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Background

The role of textiles as a prominent heat and mois-
ture barrier has been extensively investigated for many 
decades1 – 3). Particularly, many physical parameters have 
been developed to quantify the heat and moisture trans-
fer properties of textiles4, 5). For instance, thermal con-
ductivity, thermal resistance and fabric loft are used to 
quantify the heat transfer property of textiles. Similarly, 
water vapor transmission rate, water vapor permeability, 
absorption rate, wicking time, wetted area/radius, drying 
time, one-way transfer index, overall moisture manage-
ment capability (OMMC) index and evaporative resistance 
are developed to characterize the moisture transfer prop-
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erty of textiles. Most of the above parameters are used to 
describe the fabric heat and moisture transfer properties 
and they provide useful information on selection of materi-
als. Clothing has a three-dimensional configuration, which 
may trap a great amount of air between clothing layers 
and the human body. To investigate the effect of clothing 
on human thermal comfort and thermal stress in different 
environments, clothing thermal insulation and clothing 
evaporative resistance should be used6).

Clothing thermal insulation (or thermal resistance, It) 
and evaporative resistance (or water vapor resistance, Ret) 
can be determined by using a thermal manikin and human 
subjects7 – 11). Manikin tests are usually fast, cost-effective 
and repeatable12). Thermal manikin is a human-shaped 
heated dummy equipped with heating, sweating systems 
(if any), measuring temperature sensors and/or heat flux 
sensors. Since the first thermal manikin developed in 
1941, engineers have developed various types of manikins 
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including male manikin, female manikin, baby manikin, 
child manikin, adult manikin and sectional body mani-
kins. Today’s modern thermal manikins can mimic human 
sweating, walking, and/or may also be used for predicting 
human physiological responses in various thermal condi-
tions12 – 16). Compared to manikin tests, human tests are 
more complicated, time-consuming, expensive and ethi-
cal issues may be involved12, 17, 18). For these reasons, only 
few reported studies have been dedicated to use human 
subjects to determine clothing insulation and evaporative 
resistance10, 11, 47).

This review article presents an overview on major influ-
ential factors affecting the measurement of clothing evap-
orative resistance by means of a sweating manikin. Rec-
ommendations on how to improve measurement accuracy 
are proposed and future trends on development of more 
advanced sweating thermal manikins are discussed. This 
review article may contribute to enhancing measurement 
repeatability and reproducibility of clothing evaporative 
resistance measurements and thereby improving the pre-
diction precision of human thermal comfort and heat stress 
models.

Evaporative Resistance Measurements by a 
Sweating Manikin

Most of today’s thermal manikins are designed to be 
able to measure clothing evaporative resistance12 – 16, 19). 
Sweating thermal manikins are now available in a vari-
ety of sizes (i.e., baby, child, adult and segmental), body 
shapes (i.e., male or female) and configurations (e.g., cop-
per, plastic, resin shells, epoxy shell, water filled fabric 
shells). Many sweating manikins have 15 – 35 body seg-
ments (an exception is the ADAM manikin, which has 
120 segments) and each body segment can be individu-
ally regulated14 – 18, 20). At present, ASTM F2370 (2016) is 
the only standard with regard to measurements of cloth-
ing evaporative resistance using a sweating manikin21). 
Though this standard has been updated for three versions 
since 2005, almost no big improvement on the test proto-
col has been made. The 2005 version of the ASTM F2370 
standard was developed based on a round-robin sweating 
manikin study organized by McCullough9). Large discrep-
ancies were observed in clothing evaporative resistance 
values obtained from different participating laboratories. 
For instance, the evaporative resistance of cold weather 
clothing reported by NCSU (i.e., the North Carolina State 
University) is 342% greater than that reported by DERA 
(i.e., the Defense Evaluation and Research Agency of UK, 

which was split into two organizations: QinetiQ Group 
plc [Hampshire, UK] and Defense Science and Technol-
ogy Laboratory [RDERA, Salisbury, UK]). The huge dis-
crepancy is probably due to the ambiguous test protocol, 
i.e., no attempt has been made to control sweating method, 
test condition as well as test procedure9). In addition to the 
above factors, the fabric ‘skin’, sweating rate, the calcu-
lation method as well as the sweating body segments can 
greatly affect test results17, 22, 23).

Effect of Fabric ‘skin’

For evaporative resistance tests, the simulation of 
human sweating on manikins is required24 – 26). The most 
often used method to achieve this function is to use a piece 
of stretch and tight fitting knitted fabric ‘skin’　(see Fig. 1). 
Presently, there is no standardized fabric ‘skin’ for sweat-
ing thermal manikins and also, no requirement or sugges-
tion on how to select fabric ‘skin’ has been addressed in 
ASTM F2370 (2016)23).

