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Abstract In this serial study, 486 thermal manikin tests were
carried out to examine the effects of air velocity and walking
speed on both total and local clothing thermal insulations.
Seventeen clothing ensembles with different layers (i.e., one,
two, or three layers) were selected for the study. Three differ-
ent wind speeds (0.15, 1.55, 4.0 m/s) and three levels of walk-
ing speed (0, 0.75, 1.2 m/s) were chosen. Thus, there are
totally nine different testing conditions. The clothing total in-
sulation and local clothing insulation at different body parts
under those nine conditions were determined. In part I, empir-
ical equations for estimating total resultant clothing insulation
as a function of the static thermal insulation, relative air ve-
locity, and walking speed were developed. In part II, the local
thermal insulation of various garments was analyzed and cor-
rection equations on local resultant insulation for each body
part were developed. This study provides critical database for
potential applications in thermal comfort study, modeling of
human thermal strain, and functional clothing design and
engineering.
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Introduction

Thermal insulation is one of the most important physical pa-
rameters to quantify clothing thermal comfort. It is also an
important input parameter used in thermal comfort and ther-
mal stress models (ISO 7730 2005; ISO 7933 2004; ISO
11079 2007). In workplaces with cold conditions, clothing
with sufficient insulation is used to protect the human body
against cold stress. If clothing thermal insulation is insuffi-
cient, the body core temperature may drop and the hypother-
mia could occur. Therefore, it is important to investigate how
various factors affect clothing thermal insulation. Clothing
thermal insulation can be measured using a heated manikin
or human subjects in laboratory settings (ISO 15831 2004;
Nielsen et al. 1985). Previous studies have demonstrated that
the clothing thermal insulation can be largely affected by the
wind, body movement, body posture, and clothing physical
properties and design features such as the fabric air permeabil-
ity and the clothing apertures (Belding et al. 1947; Bouskill
et al. 2002; Breckenridge 1977; Gagge et al. 1941; Havenith
et al. 1990; Havenith and Nilsson 2004; Kim andMcCullough
2000; Morrissey and Rossi 2014; Nielsen et al. 1985; Nilsson
et al. 2000; Nishi et al. 1975; Oguro et al. 2001; Olesen et al.
1982). The wind in the environment increases the convective
heat transfer coefficient and may also compress the clothing or
penetrate through the garment and openings, resulting in an
accelerated decrease of the total thermal insulation. When a
person moves, the pumping effect, depending on the air tem-
perature, may either increase or decrease its total resultant
thermal insulation (Vogt et al. 1983). In addition, the walking
effect interacts with wind. The larger the wind speed, the
smaller the walking effect on the resultant insulation. The
effect of body walking on the resultant clothing insulation
was larger for the ensembles with lower air permeability
(Havenith and Nilsson 2004).
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Many empirical equations have been developed to quanti-
tatively characterize the effects of wind, body movement, and
outer layer air permeability on resultant clothing insulation
(Havenith and Nilsson 2004; Holmér et al. 1999; ISO 9920
2007; Nilsson et al. 2000). Such equations were developed
based on the data obtained from different laboratories using
different approaches. Havenith et al. (1990) analyzed the com-
bined effect of wind and body movement by two steps and
established an equation for correcting the resultant thermal
insulation. The concept of relative air velocity to a person
considering walking effect was used and adopted by ISO
9920 (2007). Nilsson and Holmér (1997) published an expo-
nential equation based on the measurements with a movable
heated manikin. By incorporating air permeability of the
clothing outer layer, Nilsson et al. (2000) proposed a new
equation for cold weather protective clothing. It showed that
the equation of Nilsson et al. (2000) was accepted on high
insulating clothing ensembles (total insulation of 2.24~
4.61 clo). Later, Havenith and Nilsson (2004) reanalyzed the
data from different sources and developed two individual
equations for normal workwear and cold weather protective
clothing. The equation for predicting the resultant clothing
thermal insulation of workwear was based on the previous
data published by Holmér et al. (1999) and their data mea-
sured on human subjects (Havenith et al. 1990). The equation
was limited to total clothing insulation of 1.22–1.84 clo, walk-
ing speed 0–1.2 m/s, and wind 0.15–3.5 m/s. For the cold
weather clothing, reanalysis of the data of Nilsson et al. was
made and a new equation was developed with improvement of
a range of 0.14–18-m/s wind speed. Later, the ISO 9920
(2007) adopted these two equations for estimating resultant
clothing thermal insulation. Due to a lack of data on light
clothing ensembles, ISO 9920 proposed an empirical equation
for very light clothing (the intrinsic insulation below 0.6 clo)
by interpolation of the equation of the nude body with the
equation of the light workwear. The equation indicates that
the correction factor of an individual ensemble depends on
the clothing intrinsic insulation, which makes the prediction
complicated. The validity of those equations is unclear.

