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Original article

Correction of the evaporative resistance
of clothing by the temperature of skin
fabric on a sweating and walking thermal
manikin

Satoru Ueno and Shin-ichi Sawada

Abstract

Determining the evaporative resistance of clothing by using a sweating thermal manikin requires the accurate skin

temperature of the manikin. The skin temperature measured by an embedded wire sensor (EWS), which is widely

used in existing manikins, is theoretically higher than that of the wet skin fabric on the manikin where water evaporates.

Therefore, we directly measured the surface temperature of the skin fabric using multiple thermistors (MT) and com-

pared it with that of EWS. Four different work clothing ensembles were tested in an isothermal condition. The mean skin

temperatures of MT were lower than those of EWS by 0.49, 0.62, 0.75, and 0.89�C, for the manikin walking at 0.00

(standing), 0.27, 0.53, and 0.80 m/s, respectively. Concomitantly, the real evaporative resistances using MT were lower

than those using EWS by 9.1, 10.9, 12.5, and 14.4%. These results clearly show that the skin temperature of EWS should

be corrected. In our thermal manikin, the temperature difference (TD) (�C) between MT and EWS was calculated for

each of five parts: Arm, Trunk, Hip, Thigh, and Calf. The area-weighted average TD of the five parts was expressed as

follows: TD¼Heat Flux (W/m2)� 0.0092. This equation provides an estimate of TD without measuring surface skin

temperature directly and helps to correct the evaporative resistance of clothing ensembles.

Keywords

evaporative resistance, skin temperature, sweating thermal manikin

In hot working environments, evaporation is the main
avenue for heat to dissipate from the human body to
the environment.1 It is well known that work clothing
ensembles, such as protective clothing, prevent evapo-
ration of sweat from human skin to the environment
and decrease heat dissipation from the body, leading to
elevated skin temperature, core temperature or sweat
rate.2 In previous studies, the relative humidity and
the temperature in the microenvironment between
the skin and the clothing was found to increase sharply
when wearing impermeable protective clothing.3

Another study showed that subjects wearing clothing
with higher air permeability were able to walk
at higher speeds in five types of protective clothing.4

Therefore, the correct evaporative resistance of
clothing, which is defined as the division of the vapor
pressure difference between the skin and the environ-
ment by the evaporative heat flux per unit area, is
needed to predict the heat strain of workers in hot

working environments. The maximum cooling power
of evaporation can be derived from this evaporative
resistance, as well as from the actual ambient water
vapor pressure and the skin water vapor pressure. In
fact, the predicted heat strain (PHS) model5 incorpo-
rates the im value (¼ total thermal insulation (It)/total
evaporative resistance (Ret)/Lewis number) as one of
the input parameters to predict the core temperature
or sweat rate. As such, evaporative resistance is an
important consideration of reducing heat strain and
should be measured with considerations of both
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standing and walking. Since the effect of walking on
evaporative resistance of clothing is very complicated,6

measurement using a movable sweating thermal mani-
kin is appropriate for evaluation.

The development of sweating thermal manikins,
which have the same size and shape as humans, has
enabled the reproducible measurement of Ret or ther-
mal insulation (It) of clothing ensembles.7,8 However,
correctly estimating Ret in sweating thermal manikins
requires accurate measurement of the vapor pressure at
the manikin skin, the environmental conditions, and
the heat generated from within the manikin shell.9

Since the correct measurement of the vapor pressure
is very difficult, it is estimated using the skin tempera-
ture, assuming that the relative humidity is 100% on
the fabric skin. Recently, most sweating thermal man-
ikins have used a shell-embedded wire temperature
sensor (EWS) to measure the skin temperature. Wire
temperature sensors wound evenly throughout the
whole manikin zones are embedded in a strong and
heat-conducting material. Using the known tempera-
ture dependence of the resistance of EWS, temperature
is calculated from the measured resistance. Although
EWS has many advantages in measuring the skin tem-
perature, it has a serious disadvantage in that it does
not measure the temperature of wet skin fabric on the
manikin where water evaporates, which is required for
the calculation of the Ret for clothing. When measuring
the Ret of clothing with a sweating thermal manikin, a
skin fabric is usually placed on the manikin to wet the
entire surface of the manikin shell. Thus, some thermal
resistances are assumed to be present between the EWS
and the surface of the skin fabric. According to
Fourier’s law, the combination of thermal resistances
and heat flux from a manikin results in a lower temper-
ature on the surface of the skin fabric than as measured
by the EWS. This skin temperature decrease results in a
lower saturated vapor pressure at the skin surface than
is estimated based on the embedded sensors, and thus
the actual vapor resistance is lower than that calculated
from EWS.