The type of fabric ‘skin’ affects measured clothing evap-
orative resistance. Both fabric material, structure and fab-
ric thickness greatly affect the moisture contained inside 
the fabric ‘skin’ and thereby affect the apparent ‘wet’ ther-
mal resistance of the fabric ‘skin’ (i.e., AIwet), which is 
computed by (please refer to Appendix 1)23)

AI d
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where, dfabric is fabric thickness, mm; kfiber, and kw are 
thermal conductivity of the fiber and water, respectively,  
W/(m·K); ρfiber and ρw are the fiber density and density 
of water, respectively, kg/m3; Wc is moisture content con-
tained in the fabric ‘skin’, % (g/g).

It can be deduced from Eq. (1) that the apparent ‘wet’ 
thermal resistance (or effective thermal resistance) of the 
fabric ‘skin’ differs from one another if the fabric mate-
rial, thickness and moisture contained in the fabric were 
different. Documented studies have shown that the appar-
ent ‘wet’ thermal resistance of the existing fabric ‘skin’ 
ranges from 0.0051 to 0.0132 m2·K/W22, 23, 29, 31, 48). Wang 
et al.23) found that a change in the fabric thickness by 
0.50 mm would result in a change in the apparent ‘wet’ 
thermal resistance of 0.0028 m2·K/W (the equation is 
AIwet= 0.0055dfabric+ b, where b is a constant). Gener-
ally, thicker fabric ‘skin’ tends to have a greater apparent 
‘wet’ thermal resistance, which is similar to the relation-
ship between the fabric thickness and dry thermal resis-



EVAPORATIVE RESISTANCE MEASUREMENTS 475

tance23, 27).
At present, the majority of sweating thermal manikins 

don’t control the fabric ‘skin’ surface temperature17, 28, 29). 
Instead, the manikin surface temperature is controlled. 
Hence, the temperature on these two surfaces is differ-
ent due to the presence of fabric ‘skin’ as well as mois-
ture evaporation taken place on the wet ‘skin’ surface. The 
higher the evaporation rate, the larger the temperature dif-
ference between the manikin surface and the fabric ‘skin’ 
surface. The fabric ‘skin’ surface temperature is always 
lower than the controlled manikin surface temperature 
(i.e., Tsk,f < Tmanikin), the reported temperature difference 
can be up to 5.5°C in some test conditions30). If the mani-
kin surface temperature is used for calculating clothing 
total evaporative resistance, the reported total evaporative 
resistance will be > 23.7% greater than its actual value. 
To enhance test accuracy, the fabric ‘skin’ temperature 
should be used for calculating total evaporative resistance. 
The fabric ‘skin’ surface temperature can be conveniently 
determined if the apparent ‘wet’ thermal resistance of the 
‘skin’ and total heat loss are known, which is normally 
read as23, 29, 31)

T T AI HLsk f manikin wet, = − ×
 

(2)

where, Tsk,f and Tmanikin are the wet fabric ‘skin’ surface 
temperature and manikin surface temperature, respectively, 
°C; HL is the total heat loss observed from the manikin, 
i.e., the heating power of the manikin in the isothermal 
condition, W/m2; AIwet is the apparent ‘wet’ thermal resis-
tance (or ‘effective’ thermal resistance) of the fabric ‘skin’, 
m2·K/W.

Several criteria must be considered in the selection of 
fabric ‘skin’. First, the fabric ‘skin’ should be specially tai-

lored to fit tightly to the manikin body and there is mini-
mal or no air gap(s) between the body and ‘skin’. Second, 
the fabric ‘skin’ should have good moisture wickability 
and quick spreading property (i.e., moisture management 
properties)18). The water released from sweating nozzles 
can easily be wicked and spread on the outer surface of the 
‘skin’18). Third, the fabric ‘skin’ should be good at main-
taining a fully saturated surface. Considering the above 
requirements, a blend of hygroscopic/hydrophilic fibers 
(e.g., cotton) and spandex is highly recommended to engi-
neer the fabric ‘skin’. Besides, the thickness of the fabric 
‘skin’ should be neither too thick nor too thin (i.e., thicker 
fabric ‘skin’ will induce a lower fabric ‘skin’ surface tem-
perature, thin ‘skin’ contains limited moisture and can eas-
ily be dried out during the test) and a medium thickness 
shall be used (e.g., 0.50 mm)23).

