝑖𝑖𝑚𝑚: 0.25-
0.51). In previous thermal manikin studies with the pre-wetted fabric “skin” [6, 7], the permeable clothing 
did not show the non-evaporative heat loss (i.e., the cooling efficiency ɳ ≤ 100 %, incl. 89 % with p < 
0.05 and 97 % -102 % without significance). The reason for the higher 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 in our cases (i.e., ɳ > 
100 %, incl. 102 %-113 % with p < 0.05) could be that the supply-unlimited sweat transferred to the 
material layer, causing wet conduction and provided higher possibility of evaporation-condensation 
(heat pipe effect). But in pre-wetted “skin” studies with lower air temperature [6, 30], there was 13.8-
15.1 W·m-2 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒, demonstrating that the lower air temperature also making the wet conduction and 
heat pipe effect significant. 

Wissler et al. [31] developed a theoretical model of heat and moisture transport considering evaporation-
condensation (heat pipe effect) in multi-layer garments. According to this model, condensation within 
the garment can facilitate evaporation from the skin. Based on this model, we calculated the maximum 
evaporative heat loss for MUs and found that the maximum evaporative heat loss is lower than the 
apparent evaporative heat loss at sweat rate 175 and 250 g/h. Take phi-MU7 as an example, the max-
imum evaporative heat loss according to the Wissler model was 205 W/m2 while the apparent evapora-
tive heat loss at sweat rate 175 and 250g/h were 261 and 280 W/m2, respectively. Thus, according to 
the model, we can infer that there was condensation within the material to increase the heat loss, which 
agrees with our observed condensation. However, it should be noted that, in our study, since the locus 
of evaporation can change due to wicking process (which the model does not take into account), the 
environment may provide evaporative heat and this amount of heat may be greater than the non-evap-
orative heat loss, thus the non-evaporative heat loss may not be shown in Fig. 3 (e.g., phi-MU8 at sweat 
rate 175 and 250g/h). 

(2) Environment evaporative heat 

Overall, hydrophilic SIs showed up to 29.2 W·m-2 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 (i.e., ɳ < 100%, incl. 87 %-97 %, p < 0.05) while 
in a previous thermal manikin study with the pre-wetted “skin” [7], the single-layer permeable clothing 
did not show 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 (i.e., ɳ =100%, incl. 99 %-102 % without significance). Hydrophilic MUs showed the 
same message. The 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  of hydrophilic MUs was up to 38.2 W·m-2 while the double-layer permeable 
clothing with pre-wetted “skin” showed 16.7 W/m2 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒. The higher 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 in our study was due to the full 
direct contact between the torso surface and the material, liquid sweat was transferred towards the 
clothing outer layers with the supply-unlimited sweating and thus caused a high environment evapora-
tive heat. This inference could also be proved by the increased environmental evaporative heat with 
pre-wetted underwear and outerwear. For pre-wetted “skin”, underwear and outerwear, the environmen-
tal evaporative heat increased from 16.7 to 31.3 and 59.2-69.3 W/m2. 

The present study provides experimental evidence that the non-evaporative heat loss and the environ-
ment evaporative heat (i.e., apparent evaporative cooling efficiency) with continuous sweating behaves 
differently from that with pre-wetted fabric “skin”. The comparisons demonstrate that continuous sweat-
ing (I) provides unlimited water, may strengthening wet conduction and heat pipe effect; (2) considers 
the changes of evaporation locus from the skin, may allowing the environment more likely to provide the 
evaporative heat.  