A previous paper10 showed that there was a temper-
ature drop of the wet fabric skin compared with the
EWS. Skin temperature drop was measured in a stand-
ing condition for three different ambient conditions.
There were, however, some shortcomings in this exper-
iment. First, the small number of temperature sensors
in the study would make it difficult to measure the
mean skin temperature correctly. A complicated form
of manikin would lead to varying heat dissipation from
the skin, which would cause skin temperature differ-
ences. During walking in particular, the air ventilation
would be higher in the arms or the legs than in the
trunk, leading to the lower skin temperature in the
arms or the legs. It would be impossible to measure

the mean skin temperature with only a small number
of sensors, due to the skin temperature variation.
Therefore, in our study we have used multiple thermis-
tors (MT) to measure the temperature of wet fabric.
MT enable measurement of the mean skin temperature
during walking although the skin temperature may not
be uniform. A second shortcoming of the earlier study
was that the wet skin temperature was measured under
non-isothermal conditions. The maximum temperature
difference between the ambient temperature and mani-
kin was large in their study. When the temperature dif-
ference is large, an accurate measurement of skin
temperature is very difficult. In contrast, in the present
experiment, isothermal conditions were used. Third, the
earlier study did not use a sweating manikin, and thus
the content of water in the wet fabric decreased. To
address this, we used a sweating thermal manikin,
which was able to provide water from inside the man-
ikin at the same temperature as the skin. In our study,
we investigated the temperature difference between
existing EWS and MT on wet fabric with a sweating
thermal manikin during both standing and walking
conditions.

The objective of this study was to more accurately
estimate the evaporative resistance of clothing during
walking as well as in standing conditions. This is the
first study to measure the mean skin temperature on
wet fabric skin directly by MT during walking
conditions using a movable sweating thermal manikin.
To achieve the objective, we measured the skin temper-
ature directly by fixing MT on to the skin fabric cover-
ing the sweating movable manikin and compared
readings to that of EWS. We tested four kinds of
clothing ensembles which are frequently worn in the
workplace.

Methods

Thermal manikin

A movable sweating thermal manikin (Newton,
Measurement Technology Northwest, Seattle, USA)
was used to measure both the mean skin temperature
and heat flux in each zone of the manikin, and to mea-
sure the evaporative resistance of clothing. Our multi-
segmented sweating thermal manikin Newton had 26
zones, each of which could control its heat flux, skin
temperature (measured using an EWS) and sweat rate
with software (ThermDAC, Measurement Technology
Northwest, Seattle, USA) installed on a laptop com-
puter (Dell, Texas, USA). The Newton had the average
shape of an Asian, 1.65m in height, composed of an
aluminum-filled carbon-epoxy shell with embedded
heating and a temperature wire sensor. The skin tem-
perature wire sensor was embedded 0.5mm under the

1144 Textile Research Journal 82(11)

 by Satoru Ueno on January 5, 2014trj.sagepub.comDownloaded from 

http://trj.sagepub.com/
http://trj.sagepub.com/


surface of the manikin shell. When measuring the evap-
orative resistance of clothing, the Newton was covered
with a thin sweating skin fabric (about 0.1mm in thick-
ness) to evenly wet the entire manikin shell. Due to the
tightness and elasticity of the skin fabric, there was no
space between the manikin shell and the skin fabric,
except at the joints of different zones. During the exper-
iment, the temperature of the EWS was fixed at 34�C
via PID-controlled heating within each zone using
ThermDAC. The generated heat data and temperature
measured by the EWS were stored every minute on the
laptop computer.

Climate chamber

Experiments were conducted in a climate-controlled
chamber using the sweating thermal manikin. During
the experiment, room temperature was set at
34.0� 0.1�C, and humidity was set at 50� 5%. The
room temperature was measured at two points of the
Newton: the chest and the knee levels. The mean tem-
perature of the two points was used as the room tem-
perature of the climate chamber. The air flowed from
the ceiling to the floor at a speed of about 0.2m/s,
which kept the room at constant temperature.