Effects of Sweating Method and Sweating Rate

Regarding the sweating method, the ASTM F2370 
(2005, 2016) standard does not stipulate a specific method 
and also leave the sweating mechanism open for interpreta-
tion7, 21). Basically there are three methods being applied to 
achieve the simulation of human sweating on thermal man-
ikins17, 18, 24, 32): pre-wetted tight fabric ‘skin’ covered on a 
dry thermal manikin (simply denoted as pre-wetted ‘skin’ 
method), manikins equipped with a water supply system 
to supply water to tight-fitting knitted fabric ‘skin’ (sim-
ply denoted as water supply method) and manikins with a 
water filled body (or a solid body covered by a saturated 
fabric ‘skin’ inner layer and also equipped with a water 
supply system) covered by a waterproof permeable fabric 
‘skin’ (simply denoted as the permeable ‘skin’ method).

Fig. 1. A 34-segment ‘Newton’ sweating manikin is wearing different fabric ‘skins’.
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The pre-wetted ‘skin’ method seems to function well 
but the ‘skin’ tends to dry out after a certain testing period, 
which is dependent on the type of clothing tested, the test 
condition and the initial amount of moisture contained 
in the ‘skin’26, 31). The wet test must be concluded when 
a sharp reduction in the manikin heating power at one or 
more specific body segments is seen. Clothing total real 
evaporative resistance (i.e., Ret determined in an isother-
mal condition) determined by the pre-wetted ‘skin’ method 
tends to be lower than that measured using the water sup-
ply method because the pre-wetted fabric ‘skin’ contains a 
smaller amount of moisture than that in the water supply 
method32).

The water supply method solved the drying-out issue 
found in the pre-wetted ‘skin’ method. Regarding the selec-
tion of sweating rate, technicians are advised to strictly 
follow below steps to carry out the wet test: (1) the fabric 
‘skin’ shall be pre-wetted and saturated before putting it on 
the manikin; (2) Setting of the sweat rate should be based 
on the nature of tested clothing and the test condition. 
The main criterion to choose an appropriate sweating rate 
should be based on that the assigned sweating rate is able 
to maintain a fully saturated ‘skin’ throughout the entire 
testing period33). Generally, if the tested clothing is imper-
meable and/or the ambient relative humidity is high (e.g., 
RH>65%), a low sweating rate (e.g., 400 g·m −2·h −1) may 
already be good enough to keep a fully saturated ‘skin’ sur-
face. In comparison, if the tested clothing is relatively per-
meable (im≥0.38) and/or good at absorbing moisture or the 
ambient relative humidity is low, a high sweating rate (e.g., 
≥800 g·m −2·h −1) should be used. During the wet test, high 
sweating rates can induce water dripping and may wet 
tested clothing. In the so-called isothermal condition (i.e., 
Tmanikin= Ta= Tr)34), it is found that wetted clothing doesn’t 
affect clothing total real evaporative resistance. The reason 
can be explained as follows. Moisture migration from the 
‘skin’ to tested clothing leads to both positive and nega-
tive effects on sweat evaporation and evaporative cool-
ing efficiency: 1) the wetting area increases and thereby 
facilitates sweat evaporation35). 2) moisture in tested cloth-
ing suppresses evaporation from the ‘skin’ and/or from 
inner clothing layer (if any) to the environment because 
of the increased microclimatic moisture concentration4, 24). 
Besides, if the clothing absorbs the moisture, the moisture 
takes up air voids within the fabric and between yarns, 
which blocks moisture evaporation channels. 3) the major-
ity of moisture evaporates from clothing layer(s) and hence 
the ‘skin’ cooling efficiency becomes smaller10, 50–52). The 
positive effect may easily be offset by negative effects. Fig-

ure 2 shows the effect of four different sweating set rates 
on total heat loss of the sweating manikin33). No signifi-
cant effect on the observed total heat loss is found among 
greater sweating rate scenarios (i.e., SR800, SR1200 and 
SRvariable) and hence, there is no significant difference in 
clothing total real evaporative resistances measured under 
the three sweating rate scenarios. However, significant dif-
ferences between SR400 and other three sweating scenarios 
in Nude and PERM are noted because such a small sweat-
ing rate fails to maintain a fully saturated ‘skin’ surface.

In a recent round-robin study36), some participating 
laboratories are found to try to adjust the sweating rate 
to ensure the fabric ‘skin’ is fully saturated and also, no 
water dripping occurs during the test (e.g., some segments 
do not sweat or have a low sweating rate [e.g., < 100 ml/
(m2·h)]). This approach can easily lead to a partially dried-
out ‘skin’, which will bring significantly errors to the 
determined clothing total evaporative resistance, i.e., the 
reported clothing total evaporative resistance will be much 
greater than its actual value because segmental evapora-
tive heat losses are much smaller in partially or completely 
dried-out regions than these when they are fully satu-
rated17, 22, 37). Therefore, it is strongly recommended to set 
an enough high sweating rate to maintain a fully saturated 
fabric ‘skin’ when performing clothing evaporative resis-
tance tests.