3.1.2 Variation with sweat rate 

For hydrophilic SIs, when sweat rate increased from 100 to 175g/h, the increase of 𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 was higher 
than the increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 (3.9-20.8 W·m-2, p < 0.001), i.e., the moisture benefited the wet conduction 
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from the human body more than the environmental evaporative heat. When sweat rate continued in-
creasing to 250g/h, the increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 was higher than the increase of 𝐸𝐸𝑤𝑤𝑒𝑒𝑐𝑐 𝑐𝑐𝑐𝑐𝑒𝑒𝑒𝑒 (3.3-26.5 W·m-2, p < 
0.001), i.e., the moisture benefited the environmental evaporative heat more compared to the wet con-
duction from the human body. For hydrophilic phi-MU7 and phi-MU11, when sweat rate increased to 
250g/h, the increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 was higher than the increase of 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 (18.6-21.5 W·m-2, p < 0.001). phi-
MU8 also showed higher increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 with 18.4 and 20.8 W·m-2, respectively (p < 0.05) when sweat 
rate increased to 175 and 250 g/h. For hydrophobic materials, pho-SI2 showed the increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 
(13.2 W·m-2, p < 0.001) when sweat rates increasing to 175 g/h but with no significant difference be-
tween 175 and 250 g/h (p > 0.05). For other hydrophobic materials, i.e., pho-SI5, pho-MU9 and pho-
MU10, minimum 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 statistically equaled to 0 at the three sweat rates (p > 0.05). The 
different increase trend of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 and 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒 due to moisture increase could be due to different moisture 
wicking forms in materials, which will be further discussed in 3.2. 

 

 
Figure 3. Minimum non-evaporative heat loss (𝑬𝑬𝒏𝒏𝒏𝒏𝒏𝒏−𝒆𝒆𝒆𝒆𝒆𝒆𝒆𝒆) and minimum environmental evaporative heat (𝑬𝑬𝒆𝒆𝒏𝒏𝒆𝒆) for SIs 

and MUs at three sweat rates (average values and standard deviations).  

 

3.2 Effect of sweat rate on apparent evaporative cooling efficiency and its interaction with mate-
rial hydrophilicity and hydrophobicity 

Fig. 4a and 4b show the apparent evaporative cooling efficiency (ɳ) in relation to sweat rate. The graphs 
clearly demonstrated that the apparent evaporative cooling efficiency with continuous sweating is largely 
dependent on whether the material is hydrophilic or hydrophobic. 

3.2.1 Hydrophilic materials 

The sweat rate has significant effect on ɳ for all hydrophilic SIs (p < 0.05) and hydrophilic MUs (p < 
0.01), except phi-SI6 (p = 0.170). For hydrophilic SIs (Fig. 4a), ɳ was always higher at 175 g/h than at 
100 g/h with an increase by 3-12 % (p < 0.05). However, the sweat rate of 250 g/h did not show signifi-
cant changes on ɳ (p > 0.05) compared to that at 175 g/h, but overall ɳ showed a decrease trend by 2-
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7 %. The efficiency variations with sweat rate may be explained by differences in the in-plane and trans-
planar wicking of liquid moisture. Higher sweat rates led to increasing clothing wetting area (in-plane 
wicking) (Fig. 4e) and clothing wetting depth (transplanar wicking). A larger clothing wetting area causes 
more evaporation and thus increases the evaporative cooling, may explaining the rise of the evaporative 
cooling efficiency. Fig. 4c presents the in-plane and transplanar wicking of hydrophilic single-layer ma-
terial (phi-SI4) between different sweat rates from tomography tests. When sweat rate increased from 
100 to 175 g/h, a larger amount of in-plane wicking occurred, as can be seen with a large amount of 
liquid near the skin (Fig. 4c). However, from sweat rate 175 to 250 g/h, moisture tended to be increas-
ingly transported in transplanar direction, which may explain the decrease of evaporative cooling effi-
ciency. This clearly shows that both evaporative area and evaporative locus determine the evaporative 
cooling efficiency and quantitatively demonstrates the opposite roles played by the two forms of wicking 
of liquid sweat. 

For hydrophilic MUs (Fig. 4b), the evaporative cooling efficiency decreased by 2-9 % with increasing 
sweat rates (p < 0.05). A previous study [11] calculated the cooling efficiency for a sweating person with 
permeable clothing wetted with different amounts of water. For suits wetted to 0, 400, and 1,000 g, they 
observed the cooling efficiency decreasing from 77% to 35%, which showed the same trend with our 
study. However, the values in their study are lower than that in our study (86 %-113 %), which could be 
due to the higher air temperature in their study, which benefited the environment evaporative heat and 
did not allow the wet conduction and heat pipe effect. Further, the tomographic measurements (Fig. 4d) 
and infrared images (Fig. 4f) showed an increase in both in-plane and transplanar wicking for higher 
sweat rate. It can however be inferred that the disadvantage of transplanar wicking on evaporative cool-
ing efficiency was greater than benefit brought by in-plane wicking.  
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Figure 4. Relationship between apparent evaporative cooling efficiency and sweat rate. (a) SI, (b) MU (dashed lines: 