Skin temperature measurement

To measure the skin temperature directly on the skin
fabric, we attached four thermistors (LT-ST08-12,
Gram Corp., Japan) per zone by stringing them tightly
to the skin fabric. The cup-shaped thermistor had only
a 5-mm diameter. The bottom of each thermistor was a
flat metal conductor; the upper side was an insulator.
The locations for the thermistor in each zone of the skin
fabric were determined as follows. First, we put 15–25
thermistors in each zone proportional to the zone’s

area. Elastic bands were used to fix the thermistor to
the skin fabric. Three or four elastic bands were placed
at equal intervals in each zone, and eight or ten
thermistors were attached under an elastic band at
equal intervals. Thus, the candidate locations for the
four points were distributed evenly within each zone.
Second, we registered the temperature measured by
these thermistors in a nude and wet isothermal
condition. These measured temperatures were stored
using a data logger (LT-8, Gram Corp., Japan).
Finally, four points were selected in each zone
such that the average of these four points best
approximated the average of all points within the
zone, excluding the nearest points. After these four
points for thermistor locations were decided for each
zone, a total of 80 thermistors (four sensors in each
zones� 20 zones) were sewed on the skin fabric with
the bottom firmly in contact with the fabric (Figure 1).
Zones of the face, the head, and both hands and feet
were excluded.

Nude wet conditions

Before the measurement of the Ret of clothing ensem-
bles, nude wet conditions of a sweating thermal mani-
kin were investigated. To obtain a visual image and
rough estimation of the surface temperature on a skin
fabric in nude wet conditions, thermography (TVS-700,
NEC AVIO, Japan) was used. The thermography mea-
surement had high resolution in temperature (under
0.05�C), but the margin of error for the absolute tem-
perature was� 2.0�C. To compensate for this short-
coming, we used a water tank of 34.0�C as a
reference temperature. The absolute temperature of
the skin fabric was corrected using the temperature dif-
ference between the mean temperature of four thermis-
tors attached to a black body sheet on the water tank

Figure 1. Fixation of the thermistor on the fabric skin (side view). The thermistors were sewed on to the skin fabric with the flat

bottom firmly in contact with the skin fabric via a string. The flat bottom of the thermistor was made of a conductor metal. Conversly,

the top of the thermistor was an insulator. The evaporated water was able to escape from the space of thermistor through the

intervals between the strings.
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and the mean temperature of the thermogram of the
water tank:

CST ¼ STGþ ðWTT�WTGÞ ð1Þ

where CST is the mean skin temperature of a wet skin
fabric within a zone, STG is the mean skin temperature
of a wet skin fabric within a zone measured by ther-
mography, WTT is the mean skin temperature of the
water tank measured by four thermistors, and WTG is
the mean skin temperature of the water tank measured
by thermography.

A thermogram was taken for each zone after the skin
temperature reached a steady state in the nude and wet
isothermal condition. As the left upper Arm, right
upper Arm, left lower Arm, and right lower Arm
zones were not divided into front and back sides,
these zones were measured from both front and back
and then averaged. The mean, maximum, and mini-
mum skin temperature within each zone of the thermo-
gram were measured with the analysis software (PE
professional, NEC Avio, Japan). The evaporative resis-
tance of the air layer was calculated using the temper-
ature from the EWS and the mean, maximum, and
minimum skin temperature in each zone, as measured
by the thermistor or the thermogram.

Evaporative resistance of clothing ensembles

The mean skin temperature for four different types of
work clothing ensembles (Table 1, Figure 2) were mea-
sured using eitherMT or an EWS under four conditions:
manikin walking at 0.00 (standing), 0.27 (15 steps/min),
0.53 (30 steps/min), and 0.80 (45 steps/min) m/s. The
heat flux, the skin temperature of the EWS, the ambient
temperature and the relative humidity were recorded on
a laptop computer every minute until each parameter
reached a completely stable state and then kept constant
for more than 30min. Before and after each

measurement, MT were checked to ensure that they
were attached firmly to the wet skin fabric. The temper-
ature data measured by MT were stored to data loggers
(LT-8, Gram Corp, Japan). For each type of clothing,
measurements were made more than three times. The
hands of the manikin were covered with gloves; the
feet, with socks and safety shoes. The mean skin temper-
ature and the evaporative resistance of the clothing
ensembles were calculated for each zone except for the
face, hands, and feet by using the temperature from
either the EWS or the mean temperature of the therm-
istors on the wet skin fabric.

The Ret of the clothing ensembles were calculated by
the following parallel method given in Equation 4.

H ¼
X20
i¼1

Hi � Tsi � Ta

� �
Ai=Rti

� �
ðWÞ ð2Þ

Ts ¼
X20
i¼1

Ai

A
� Tsi ð3Þ

Ret ¼
PðTsÞ � PðTaÞ � RH

H
� A Pa �m2 W�1

� �� �
ð4Þ

where i is the manikin zone number (i¼ 1–20), Hi is the
heat generated at zone i (i¼ 1–20), Ai is the area of zone
i (i¼ 1–20), Tsi

is the mean skin temperature of zone i
(i¼ 1–20), A is the summation of the area of zone i
(i¼ 1–20), Ts is the mean skin temperature of all
zones, Ta is the ambient temperature, Rti

is the thermal
resistance of clothing of zone i (i¼ 1–20), Ret is the total
evaporative resistance of clothing ensembles, P(Ts) is
the saturated vapor pressure at Ts, and RH is the rela-
tive humidity. The value of H, Ts and Ret were calcu-
lated for walking at 0.00 (standing), 0.27, 0.53, and
0.80m/s.