Hence, a comprehensive study and understanding of the
effects of air and body movement on resultant clothing insu-
lation are required. In this study, we selected 17 sets of cloth-
ing ensembles with a total thermal insulation of 0.95–3.66 clo
to investigate clothing resultant insulation using a movable
heated manikin. High wind conditions (above 3.5 m/s) were
also introduced to further extend and examine the impact of
high wind speed and combined high wind with walking on the
resultant clothing insulation. Further, due to a lack of under-
standing on clothing local thermal insulation, clothing total
thermal insulation is applied to develop a model (Tanabe
et al. 2002; Wan and Fan 2008). Actually, the local clothing
thermal insulation at different body parts varies greatly as a

result of different body shapes. This suggests the importance
of understanding of how the clothing local insulation varies
and contributes to overall clothing insulation. Thus, the sec-
ond purpose of this study was to investigate the local clothing
thermal insulation. In part I, the individual and interaction
effects of walking and wind on clothing total insulation were
investigated, and empirical equations used for predicting re-
sultant clothing thermal insulation were developed and com-
pared with previous equations.

Methodology

Clothing ensembles

In this study, 17 sets of clothing ensembles were selected and
their thermal insulation was measured under nine different
conditions. These ensembles may be divided into three
groups, depending on their total thermal insulation. Group 1
(G1) is identified as light clothing with a clo value from 0.9 to
1.49. The group 2 (G2) ensembles are moderate thick gar-
ments, and the clo value is ranged from 1.5 to 2.3; all ensem-
bles of group 3 (G3) are cold weather protective clothing with
a clo value higher than 3.2. The same shoes were worn for all
the tests. The configuration and other detailed information of
all tested ensembles are listed on Table 1.

Thermal manikin

In this study, a 34-zone “Newton” thermal manikin
(Measurement Technology Northwest, Seattle, WA, USA)
equipped with walking and sweating functions was used (as
shown in Fig. 1). This manikin could control its surface tem-
perature or heating power of each body segment individually.
To record the manikin surface temperature, thermocouple
wires were embedded in each segment of the manikin. The
heat flux generated during experiment at each body part was
recorded by ThermDAC® software.

Wind

Three levels of wind speed were introduced, namely no wind
(minimal ambient air circulation: 0.15 m/s), 1.55-m/s wind,
and 4.0-m/s wind. In order to obtain these wind speeds, a wind
tunnel consisted of three continuously variable transmission
(CVT) fans was placed in the climatic chamber. These three
fans with a diameter of 0.6 m were installed vertically. The
rotating speed of the three fans was controlled by a Siemens
Micromaster 440 frequency adjuster (Siemens AG, Munich,
Germany). The distance between the three fans and the man-
ikin was set to 1.45 m, and the front side of the manikin was
always facing to the wind tunnel. The distribution of wind
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Table 1 Configuration and other detailed information of all tested ensembles

Group Ensemble code Components Weight (g) Total thermal
insulationa (clo)

Total evaporative
resistanceb

(Pa m2/W)

Clothing air
permeability
(l/m2 s)c

G1 EN5 Cotton briefs; knitted cotton short; polyester
T-shirt

373.2 0.95 24.5 1000

EN6 Cotton briefs; woven polyester short; cotton
short-sleeve shirt—45.6 % polyester,
54.5 % cotton

357.0 1.03 27.4 50

EN7 Cotton briefs; cotton long sleeve shirt;
polyester pants

614.0 1.43 41.2 1000

EN9 Cotton briefs; cotton T-shirt; polyester
long slacks

339.6 1.08 26.1 1000

EN12 Tops—59 % polyamide, 10 % elastane,
31 % polyester; trousers—61 % polyamide,
10 % elastane, 29 % polyester; briefs—65 %
polyamide, 27 % polyester, 8 % elastane

355.8 0.95 13.1 1000

EN17 Polyester T-shirt; short—65 % polyester, 35 %
cotton; briefs—65 % polyamide, 27 %
polyester, 8 % elastane