hydrophobic materials). X-ray tomography results: Liquid moisture distribution in phi-SI4 (c) and phi-MU8 (d) at three 
sweat rates in steady state. Infrared images of SI examples (phi-SI4, e) and MU examples (phi-MU8, f) at three sweat 

rates (Left to right: 100, 175, 250 g/h).   

Fig. 5 presents the relationship between relative evaporation (𝑅𝑅.𝐸𝐸.) and apparent evaporative cooling 
efficiency (ɳ). Due to the sweat transfer within the material, the evaporation of sweat may come from 
both the torso surface (skin surface) and the clothing layers. This caused the actual evaporation rate 

(�̇�𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒) higher than the traditionally calculated maximum evaporative capacity (�̇�𝑚𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝑚𝑚𝑒𝑒𝑚𝑚), which only 

considers the evaporation from the skin surface, leading to the R.E. higher than 1. 

For each set of symbol, ɳ showed a decrease trend with the increase of 𝑅𝑅.𝐸𝐸.. That is, for each category 
of material (material category: single-layer material and multilayer material system) at a single sweat 
rate, ɳ decreases as 𝑅𝑅.𝐸𝐸. increases. The decrease we see here should be due to the influence of ma-
terial properties (e.g., material structure) in the same category of materials. The decrease trend is con-
sistent with the study of Givoni et al. [10], which demonstrates that a relatively dry skin (low 𝑅𝑅.𝐸𝐸.) leads 
to more evaporation on the skin, resulting in higher cooling efficiency, while with high 𝑅𝑅.𝐸𝐸., part of the 
sweat is wicked to the clothes and evaporates there and the efficiency for skin cooling will be reduced.  

However, if combing three groups of sweat rates and combining single-layer material and multilayer 
material system, within a certain 𝑅𝑅.𝐸𝐸. range (less than 1.50 in our study), ɳ increases with the increase 
of 𝑅𝑅.𝐸𝐸.. The rising trend we see here is due to the influence of sweat rate and the composition of the 
material system (i.e., single-layer or multilayer material). 

Therefore, we can see that within a certain range, although 𝑅𝑅.𝐸𝐸. is always on the rise, if the rise of 𝑅𝑅.𝐸𝐸. 
is caused by the influence of material properties, ɳ decreases; if the rise of 𝑅𝑅.𝐸𝐸. is due to increased 
sweat rate or material composition, ɳ increases. Thus, we infer that it may be limited to just use 𝑅𝑅.𝐸𝐸 to 
measure the change in ɳ. 𝑅𝑅.𝐸𝐸. can be used to evaluate the skin wettedness, but cannot provide the 
distribution of wettedness. We consider that it is the moisture distribution in the material that determines 
the cooling efficiency. The increase trend at lower 𝑅𝑅.𝐸𝐸. again demonstrates that the local liquid sweat in 
our cases may strengthen the positive effect of in-plane wicking on cooling efficiency. 
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Figure 5. Relationship between relative evaporation (𝑹𝑹.𝑬𝑬.) and apparent evaporative cooling efficiency.  