We divided the manikin shell into five parts: Arm,
Trunk, Hip, Thigh, and Calf. Each part had four zones.

Table 1. Material and weight of measured clothing ensembles

Clothing Material Weight(g)

Summer Business Suits Jacket, trousers: 50% wool, 50% polyester 701

Dress shirts: 50% polyester, 40% cotton, 10% twine 199

Tie: 100% Silk 50

Work Clothing 80% polyester, 20% cotton 605

Japanese Construction 90% polyester, 10% cotton 1071

Worker Clothing

Tyvek @ SoftWear Model III (DuPont) 100% polyethylene 153

Underwear (Gunze) Shirts: 60% cotton, 25% polyester, 15% acetate 90

Pants: 80% polyester, 15% cupra, 5% polyurethane 44
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The following equations were used to calculate the
mean skin temperature and the evaporative resistance
of each part.

Hj ¼
X4
i¼1

Hji � Tsji
� Ta

� �
Aji=Rtji

h i
ðWÞ ð5Þ

Tsj ¼
X4
i¼1

Aji

A
� Tsji

ð6Þ

Retj ¼
PðTsjÞ � PðTaÞ � RH

Hj
� Aj Pa �m2 W�1

� �� �
ð7Þ

where j is the manikin part number (j¼ 1–5), i is
the manikin zone number in part j (i¼ 1–4), Hj is the
heat generated at part j (j¼ 1–5), Hji

is the heat gener-
ated at zone i in part j, Aji

is the area of zone i (i¼ 1–4)
in part j (j¼ 1–5), Tsji

is the mean skin temperature of
zone i (i¼ 1–4) in part j, Rtji

is the thermal resistance of
clothing of zone i in part j (i¼ 1–4), Tsi

is the mean skin
temperature of part j (j¼ 1–5), Aj is the area of part
j (j¼ 1–5), Ta is the ambient temperature, and Retj

is the
evaporative resistance of clothing ensembles of part
j (j¼ 1–5). The mean skin temperature and evaporative
resistance of each part were calculated for walking
at 0.00 (standing), 0.27, 0.53, and 0.80m/s. The thermal

resistance of four types of clothing in walking
at 0.00 (standing), 0.27, 0.53, and 0.80m/s are shown
in Table 2.

Results

The thermogram of the chest zone of the wet nude
manikin in addition to the water tank showed that
skin temperature differed widely, even in the same
zone (Figure 3). The range of temperatures for the
water tank was much smaller than that for the wet
manikin skin. In Figure 4, we show the mean skin

Figure 2. The four types of clothing ensembles that were tested. From the left: SBSE, Summer Business Suits + Underwear; WCE,

Work Clothing + Underwear; JCWCE, Japanese Construction Worker Clothing + Underwear; TME, Tyvek@ SoftWear Model III +

Underwear.

Table 2. Total thermal insulation (IT) of four clothing

ensembles

Clothing

Ensembles

Total Thermal Insulation (�C �m2/W)

Standing

Walking at

0.27 m/s

Walking at

0.53 m/s

Walking at

0.80 m/s

SBSE 0.302 0.261 0.245 0.226

WCE 0.277 0.244 0.227 0.210

JCWCE 0.271 0.236 0.214 0.198

TME 0.280 0.244 0.223 0.208

SBSE, Summer Business Suits + underwear; WCE, Work Clothing +

underwear; JCWCE, Japanese Construction Worker Clothing + under-

wear; TME, Tyvek @ SoftWear Model III + underwear. Face, head, hands

and feet were excluded in calculation of the thermal insulation of the

clothing ensembles.
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temperature as measured by the EWS, the MT, and by
thermography for a wet nude manikin in an isothermal
condition. The mean, maximum, and minimum temper-
atures of the four thermistors in each zone were used to
calculate the area-weighted average skin temperatures
for the manikin and are labeled (B), (C), and (D),

respectively (Figure 4). The skin temperature and Ret

were measured four times. The mean skin temperature
as measured by the EWS (A) was higher than that mea-
sured by the MT (B) by 1.2�C (Figure 4). As a result,
the calculated Ret of (B) was 24.1% lower than that
calculated for (A). The mean skin temperature and

Figure 3. A thermogram of the chest zone of the wet nude manikin and the water tank. Manikin temperature (EWS) and room

temperature were controlled at 34�C. Upper right figure shows the histogram of skin temperature distribution of the manikin chest

zone. Lower right figure shows the histogram of skin temperature distribution of the water tank.