714.2 1.11 17.2 1000

G2 EN1 Cotton briefs; cotton underwear; coverall—88 %
cotton, 12 % nylon

1637.0 1.92 85.2 1

EN2 Cotton briefs; cotton underwear; hydrophobic
layer with inner PTFE membrane coverall

1084.4 2.07 51.9 1

EN3 Cotton briefs; cotton underwear; PVC-coated
cotton coverall

1499.2 1.90 430.6 1

EN4 Cotton briefs; double-layer underwear: outer
layer—polyester, inner layer—cotton; military
uniform—50 % polyamide, 50 % cotton

1479.6 2.14 58.1 1000

EN13 Polyester jacket and T-shirt; trousers—96 %
polyester, 4 % Lycra; briefs—65 % polyamide,
27 % polyester, 8 % elastane

1096.2 1.73 32.4 1

EN14 Jacket and trousers—100 % polyester;
underwear—97 % outlast, 3 % spandex;
briefs—91 % polyamide, 9 % elastane

1264.6 2.26 35.9 1000

EN16 Polyester underwear; Gore-Tex coverall;
briefs—91 % polyamide, 9 % elastane

964.0 1.94 51.1 1

G3 EN8 Cotton briefs; cotton underwear; down coat
& pants: polyester outer layer, filling—90 %
duck down

1535.4 3.45 63.7 1

EN10 Cotton briefs; underwear—84 % polyester,
14 % cotton, 2 % spandex; fleece pants:
outlayer—51 % wool, 36 % modal, 13 %
spandex, inner layer—96.5 % polyester, 3.5 %
spandex; cotton-padded jacket—87.5 %
polyester, 12.5 % nylon

2228.0 3.26 62.1 1

EN11 Cotton briefs; cotton underwear; three-layer
firefighter ensembles: meta-aramid outer layer,
PTFE moisture barrier, needle-punched
meta-aramid inner layer

3369.4 3.31 224.4 50

EN15 Tevon jacket and Barton trousers: polyester lining,
outer fabric, 69 % polyamide, 31 % polyurethane;
Taiga trousers—53 % polyester, 38 % nylon,
9 % spandex; polyester jacket; briefs—91 %
polyamide, 9 % elastane

3794.6 3.66 123.5 1

a The total insulation of the ensemble was calculated with the exclusion of the manikin’s head (face), hands, and feet
b The determination of clothing evaporative resistance followed ASTM F2370 (2010). All tests were performed in a so-called isothermal condition
(Wang et al. 2011). The total clothing evaporative resistance was calculated using from the corrected fabric skin temperature by the heat loss method
(Wang et al. 2010). The manikin’s head (face), hands, and feet were excluded from calculation
c The clothing air permeability was estimated according to the study of Nilsson et al. (2000). The typical values used are 1 for impermeable garments, 50
for densely woven workwear, and 1000 for highly permeable garments
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speed over an area was measured at a distance of 0.45 m from
the manikin. The wind speed was measured by air speed probe
SWA 31 (Swema AB, Farsta, Sweden) at 3-min intervals. A
mean value was reported for each test scenario. The detailed
information is shown in Table 2.

Calculations

The total thermal insulation of each ensemble was calculated
by the parallel method using the following equation

I t ¼
6:45� Tsk−T a

� �
X

AiHi=Að Þ
ð1Þ

where I t is the total clothing thermal insulation (clo),
Tsk and T a are the manikin surface temperature and the air
temperature, respectively (°C),Hi is the observed dry heat loss
at the segment i (W/m2), Ai is the surface area of the segment i
(m2), and A is the total surface area (m2).

Test protocol

In thermal manikin measurements, the ISO 15831 standard
(2004) was followed. The constant temperature mode was
used, and the manikin’s surface temperature was kept constant
at 34 °C. Three different levels of walking speed of 0, 35, and
55 double steps per minute (corresponding to 0, 0.75, and
1.2 m/s, respectively) and three wind speeds (0, 1.55, and
4.0 m/s) were used. Thus, totally, nine testing conditions were
created. The air temperature (measured by Betatherm/MTNW
temperature sensors), relative humidity (measured by a
Vaisala humidity sensor, Vaisala Oy, Vantaa, Finland), and
air velocity (determined by a TSI air velocity transducer
8475, TSI Inc., Shoreview, MN, USA) were monitored
throughout the whole experiment. The thermal insulation of
each ensemble under all nine different test conditions was
determined. The boundary air layer’s thermal insulation was
also measured. Each clothing ensemble was tested at least three
times to ensure that the test variability should be lower than
5%. The testing ambient temperature was appropriately adjust-
ed to ensure that any segmental heat flux of the manikin should
be higher than 20 W/m2. The data acquisition frequency was
set at 10 s.