Fig. 2. Effect of sweating set rate on total heat loss of the sweating 
manikin33) (test condition: Tmanikin= Ta= Tr= 34.0°C, RH = 38 – 50%, 
vair= 0.4 m/s). Nude, the manikin is nude (i.e., wearing only the wet 
fabric ‘skin’); IMP, impermeable clothing, im= 0.26; PERM, perme-
able clothing, im= 0.50. SR400, SR800, SR1200 and SRvariable denote the 
segmental sweating rate of the manikin was set to 400, 800, 1,200 g/
(m2·h) and variable sweating rates, respectively. For SRvariable, vari-
able segmental sweat rates were used, i.e., head = 1,200 g/(m2·h) 
torso=800 g/(m2·h), and limbs =600 g/(m2·h). *, p<0.05.
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The permeable ‘skin’ method is adopted by several 
manikins and those manikins with a permeable ‘skin’ can 
keep the tested clothing from getting wet by liquid sweat. 
A typical example is the ‘Walter’ fabric sweating mani-
kin13). The ‘Walter’ manikin has a novel design configu-
ration. Unlike many other sweating manikins regulate the 
manikin surface temperature, the ‘Walter’ manikin uses 
RTD (resistance temperature detectors) sensors to measure 
and control fabric ‘skin’ surface temperature. This design 
greatly contributes to enhancing the measurement accu-
racy of clothing total evaporative resistance. Neverthe-
less, the ‘Walter’ manikin has several major design limita-
tions. First, this manikin has only one segment and thus 
it is unable to measure localized evaporative resistance20). 
Second, the ‘Walter’ manikin can only simulate insensible 
perspiration. It fails to conveniently examine the effect 
of absorption of liquid sweat by clothing on its heat and 
mass transfer properties (unless intentionally wetting the 
tested clothing using liquid water). Besides, the maximum 
perspiration rate of the waterproof but permeable Gore-
Tex ‘skin’ is somehow too low38) (< 559 g·m − 2·h − 1, the 
maximum sweat production rate on the ‘Newton’ sweating 
manikin can be up to 2,000 g·m −2·h −1) 32, 33). It is believed 
that the use of vapor permeable Gore-Tex ‘skin’ affected 
water evaporation rate of the manikin, which is mainly 
determined by the maximum evaporative capacity of the 
test condition53, 54). From a physical viewpoint, the three 
dominant factors affecting water evaporation rate are the 
water vapor pressure (temperature and relative humidity), 
exposed surface area and forced convection33). In such test 
conditions where the maximum evaporative capacity of the 
environment (denoted as Emax) is greater than the maxi-
mum allowable perspiration rate of the ‘skin’ (denoted as 
PRmax, i.e., Emax> PRmax), clothing evaporative resistances 
determined using the ‘Walter’ manikin seem to be incor-
rect (i.e., the measured evaporative resistances tend to be 
greater than those determined on the other types of sweat-
ing manikin, e.g., the ‘Newton’ manikin). Figure 3 presents 
the observed perspiration rate of sweating manikins ‘Wal-
ter’, ‘Coppelius’ and ‘Tore’. ‘Tore’ uses the pre-wetted 
‘skin’ method while the manikins ‘Walter’ and ‘Coppelius’ 
use the permeable ‘skin’ method. It can easily be seen that 
the pre-wetted ‘skin’ method permits a much greater per-
spiration rate in both Nude and PERM scenarios than the 
permeable ‘skin’ method. In the nude condition for the pre-
wetted ‘skin’ method, the water vapor pressure gradient 
between the ‘skin’ and environment determines the over-
all perspiration rate (Emax= 305.7 g·m − 2·h − 1 in the tested 
condition). However, for the permeable ‘skin’ method, 

the deciding factor for water evaporation (i.e., how much 
evaporation is largely decided by the permeable ‘skin’) is 
the permeable fabric ‘skin’ (in the tested condition [i.e., 
Tair= 34°C, RH = 40%, vair= 0.4 m/s], PRmax= 246.5 and 
176.0 g·m − 2·h − 1 for the ‘Walter’ and ‘Coppelius’ mani-
kins, respectively). For impermeable cold weather clothing 
(i.e., IMP), the observed perspiration rates on these three 
manikins are relatively close to one another (i.e., below 50 
g·m − 2·h − 1), which indicate that the water evaporation in 
impermeable clothing is mainly determined by the tested 
clothing. Therefore, all the above drawbacks limit the 
application of the ‘Walter’ manikin to determine clothing 
evaporative resistances.