Figure 4. Mean skin temperatures and total evaporative resistances (Ret) of the wet nude manikin using the EWS, thermistor, and

thermography (n¼ 4). Manikin temperature (EWS) and room temperature were controlled at 34�C. For the thermistor, the mean,

maximum and minimum temperatures of the four thermistors in each zone were used to calculate (B), (C), and (D), respectively.

Similarly, (E), (F), and (G) were calculated using thermography data. The total evaporative resistance (Ret) of the air layer was calculated

using the above temperatures.

1148 Textile Research Journal 82(11)
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Ret measured by MT(B) were close to those measured
by thermography (E). When we used the maximum or
minimum temperatures of the four thermistors in each
zone to calculate whole mean skin temperature of the
manikin, the mean temperatures were significantly
higher or lower than when using the mean temperatures
of the four thermistors (Figure 4).

For the work clothing ensemble, the mean skin tem-
peratures measured by the MT were lower than those
measured by the EWS for both the standing and walk-
ing conditions (Figure 5). As the skin temperature of
the EWS was controlled at 34�C, the mean temperature
of the shell near EWS was thought to remain at 34�C
for all conditions. The decreases in mean skin temper-
ature were 0.52, 0.63, 0.72, and 0.87�C for walking at
0.00 (standing), 0.27, 0.53, and 0.80m/s. Ret calculated
using the temperature of MT to EWS resulted in a
lower value than that by EWS. Ret measured by MT
were lower than those by EWS by 10.6, 12.0, 12.9 and
15.3% for walking at 0.00 (standing), 0.27, 0.53, and
0.80m/s (Figure 5). The ratios of the evaporative resis-
tance of each part using the MT to that using the EWS
for the Tyvex Softwear Model III ensemble (TME) are
shown in Figure 6. In the Arm, the ratios of evaporative
resistance decreased more than in the other parts
(Figure 6). In Trunk or Hip, the evaporative resistance
did not decrease as much as the other parts.

For the four types of clothing ensembles, skin tem-
perature was measured and compared for the MT and
the EWS (Figure 7). For all types of clothing ensem-
bles, the skin temperature measured by the MT
decreased as the walking speed increased. The mean
decreases in the ratios of Ret using MT compared
with EWS were 9.1, 10.9, 12.5, and 14.4% for walking
at 0.00 (standing), 0.27, 0.53, and 0.80m/s, respectively
(Figure 8). The decreasing ratios of Ret for the four
types of clothing ensembles were very similar.

Discussion

Every thermal manikin except for Walter, a sweating
fabric manikin,11 uses EWS to measure the skin
temperature of each zone. However, the skin tempera-
ture should be measured on the surface of the wet
skin fabric covering the manikin where water
evaporates, according to the definition of the equation
for calculating the evaporative resistance given in
Equation 4. Therefore, we measured the surface tem-
perature of a wet skin fabric by fixing four thermistors
to each of the 20 manikin zones and compared them
with the temperature of EWS in this study. The average
temperature measured by MT was lower than that by
EWS. For four types of work clothing ensemble, the
temperature using MT in comparison with EWS

Figure 5. The mean skin temperatures and total evaporative resistances (Ret) of work clothing ensemble measured by multiple

thermistor (MT) and embedded wire sensor (EWS) on wet skin fabric. (Error bars indicate the standard deviation of four

measurements.).
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Figure 6. The ratio of evaporative resistance of Tyvex @ SoftWear Model III ensemble for five body parts by multiple thermistor

(MT) compared with embedded wire sensor (EWS) while walking at 0.00 (standing), 0.27, 0.53, and 0.80 m/s.

Figure 7. The mean skin temperatures measured by the multiple thermistor (MT) or the embedded wire sensor (EWS) for four

types of clothing ensembles while walking at 0.00 (standing), 0.27, 0.53, and 0.80 m/sec. (Error bars indicate the standard deviation of

four measurements). SBSE, Summer Business Suits + Underwear; WCE, Work Clothing + Underwear; JCWCE, Japanese

Construction Worker’s Clothing + Underwear; TME, Tyvex@ SoftWear Model III + Underwear; EWS, Embedded Wire Sensor.
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decreased by 0.49, 0.62, 0.74, and 0.89�C, for walking
at 0.00 (standing), 0.27, 0.53, and 0.80m/s, respectively.