Results

Table 3 shows the percentage of reduction of total thermal
insulation in different test conditions. The percentage was
based on the data while the manikin was standing at a 0.15-
m/s wind (i.e., the reference condition). The decrease of ther-
mal insulation of the nude body due to wind is larger than that
of clothed body, whereas the insulation reduction of the nude
scenario due to walking is mostly smaller than that of the
clothed body. Both wind and body movement and their inter-
actions largely affect the total clothing thermal insulation. The

Fig. 1 Thirty-four-zone “Newton” thermal manikin equipped with
walking and sweating functions

Table 2 Detailed information of fans placed in the climatic chamber

Height (m) Width (cm) Width (cm)

−20 0 20 −20 0 20

0.3 4.86 3.61 2.35 1.73 1.60 1.25

0.6 5.68 4.08 4.42 1.98 1.55 1.60

1 5.11 4.19 3.07 1.82 1.62 1.49

1.2 4.85 2.57 3.69 1.73 1.03 1.63

1.5 3.25 4.44 4.41 1.24 1.47 1.51

V = 4.04±0.94 (m/s) V = 1.55±0.35 (m/s)
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maximum change occurs in the condition of walking at 1.2 m/
s with a 4.0-m/s wind, ranging from 31.6 to 68.6 %. In gen-
eral, the reduction rate for the ensemble of G1 with a low
insulation is the biggest (56.8 to 68.6 %), followed by G2
(42.6 to 60 %), and the G3 with the highest insulation showed
the lowest decrease of thermal insulation (31.6 to 49.1 %).
Comparing with the reference condition, the 4-m/s wind
causes a total thermal insulation reduction of 55.9~64.2,
37.5~47.2, and 30.7~39 % for G1, G2, and G3, respectively.
The walking speed of 1.2 m/s without wind results in 13.6~
44.1 % decrease in the total thermal insulation compared with
that of the reference condition. Furthermore, the walking ef-
fects for EN 12 and EN 10 are the lowest among the clothing
groups G1 and G3, respectively, namely 20.8 and 15.1 %.

Effect of wind on total thermal insulation

The effects of wind speed on clothing resultant thermal insu-
lation under three different levels of walking speed are shown
in Fig. 2. It is obvious that the total thermal insulation de-
creases with the increasing air velocity under all three levels
of walking speed (refers to Fig. 2a–c). The linear regression
models under three walking conditions are shown in Eq. 2,
and the coefficients are presented in Table 4. The resultant
insulation shows a linear relationship with the static thermal

insulation. Moreover, in any case of three walking speeds, the
slope in the condition of 1.55-m/s wind is steeper than that in
the condition of 4.0 m/s wind. Comparing the slopes in differ-
ent walking speed, it shows that the slope increases with the
walking speed, which indicates that the difference between
resultant thermal insulation and static insulation decreases
with the increasing of walking speed.

I t;r ¼ a� I t;static þ b ð2Þ

where It,r is the resultant clothing insulation (clo) and It,static is
the static clothing insulation in a specific condition (clo).

Effect of walking on total thermal insulation

Figure 3 presents the effects of walking speed on the total
clothing thermal insulation under three different wind speeds.
Similarly, the dynamic thermal insulation shows a linear rela-
tionship with the reference thermal insulation in different
walking speeds (refers to Fig. 3a–c). The format of the regres-
sion model is the same with Eq. 2. As the difference in the
effect of walking between the two walking speeds was mini-
mal, a universal model was developed. The coefficients under
three wind conditions are presented in Table 5. The slope
increases with the increasing wind speed, which indicates that

Table 3 Percentage of reduction of total thermal insulation in different test conditions

It (clo) Percentage of reduction (%)

Standing Walking 35 (0.75 m/s) Walking 55 (1.2 m/s)

Group Ensemble Standing, wind
(0.15 m/s)