Effect of Test Condition

The test condition is important to clothing evapora-
tive resistance measurements. The selected test condition 
should not bring complexity to the measurement. Gener-
ally, measurements of clothing evaporative resistance 
serve for two general purposes: 1) testing purpose, i.e., 
presenting clothing evaporative resistance in test reports; 
2) researching purpose, i.e., investigating the impact of 
environmental conditions (e.g., actual wear conditions, 
rain/condensation) on heat and moisture transfer through 
clothing. Based on the testing purpose, clothing evapora-
tive resistance measurements can be carried out either in 
isothermal conditions (i.e., Tsk,f =Ta=Tr) or non-isothermal 
conditions(i.e., Tsk,f ≠Ta). Creating an ideal test condi-

Fig. 3. Comparison of registered perspiration rate on sweating 
manikins ‘Walter’, ‘Coppelius’ and ‘Tore’ (pre-wetted ‘skin’) in dif-
ferent clothing scenarios36). Nude, the manikin is nude; IMP, imper-
meable cold weather clothing (im=0.25); PERM, permeable clothing 
(t-shirt and short pants), im=0.40. Test condition: Tmanikin=Tair=34°C, 
RH=40%, vair=0.4 m/s. **, p<0.01; *, p<0.05.
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tion for clothing evaporative resistance tests is important 
in improving measurement precision. It is highly recom-
mended to perform evaporative resistance measurements 
in isothermal conditions23, 34). Strictly speaking, the con-
ventionally used and accepted condition Tmanikin= Ta= Tr 
is not an isothermal condition to the fabric ‘skin’ because 
there is always a temperature difference between the fabric 
‘skin’ and ambient environment. Perhaps the real isother-
mal condition (i.e., Tsk,f = Ta= Tr) can only be achieved on 
the ‘Walter’ and ‘Coppelius’ sweating manikins13–15). The 
remaining sweating manikins only regulate the manikin 
surface temperature. Thus, the condition Tmanikin= Ta= Tr 
may only be referred to as the “so-called” isothermal con-
dition34). Clothing total evaporative resistance determined 
in either the real isothermal condition or the so-called 
isothermal condition is called the total real evaporative 
resistance (i.e., Ret,real)7, 21, 36). Evaporative resistance mea-
sured in non-isothermal conditions is always referred to as 
apparent evaporative resistance (i.e., ARet)7, 21). Clothing 
real evaporative resistance and apparent evaporative resis-
tance never exactly equal one another and hence, these two 
values are not comparable with each other.

In real isothermal conditions, there is no dry heat 
exchange between the fabric ‘skin’ and environment so that 
the observed heating power from the manikin represents 
the evaporative heat loss. Thus, clothing insulation value is 
not needed when calculating clothing total real evaporative 
resistance. In comparison, evaporative resistances mea-
sured in non-isothermal conditions may vary greatly from 
one to another24, 26, 38, 43). The observed non-isothermal 
total heat loss consists of two components, namely, dry 
heat loss and evaporative heat loss. The dry heat loss must 
be known when calculating clothing apparent evaporative 
resistance. Therefore, clothing thermal insulation tests are 
needed before performing clothing apparent evaporative 
resistance tests. Some manikin program requires test oper-
ators to enter clothing thermal insulation prior to starting 
the evaporative resistance test21). The evaporative heat loss 
can be calculated by deducting the dry heat loss from the 
total heat loss (here it is assumed that condensation and 
absorption of moisture have a negligible effect on the heat 
transfer through tested clothing and clothing thermal and 
evaporative resistances are independent of the air tempera-
ture and relative humidity57)). It is important to note that 
the dry test and wet test are two different environments and 
hence, the evaporative heat losses are predicted calcula-
tions rather than actual measurements. In fact, the dry heat 
loss measured in the dry test is never equal to the actual dry 
heat loss in wetted clothing. The reason is obvious, mois-

ture condensation results in an increase in clothing surface 
temperature due to liberated heat49). Also, the clothing 
effective thermal conductivity may be increased because 
of the formation of liquid film on the clothing surface and 
the absorption of supplied water and condensed water24, 39). 
As a result, the actual dry heat loss should be greater than 
the measured dry heat loss from dry tests. The reported 
clothing apparent evaporative resistance is smaller than its 
actual value accordingly24). Further, it has been reported 
that condensation-released heat results in increased total 
heat losses but reduced mass changes (i.e., the heat pipe 
effect)40). Therefore, apparent evaporative resistances cal-
culated by the heat loss and mass loss methods may differ 
greatly and they are not comparable either. In non-isother-
mal conditions, the amount of condensation taken place 
on the surface of tested clothing and/or in clothing layers 
differs under different testing temperatures. Thus, apparent 
evaporative resistances may only be compared to those of 
clothing ensembles tested on the same sweating manikin 
under the exact same test conditions.