Concomitantly, the evaporative resistances of MT
decreased by 9.1, 10.9, 12.5, and 14.4% in comparison
with those of EWS. To measure the mean skin temper-
ature of the sweating thermal manikin, 80 small therm-
istors (four thermistors for each of 20 zones), were fixed
on the wet skin fabric of the manikin. In nude wet
conditions, the surface temperature in the chest zone
varied from less than 29�C to more than 34�C from
the thermogram (Figure 3). When work clothing
ensembles covered the manikin, the average difference
of maximum and minimum temperature in each zone
was 1.2�C, which was about the same temperature dif-
ference in nude condition. These results indicated that
the multiple point temperature measurement was
required to measure the accurate mean skin tempera-
ture of each manikin zone. Multiple sensors helped to
suppress the variation of the point skin temperature by
averaging the temperature of many thermistors. During
walking in particular, different rates of heat dissipation
can be assumed between the trunk and the arms or
the legs. However, no study has been found in the
literature in which the wet skin surface temperature
was measured using multiple temperature sensors in
each zone.

Another factor causing the skin temperature varia-
tion came from skin fabric areas that did not contact
with the manikin shell, especially at joint areas. The
reason was that the skin fabric was made from one
piece of cloth, although the manikin had a complex

shape. Even in those places where the wet skin fabric
did not touch the manikin, for example the joint area of
each zone, water did evaporate from the wet skin
fabric. Thus, Figure 3 shows that skin fabric tempera-
tures near the joints were lower than in other places. In
contrast to the lower temperatures of skin fabric at the
joints, the parts of the manikin shell not covered by wet
skin fabric were considered to have higher temperatures
than elsewhere on the shell. As the mean temperature of
the manikin shell was controlled at 34�C in this exper-
iment, the heat flux from the heater would decrease due
to the high temperature of the manikin shell not cov-
ered by wet skin fabric; the decreased heat flux led to a
lower temperature for the wet skin fabric. From the
thermogram of the whole wet nude manikin, we esti-
mated that approximately 11% of the wet skin fabric
did not touch the manikin shell. The average tempera-
ture difference between the skin fabric touching the
manikin and that not touching was about 1.6�C. This
decrease in temperature contributed to the decrease in
the mean temperature of the wet skin fabric.

In this study, heat dissipation to the environment
from the manikin was increased by faster walking.
The main avenue of heat transfer was water evapora-
tion from the wet skin fabric in this experiment,
because convection and radiation were small due to
the small temperature difference between the wet
fabric skin and the ambient temperature. To compen-
sate this heat transfer, convective heat transfer was cal-
culated by using the temperature difference and the
thermal insulation of clothing ensembles, and was

Figure 8. The ratio of total evaporative resistance (Ret) calculated using the temperature of the multiple thermistor (MT) to that

calculated by the embedded wire sensor (EWS). SBSE, Summer Business Suits + Underwear; WCE, Work Clothing + Underwear;

JCWCE, Japanese Construction Worker’s Clothing + Underwear; TME, Tyvek@ SoftWear Model III + Underwear.
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subtracted from the heat transfer released from the
manikin heater. The evaporated water was able to
escape to the environment by ventilation, such as per-
meating through the clothing, passing through aper-
tures of the clothing, and the pumping effects of
walking.12 Faster walking increases both ventilation
and mass transfer between the ambient environment
and the inner clothing.13,14 This ventilation led to a
decrease in the skin temperature on the wet skin
fabric as the walking speed increased. In high-ventila-
tion areas, such as Arm, Thigh, and Calf, the ratio of
evaporative resistances calculated by MT compared
with that by EWS decreased more during faster walking
(Figure 6). In Figure 8, the ratio of Ret calculated using
the MT to that using EWS (Equation 4) decreased lin-
early at the walking velocity of 0.8m/s. If the ratio of
Ret decreased linearly by the average walking speed for
young men of 1.5m/s, the decrease in ratio at 1.5m/s
would be about 20% (Figure 8). In actual walking, Ret

would decrease further, since there will be an additional
wind effect while walking due to the air movement
around a person. These results indicated that in
higher ventilation it is important to correct the mea-
surement error of skin temperature from EWS.

The relationships between the heat flux and the
mean skin temperature of five parts measured by MT
are shown in Figure 9. All measurement data for the
four clothing ensembles during walking at 0.00 (stand-
ing), 0.27, 0.53, and 0.80m/s were included in the fig-
ures. Figure 9 shows that each measurement datum of a
part was able to be regressed on a linear line. Namely,
the decrease in temperature was almost proportional to
the heat flux in every part (Figure 9).