3.2.2 Hydrophobic materials 

ɳ of pho-SI5, pho-MU9 and pho-MU10 at three sweat rates showed no significant difference from 100 % 
(p > 0.05) (Fig.4a, 4b, dashed lines). This result indicates that for these hydrophobic materials, the 
amount of liquid sweat had no effect on the cooling efficiency due to negligible wicking effects. Therefore, 
all the evaporative heat may come from the human body. However, for pho-SI2, while ɳ at 100 g/h sweat 
rate also showed no significant difference from 100 %, the values at 175 and 250 g/h sweat rates were 
significantly lower than 100 % (p<0.05), i.e. at least 19 % evaporative heat came from the environment. 
This phenomenon may be explained  by an increasing thickness of the sweat layer [10]: the formation 
of sweat drops on the skin induces a greater thermal resistance to the heat flow from the body to the 
evaporating surface, and thus, a larger fraction of the evaporative heat must be taken from the ambient, 
with a corresponding reduction in body cooling efficiency. This phenomenon was not observed in the 
other materials as these materials contained hygroscopic fibers (cotton for pho-SI5 and viscose for pho-
MU9 and pho-MU10) which absorbed the moisture and thus hindered the water drop formation at the 
interface between torso surface and fabric. These results indicate that both material hydrophobicity and 
hygroscopicity have an effect on evaporative cooling efficiency. 

 

3.3 Influence of other material properties on apparent evaporative cooling efficiency 

Fig. 4a and 4b shows that ɳ behaved differently for different hydrophilic materials, indicating that other 
material properties influenced the apparent evaporative cooling efficiency. We therefore performed mul-
tiple linear regression between the apparent evaporative cooling efficiency and the material properties 
(i.e., weight, thickness, 𝑅𝑅𝑐𝑐𝑐𝑐 and 𝑅𝑅𝑒𝑒𝑐𝑐) presented in Table 1 to determine the possible critical properties. 

3.3.1 Material evaporative resistance 𝑹𝑹𝒆𝒆𝒆𝒆 

For hydrophilic SIs, the multiple linear regression did not show any significant effect of the measured 
material properties on ɳ (p > 0.05). For hydrophilic MUs, ɳ showed a significant negative correlation with 
material 𝑅𝑅𝑒𝑒𝑐𝑐 with R2 = 0.73, 0.96 and 0.99 (p < 0.001) at sweat rates 100, 175 and 250 g/h, respectively 
(Fig. 6a), with a higher correlation coefficient for the higher sweat rates. The negative correlation may 
be explained by comparing the apparent evaporative heat loss (𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒) and the total evaporative heat 
(𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠). As shown in Fig. 6b, when 𝑅𝑅𝑒𝑒𝑐𝑐 increased from 15.6 to 16.8 m2·Pa/W, 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 decreased and 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 
increased at sweat rates 100 and 175 g/h; the increase of 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 was lower than the increase of 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 at 
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sweat rate 250 g/h. When 𝑅𝑅𝑒𝑒𝑐𝑐 increased from 16.8 to 23.9 m2·Pa/W, the decrease of 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 was higher 
than the decrease of 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 at the three sweat rates. For further reasoning, we have two assumptions 
here. Assumption I: Higher 𝑅𝑅𝑒𝑒𝑐𝑐 tended to decrease the evaporative heat loss from torso (𝐸𝐸𝑡𝑡𝑒𝑒𝑎𝑎𝑐𝑐). Assump-
tion II: we assume that higher 𝑅𝑅𝑒𝑒𝑐𝑐 tended to increase both 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒  and 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒. The reason is as below: 
it is straightforward that a greater 𝑅𝑅𝑒𝑒𝑐𝑐 may cause more vapor condensation (and thus a higher heat pipe 
effect, which contributes to 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒); the greater amount of accumulated water increased wet conduc-
tion (the other contributor to 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒) and possibly also environmental evaporative heat (𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒). There-
fore, the variations of 𝐸𝐸𝑎𝑎𝑒𝑒𝑒𝑒 and 𝐸𝐸𝑚𝑚𝑎𝑎𝑠𝑠𝑠𝑠 with 𝑅𝑅𝑒𝑒𝑐𝑐 (Fig. 6b) demonstrates that the increase of 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒  due to 
greater 𝑅𝑅𝑒𝑒𝑐𝑐 was higher than the increase of 𝐸𝐸𝑒𝑒𝑐𝑐𝑒𝑒−𝑒𝑒𝑒𝑒𝑎𝑎𝑒𝑒. Fig. 6c presents the infrared images (surface 
temperatures) of the clothed torso for the three hydrophilic MUs. The wet surface temperature of phi-
MU8 (24.07±0.06 °C) was the lowest among all MUs (phi-MU7: 25.75±0.07 °C; phi-MU11: 
25.33±0.15 °C), which may also be an evidence for the higher 𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒 in phi-MU8, which has the greatest 
𝑅𝑅𝑒𝑒𝑐𝑐. 