Effect of Calculation Method

Two calculation methods may be used to calculate cloth-
ing total evaporative resistance: the heat loss method and 
the mass loss method. The calculation equations may be 
expressed as7)
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where, Ret is the total evaporative resistance of clothing 
ensemble and surface air layer, kPa·m2/W; ps is water 
vapor pressure at the fabric ‘skin’ surface, kPa; pa is water 
vapor pressure in the ambient air, kPa; A is total area of the 
manikin’s sweating surface, m2; Ht, Hd and He are the total 
heat loss, dry heat loss and evaporative heat loss observed 
from the manikin surface, W; In isothermal conditions, 
Hd=0; Tmanikin and Ta are the manikin surface temperature 
and the ambient temperature, respectively, °C; It is the total 
thermal resistance of the clothing ensemble and boundary 
air layer, °C·m2/W; λ is the heat vaporization of water at 
the measured surface temperature, W·h/g; λ= 0.6729 and 
0.6735 W·h/g at Tsk,f = 35.0°C and 34.0°C , respectively; 



EVAPORATIVE RESISTANCE MEASUREMENTS 479

dm/dt is the evaporation rate of moisture leaving the mani-
kin’s sweating surface (g/h).

Theoretically, both two methods should give the exactly 
same clothing evaporative resistance in isothermal condi-
tions (i.e., Tsk,f =Ta=Tr)17, 22, 41). However, this is not true in 
the so-called isothermal conditions. In the so-called iso-
thermal condition, the fabric ‘skin’ temperature is lower 
than the controlled manikin surface temperature. Hence, 
the ambient heat will flow into the fabric ‘skin’ due to the 
positive temperature difference and this results in greater 
clothing total real evaporative resistances if the heat loss 
method is used for calculation. Therefore, the evaporative 
heat loss measured in the so-called isothermal condition 
should be corrected before being used to calculate clothing 
total real evaporative resistance. The correction equation is 
expressed as22, 42)

Q

Q T T
I w w

evap

manikin
air sk f

t t t
= ′ +

−
× − × × + × × −− −

,

( . .1 1 10 1 6 10 19 3 6 2 0004 10 3× ×− wt )

 

 (6)

where, Qevap is the actual total evaporative heat loss, W; 
Q´manikin is the observed heating power supplied to the 
manikin during the wet test, W; Tair and Tsk,f are the ambi-
ent temperature and the fabric ‘skin’ surface temperature, 
respectively, °C; It is the total static dry thermal insula-
tion of the tested clothing, m2·K/W; wt is the amount of 
moisture contained in the tested clothing after the wet test; 
0<wt<900 g.

The above correction model is found to be reliable and 
easy-to-use. A computer program is also developed to cor-
rect the clothing total real evaporative resistance calculated 
by the isothermal heat loss method (see Fig. 4). For wet 
tests performed in either real or the so-called isothermal 
conditions, the mass loss method always generates the 
correct clothing total real evaporative resistance. If the 
wet tests are performed in non-isothermal conditions, the 
selection of calculation method should be made with cau-
tion. Clothing apparent evaporative resistances calculated 
by the heat loss and mass loss methods differ in different 
test conditions and with different types of tested clothing 
(e.g., permeable, semi-permeable or impermeable cloth-

Fig. 4. A schematic diagram of the computer program regarding the correction of clothing total real evaporative resistance 
determined in the so-called isothermal condition (Tmanikin=Tair=Tr).
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ing)43). In the non-isothermal condition, the rate of conden-
sation depends on the temperature and moisture distribu-
tion within the clothing. Due to the “heat pipe” effect40), 
the use of apparent evaporative resistance determined by 
either the heat loss method or the mass loss method may 
over- or under-estimate the heat stress43 – 45). Therefore, 
it is suggested to perform the experiments in isothermal 
conditions and the mass loss method should be used for 
calculating evaporative resistance. If it is inconvenient to 
apply the mass loss method for computing clothing total 
real evaporative resistance, it should be corrected before 
reporting the values. Recently, the mass loss method has 
been removed from the ASTM F2370-2016 standard21). 
The reason why the mass loss method has been deleted 
is probably because it is challenging to use the mass loss 
method to calculate localized clothing evaporative resis-
tance (i.e., localized evaporative resistance has been added 
in ASTM F2370-2016 as Annex A1)21). Nevertheless, it is 
debatable to exclude the mass loss method from the stan-
dard because the method is inherently correct from a phys-
ical point of view. The reason why these two methods gen-
erated different clothing total real evaporative resistance 
values is mainly because of a major drawback of manikin 
design (i.e., the fabric ‘skin’ temperature is uncontrolled). 
In addition, all current exiting sweating manikins failed to 
measure segmental mass loss46) and such a design limita-
tion makes it impossible to apply the mass loss method to 
compute clothing local evaporative resistance.