According to Fourier’s law, conduction of heat flux
(Q) can be calculated15 as

Q ¼ Tshell � Twsð Þ= �1=kshell þ �2=kwsð Þ ð8Þ

where Q (W/m2) is the electrically generated heat in the
manikin, Tshell (

�C) is the temperature measured by the
EWS, Tws (

�C) is the temperature measured by the MT
on the wet skin fabric, �1 (m) is the thickness of the
manikin shell on the EWS, �2 (m) is the thickness of
the wet skin fabric, kshell (W/mK) is the effective ther-
mal conductivity of the manikin shell on the EWS, and
kws (W/mK) is the effective thermal conductivity of the
wet skin fabric.

Although Fourier’s law shown above is a simplified
one-dimensional equation, it roughly describes the
linear relationship between the temperature difference
of the EWS and the MT on the wet skin fabric and the
heat flux in our results (Figure 9). The slight deflection
from the linear relationship could arise from kws, which
was not constant.16 Since �1 and kshell differ for other

kinds of sweating thermal manikins and �2 and kws also
differ for the other kinds of wet skin fabric, the
coefficient of the slope for the linear regression should
differ.

In Arm, the mean skin temperature decreased the
most with increasing mean heat flux in five parts. This
indicates that �1 was larger in Arm part than other parts
from Equation 8. In Trunk and Hip, heat flux was not
large. During walking, the air ventilation in Trunk and
Hip inside the clothing ensemble would not be so large
as in Arm, Thigh or Calf. The humidity of the air near
the wet fabric was kept higher, which led to the lower
evaporation rate and heat dissipation in Trunk and
Hip. In Thigh or Calf, the mean heat flux increased
more than the other parts during walking. The slopes
of the regression line were very similar between Thigh
and Calf. The relationships between the area-weighted
mean skin temperature and the area-weighted mean
heat flux of the five parts together are also displayed
at the right bottom of Figure 9. Area-weighted average
data also showed a linear regression relationship. In all
figures, y-intersects of the regression line were at about
34.0�C, except for Hip. Since the temperature of EWS
was controlled at 34.0�C, the temperature drop between
the EWS and MT, which was 34.0�C minus the tem-
perature of MT, was in proportion to the mean heat
flux. However, the y-intersect of the regression line of
Hip was significantly lower than 34.0�C. The lower
temperature in Hip would be caused by the fact that
a large area of the wet fabric in Hip did not come in
contact with manikin shell due to the hip joint of the
manikin during walking.

If the proportional relationship between the temper-
ature drop and the heat flux can be assumed, the pre-
diction equation of the temperature drop for each part
can be written as follows using the data from our four
kinds of clothing ensembles while walking at 0.00, 0.27,
0.53, 0.80m/s.

Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0130 ðArmÞ

ð9Þ

Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0089 ðTrunkÞ

ð10Þ

Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0115 ðHipÞ

ð11Þ

Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0063 ðThighÞ

ð12Þ

Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0071 ðCalf Þ

ð13Þ
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Tshell � Tws ¼ Heat Flux W=m2
� �

� 0:0092 ðTotalPartÞ

ð14Þ

These equations were statistically evaluated by com-
paring the root mean squared deviation (RMSD)17 and
the mean standard deviation of the measured wet fabric

temperature. The RMSD is expressed as the following
equation:

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

Xn
i¼1

d2i

s
ð15Þ

Figure 9. The relationship between the mean heat flux and the mean temperature difference between the multiple thermistor (MT)

and the embedded wire sensor (EWS) for four types of clothing ensembles while walking at 0.00 (standing), 0.27, 0.53, and 0.80 m/sec.
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where di is the difference between observed and pre-
dicted temperature for each measurement and n is the
number of measurement. Table 3 shows the data of the
mean standard deviation and RMSD of five parts for
four clothing ensembles. In total parts and Calf, the
RMSD was within double the value of the mean stan-
dard deviation for the four types of clothing ensembles.
In Hip, all the RMSD were over two times larger than
the mean SD, which showed that the predicted mean
skin temperature of wet fabric in Hip was outside the
95% confidence interval. This means that the predic-
tion equation of the skin temperature for Hip should
not be applicable. This would be caused by the fact that
the large area of Hip did not come into contact with the
manikin due to the manikin’s form, leading to the lower
skin temperature. Thus, for Hip, the original regression
equation in Figure 9 should be used instead.

For two clothing ensembles in Arm and Thigh, and
for one clothing ensemble in Trunk, RMSD were over
two times larger than the mean SD. One of the reasons
would be that the temperature of the fabric skin
differed within the parts. The air layer or the air
permeability of the different clothing ensembles could
bring differing ventilation inside the clothing during
walking.