 

  

 
Figure 6.  (a) Relationship between apparent evaporative cooling efficiency and evaporative resistance for hydrophilic 
MUs. sr100, sr175 and sr250: sweat rate 100, 175 and 250 g/h. (b) Relationship between apparent evaporative heat loss 

(𝑬𝑬𝒆𝒆𝒆𝒆𝒆𝒆)/evaporative cooling potential (𝑬𝑬𝒎𝒎𝒆𝒆𝒎𝒎𝒎𝒎) and evaporative resistance for hydrophilic MUs. (c) Infrared images of 

clothed torso at sweat rate 100g/h in the steady state of phase 2. Left to right: phi-MU7, phi-MU11 and phi-MU8 with 𝑹𝑹𝒆𝒆𝒆𝒆 
increasing from 15.6 to 23.9 m2·Pa/W.  

3.3.2 Material thickness 

Fig. 7 shows that the variation of apparent evaporative cooling efficiency (∆ɳ) from sweat rate 100 to 
175 g/h linearly decreased with increasing material thickness (i.e., 5 % decrease per mm for sweat rates 
from 100 to 175 g/h, R2 = 0.93, p < 0.05). This result indicates that when increasing sweat rate, the liquid 
moisture in thicker material tends to have a higher transplanar wicking than in-plane wicking and thus 
more latent heat will be obtained from the environment. This hypothesis can be confirmed by Fig. 4c 
and 4d, in which the transplanar wicking of the thicker phi-MU8 was higher than that of phi-SI4. But from 
sweat rate 175 to 250 g/h, material thickness did not show a significant effect on ∆ɳ (R2 = 0.25, p > 0.05), 
which may be due to the liquid saturation s on the whole thickness of the material.  
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Figure 7. Hydrophilic materials: relationship between the variation of apparent evaporative cooling efficiency and fab-

ric thickness. ɳ𝒎𝒎𝒔𝒔𝟏𝟏𝟏𝟏𝟏𝟏−ɳ𝒎𝒎𝒔𝒔𝟏𝟏𝟏𝟏𝟏𝟏: variation of apparent evaporative cooling efficiency from sweat rate 100 to 175 g/h; 
ɳ𝒎𝒎𝒔𝒔𝟏𝟏𝟏𝟏𝟏𝟏−ɳ𝒎𝒎𝒔𝒔𝟏𝟏𝟏𝟏𝟏𝟏: variation of apparent evaporative cooling efficiency from sweat rate 175 to 250 g/h. 

 

4. Conclusion 

Our study investigated the complex mechanisms of evaporative cooling efficiency of clothed human 
body with continuous sweating. It presented that evaporative cooling efficiency under continuous sweat-
ing behaves differently from that with pre-wetted fabric “skin”. Under continuous sweating, the error 
ratios of traditional evaporative heat loss determination based on mass loss is -24.2-15.3 %. We further 
demonstrated the effect of different continuous sweat rates on evaporative cooling efficiency and the 
influence of material hydrophilicity/hydrophobicity. For hydrophilic materials, the dual role (in-plane and 
transplanar) played by wicking of perspired moisture on the evaporative cooling efficiency was quantified. 
We showed that for a sweat rate increase, the in-plane transfer of moisture increased the evaporative 
cooling efficiency by up to 12% while the transplanar transfer of moisture may reduce the evaporative 
cooling efficiency by up to 9%. This showed that both evaporative area and evaporative locus were 
determinants for the evaporative cooling efficiency. The evaporative cooling efficiency was less affected 
by different levels of perspiration for hydrophobic materials due to low wicking. Furthermore, it was 
shown that the evaporative cooling efficiency of hydrophilic material systems was negatively correlated 
with the fabric evaporative resistance and fabric thickness. The study reveals the necessity of combined 
analyses of both moisture wicking and evaporation and contributes to the understanding of effective 
sweat cooling of clothed human body during high-intensity activities.  
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