Effect of Sweating Body Segment

Most of current existing sweating manikins are seg-
mented (the only exception is the ‘Walter’ fabric sweat-
ing manikin), but some of them do not sweat on the head, 
hands and feet. Clothing evaporative resistance calculated 
based on different sweating body segments may differ 
largely. Similar to the analogy between thermal and elec-
trical resistances, the clothing total evaporative resistance 
can be written as an analogue of the total equivalent resis-
tance of a set of resistors in a parallel circuit (denoted as 
Re,total), which is expressed by Eq. (7)55)

R

R R

e total

e e e n

,

, , ,

...
R

=
+ + +

1

1 1 1

1 2

 (7)

where, Re,1, Re,2,… Re,n are resistances of resistors 1, 2, …, 
and n; n is the total number of resistors in the parallel cir-
cuit.

It can be easily deduced from Eq. (7) that adding/remov-

ing a resistor in the parallel circuit56) will decrease/increase 
the total equivalent resistance. Also, the total resistance 
should always be smaller than that of the one with the 
smallest resistance. Any exclusion of sweating body 
segment(s) from calculation of total evaporative resistance 
will therefore result in an increment in the clothing total 
evaporative resistance (see Fig. 5). Theoretically, cloth-
ing total evaporative resistance measured using a sweating 
manikin that does not sweat on head, hands and feet should 
be greater than that determined using a sweating manikin 
that does sweat on head, hands and feet36). Particularly, if 
there is no covering on such segments as the head, hands 
and feet but with highly insulating clothing layers covering 
the remaining sweating segments (i.e., inhomogeneous/
uneven distribution of clothing layers over the whole body, 
e.g., EN5 [see Table 1]), any exclusion of segments with a 
small localized evaporative resistance will greatly increase 
the reported total evaporative resistance. In contrast, for 
homogeneous clothing layer distribution over the sweating 
body, the exclusion of any sweating segment from calcula-
tion of clothing total evaporative resistance seems have a 
limited impact on the reported total value (e.g., Nude and 
EN1).

Recommendations and Conclusions

The repeatability and reproducibility of clothing evapo-
rative resistance measurements can be greatly affected by 

Fig. 5. Effect of sweating body segment on clothing total evapora-
tive resistance36). Ret, clothing total evaporative resistance calculated 
based on all sweating body segments; Ret,part, clothing total evapo-
rative resistance calculated based on all sweating body segments 
except the head, hands and feet. Test condition: Tmanikin=Tair=34.0°C, 
RH=40%, vair=0.40 m/s. *, p<0.05; **, p<0.01.
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Table 1. Characteristics of clothing ensembles

Ensemble Clothing components No. of layer It* (clo)

EN 1 Briefs (65% polyamide, 27% polyester, 8% elastane), Body mapping cycling wear, socks (76% wool, 23% 
polyamide, 1% Lycra)

1 0.84

EN 2 Briefs (65% polyamide, 27% polyester, 8% elastane), summer work wear: short sleeve t-shirt, short pants, socks 
(76% wool, 23% polyamide, 1% Lycra)

1 0.84

EN 3 Briefs (65% polyamide, 27% polyester, 8% elastane), short sleeve t-shirt, one-layer jacket (100% polyester), 
trousers (96% polyamide, 4% Lycra), socks (76% wool, 23% polyamide, 1% Lycra)

2 1.43

EN 4 Briefs (91% polyamide, 9% elastane), underwear (97% Outlast, 3% Spandex), Polartec fleece jacket, fleece 
trousers (100% polyester), sports socks (72% cotton, 26% polyamide, 2% Lycra)

2 1.97

EN 5 Briefs (91% polyamide, 9% elastane), jacket (combined with Dever foder), Barton trousers, Polartec power 
trousers, Polartec sweater, sports socks (72% cotton, 26% polyamide, 2% Lycra®)

3 3.24

EN 6 Briefs (91% polyamide, 9% elastane), underwear (100% polyester), Gore-Tex coverall, sports socks (72% 
cotton, 26% polyamide, 2% Lycra)