We compared these equations with previous
research, which includes Havenith’s equation (16)10

and Wang’s equation (17).10

Tws ¼ 34:13�Heat Flux W=m2
� �

� 0:012 ð16Þ

Tws ¼ 34:00�Heat Flux W=m2
� �

� 0:0132 ð17Þ

Figure 10 shows Ret of TME estimated by six kinds
of mean skin temperature: EWS, MT, predictive tem-
perature by each individual parts equation, by
Equation (14), (16) and (17).

The widely used Ret measured by EWS was signifi-
cantly larger than the others. Ret by MT was correctly
predicted by our two equations. Ret by Equation 16 was
very close to ours at standing and walking at low speed.
One reason for this is that Havenith used the same type
of manikin as used here. At higher walking speed, pre-
dicted Ret was a little lower than ours. The y-intersect
of Equation 16 was a little larger than 34.0�C, render-
ing the slope of the equation a little steeper. This would
cause a slightly lower Ret at higher walking speed. The
predictions from Equation 16 and our equations were
very close, but Equation (17) predicted a lower Ret than
others.

There are several reasons why the results from this
equation were different. First, the y-intersect was fixed
at 34.00�C in calculating the regression line. When we
recalculated the regression line using the data from
Figure 3 in the paper by Wang et al.10 by removing
the restriction of the y-intersect at 34.00�C, the y-inter-
sect was 35.4�C and the slope was �0.023. 34.00�C was
outside of the 95% confidence interval of the y-inter-
sect. Statistically, it was impossible to write the regres-
sion line crossing the y-axis at 34.00�C from their data.
Second, the skin temperature of the wet skin fabric was
measured using a small number of temperature sensors.
It would be difficult to measure the mean skin temper-
ature of the zone. Third, their experimental conditions
contained a large temperature difference between man-
ikin shell and the ambient temperature. Since this large
temperature difference makes it difficult to measure the
skin temperature correctly, the temperature data would
have a measurement error. Finally, they used different
kinds of manikin from ours. The different types of man-
ikin material, skin fabric, or the depth of temperature
sensor would have caused a different heat transfer
coefficient.

In this experiment, the reliability of the measured
skin temperature with MT was provided from three

Table 3. RMSD values of each part for four tested clothing ensembles

Parts

SBSE WCE JCWCE TME

Mean SD RMSD Mean SD RMSD Mean SD RMSD Mean SD RMSD

Arm 0.124 0.249 0.109 0.159 0.053 0.196 0.122 0.205

Trunk 0.077 0.163 0.103 0.193 0.127 0.156 0.071 0.077

Hip 0.077 0.219 0.054 0.442 0.078 0.328 0.111 0.261

Thigh 0.070 0.082 0.048 0.104 0.089 0.191 0.122 0.108

Calf 0.114 0.109 0.044 0.066 0.064 0.078 0.057 0.078

Total 0.039 0.070 0.049 0.090 0.048 0.092 0.062 0.077

RMSD, Root Mean Squared Deviation; SBSE, Summer Business Suits + underwear; WCE, Work Clothing + underwear; JCWCE, Japanese Construction

Worker Clothing + underwear; TME, Tyvek @ SoftWear Model III + underwear. Face, head, hands and feet were excluded in calculation of the thermal

insulation of the clothing ensembles.
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aspects. The first is that the mean temperature of MT
((B) in Figure 4) was very close to the mean tempera-
ture measured by thermography ((E) in Figure 4) in a
nude wet condition. The second is that the mean stan-
dard deviations of the skin temperature in each part
were less than about 0.12�C, which was about the tem-
perature error of the thermistor. The third is that the
y-intersects of the linear regression line of MT were
almost equal to EWS. Since the temperature of EWS
is considered to be correct, the measured temperature
by MT would be correct.

Conclusion

For the first time, we have directly measured the surface
temperature of the skin fabric by fixing MT to the
fabric on each manikin zone and compared it with
that of EWS during walking. The decrease in the
mean skin temperatures of MT compared with EWS
were 0.49, 0.62, 0.75, and 0.89�C; the evaporation resis-
tances of MT compared with EWS were lower by 9.1,
10.9, 12.5, and 14.4% for walking at 0.00 (standing),
0.27, 0.53, and 0.80m/s, respectively. The equations to
predict the mean wet fabric skin temperature were pro-
vided for each of five parts: Arm, Trunk, Hip, Thigh,
and Calf. The area-weighted mean skin temperature
difference (TD) between EWS and MT for all parts
was expressed as the following equation: TD¼Heat

Flux (W/m2)� 0.0092. This equation predicted the
mean skin temperature of wet fabric during walking
fairly well. These equations would provide an estimate
of the mean skin temperature without measuring the
temperature directly.
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