2 1.65

*It, the total clothing thermal insulation was measured using a ‘Newton’ thermal manikin. It was calculated based on all manikin’s segments excluding 
the head (face), hands and feet.

manikin configuration (e.g., sweating method, tempera-
ture control), the fabric ‘skin’, sweating rate, test condi-
tion, and calculation method (including calculation options 
and sweating body segments). It is highly recommended 
to carry out clothing evaporative resistance tests in an iso-
thermal condition. At present, the real isothermal condi-
tion (i.e., Tsk,f = Ta= Tr) may only be achieved on ‘Walter’ 
and ‘Coppelius’ type sweating manikins. Due to major 
drawbacks in manikin configuration design (e.g., the 
fabric ‘skin’ temperature is left uncontrolled, segmental 
mass losses are left undetermined), most current exist-
ing sweating manikins reported greater clothing total real 
evaporative resistance and hence, the evaporative heat 
loss observed in the so-called isothermal condition (i.e., 
Tmanikin=Ta=Tr) should be corrected. The mass loss method 
is suggested to calculate clothing total real evaporative 
resistance if the sweating manikin is able to measure the 
total mass loss in the real or so-called isothermal condi-
tions. Apparent evaporative resistance of ensembles can 
only be compared to those of other ensembles measured 
using the same sweating manikin under the same ambient 
conditions and also calculated by the same method. On the 
other hand, human subject data provide valuable informa-
tion about the dynamic character and individual variability 
of clothing apparent evaporative resistance under actual 
field conditions. Therefore, comparisons of apparent evap-
orative resistance data measured on sweating manikins and 
human subjects are encouraged to further validate manikin 
data and to explore the manikin-human correlation.

Further, the ASTM F2370-2016 standard should be 
improved by clearly specifying the requirements on knit-
ted fabric ‘skin’, test condition and such manikin design 
configurations as sweating method and temperature con-
trol. It is recommended to perform clothing evaporative 

resistance in isothermal conditions only. Also, the mass 
loss method should be included in the standard because the 
mass loss method is inherently correct and reliable. More 
advanced sweating manikins should be developed in the 
future. Advanced sweating manikins are expected to be 
able to control the surface temperature and relative humid-
ity of the fabric ‘skin’. They should be designed to mimic 
human sweating more realistically. Additionally, future 
advanced sweating manikins will be able to measure seg-
mental mass loss.
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Appendix 1: Influential factors affecting the apparent ‘wet’ thermal resistance of knitted fabric 
‘skin’ of sweating manikins

The fabric ‘skin’ is considered as a porous textile containing a very large quantity of yarns knitted out of fibers. Pores are 
evenly distributed in the fabric system. The thermal conductivity of porous fabric ‘skin’ and moisture content contained in 
the ‘skin’ are assumed to be constant. Both dry and wet fabric ‘skin’s are in thermal equilibrium among all phases due to 
low air velocities applied and the small dimension of fibers. The temperature and moisture content are uniform throughout 
the fabric material at known values. In addition, volume changes of the fibers due to moisture content (i.e., fiber swelling) 
are neglected. The thermal conductivity of the water is approximately 25 times that of air, and hence, the contribution to 
thermal conductivity of fully saturated fabric ‘skin’ from air and water vapour can be neglected.

For a porous fabric ‘skin’, ε0 and ε are porosities without and with water on the surface of the fabric ‘skin’, respectively, 
which are related by

ε ε ερ
ρ

= − −( )0 01
fiber

w
cW  Eq. (A-1)

where, ρfiber and ρw are densities of the fiber and the liquid water, respectively, kg/m3; Wc is the water content contained in 
fabric, % (g/g).

For a fully saturated porous fabric ‘skin’, the total effective thermal conductivity (i.e., kwet,fabric) of volumetric weighted 
averages of the fiber and liquid water is calculated by
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where, kfiber and kw are thermal conductivity of the fiber and water respectively, W/(m·K).
Substituting Eq. (A-1) to Eq. (A-2), the total thermal conductivity of the mixed water and fiber (i.e., the wet fabric) is 

written as
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The apparent ‘wet’ thermal resistance of the wet fabric ‘skin’ (i.e., AIwet, m2·K/W) is computed by
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where, dfabric is the fabric thickness, mm.
The porosity on the surface of the dry fabric conditioned at the standard ambient environment may be expressed as

ε
ρ0 1= −

m
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fabric fiber
 Eq. (A-5)

where, mfabric is the mass per unit area of the porous textile fabric ‘skin’, g/m2;
By combing Eq. (A-5) with Eq. (A-4), we finally have
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