Wind 1.55 Wind 4.0 Wind 0.15 Wind 1.55 Wind 4.0 Wind 0.15 Wind 1.55 Wind 4.0

G1 EN5 0.95 44.7 64.2 27.6 50.8 66.9 38.7 52.6 67.5

EN6 1.03 41.8 63.2 33.1 50.8 66.1 42.8 52.9 66.4

EN7 1.43 31.9 58.3 31.0 49.5 64.1 41.8 51.7 65.1

EN9 1.08 39.1 58.9 23.3 45.2 60.7 30.5 45.4 61.1

EN12 0.95 38.0 55.9 14.1 39.9 55.7 20.8 40.4 56.8

EN17 1.11 45.1 63.7 32.2 52.2 67.2 44.1 57.7 68.6

G2 EN1 1.92 23.7 37.5 29.1 35.5 40.0 34.2 36.0 42.6

EN2 2.07 25.2 39.8 24.0 35.5 42.1 29.9 35.7 43.8

EN3 1.90 27.2 38.2 32.8 41.5 46.4 37.5 41.7 48.6

EN4 2.14 30.1 39.5 25.6 36.3 43.6 32.5 37.5 45.5

EN13 1.73 29.9 47.2 30.6 43.8 57.1 39.1 48.6 60.0

EN14 2.26 24.9 45.1 16.8 26.9 46.5 23.2 30.7 48.3

EN16 1.94 21.6 42.4 29.2 39.0 50.0 36.5 43.2 51.9

G3 EN8 3.45 12.8 31.7 21.0 24.5 35.3 24.3 25.2 35.8

EN10 3.26 15.3 30.7 10.3 14.8 31.5 13.6 15.1 31.6

EN11 3.31 24.2 39.0 28.7 41.0 47.6 37.5 45.6 49.1

EN15 3.66 19.0 35.6 21.3 28.2 42.8 26.2 30.7 44.7

G4 Nude 0.63 50.4 68.4 18.7 50.8 69.5 27.6 51.5 69.6
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the effect of walking speed on the dynamic thermal insulation
is attenuated at high wind speed. Moreover, the walking speed

of 0.75m/s causes the decrease of the static thermal insulation,
but a further increasing of walking speed shows a minimal
effect.

Interaction effect of air and body movement on clothing total
thermal insulation

The relationship among air velocity, walking speed, and the
total thermal insulation has been analyzed by multiple nonlin-
ear regression. In order to ensure that the correction factor
equals the unity for measurements made at the standing pos-
ture with the 0.15-m/s reference wind, a subtraction of this
reference wind speed was made. The relative air velocity as
defined in ISO 9920 (2007) was introduced to account for the
effects of body movements on convective heat exchange
(Havenith and Nilsson 2004). The correction factors for the
boundary air layer’s thermal resistance Ia were also analyzed.
The prediction quality is judged by the correlation factor R2

and the sum of squares for error (SSE) value.
The correction equation for the boundary air layer’s insu-

lation reads

Ia;r=Ia ¼ exp −0:559* υar−0:15ð Þ þ 0:057* υar−0:15ð Þ2 þ 0:271*w−0:027*w2
� �

ð3Þ

where Ia,r is the resultant boundary air layer’s insulation (clo),
Ia is the reference boundary air layer’s insulation (clo), υar is
the relative air velocity to a person (m/s), and w is the walking
speed (m/s); the validity intervals for Eq. 3 are 0.15–5.2-m/s
relative air velocity and 0–1.2-m/s walking speed; the corre-
lation factor R2=0.98; SSE=0.009.

The 3-D figure of the correction equation for the reference
boundary air layer’s insulation is plotted in Fig. 4. It should be
noted that the relative air velocity has already been considered
the wind speed and walking speed. In this study, the wind is
blowing toward the front side of the manikin, and thus, the
relative air velocity equals the sum of the wind speed and the
walking speed (ISO 9920 2007).

Fig. 2 Effects of wind speed on clothing resultant thermal insulation
under three different levels of walking speed. a Standing. b Walking
0.75 m/s. c Walking 1.2 m/s

Table 4 Coefficients under three walking conditions showing effect of
wind on thermal insulation

Walking speed
(m/s)

Wind speed
(m/s)

a b R2

0 1.55 0.914 −0.342 0.991

4.0 0.767 −0.383 0.988

0.75 1.55 1.000 −0.216 0.992

4.0 0.851 −0.228 0.975

1.2 1.55 1.015 −0.150 0.994

4.0 0.866 −0.167 0.979
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For each of the three clothing groups, the relationship
among the relative air velocity, walking speed, and

correction factors for the reference total clothing insulation
was determined by multiple nonlinear regressions. The
correction equation is the similar to that made for the
boundary air layer. For G3 and all testing ensembles, the air
permeability was taken into account when performing the
analysis. The coefficients a, b, c, and d; the correlation
factor R2; and SSE values for each garment group are
displayed in Table 6. The prediction equations presented in
ISO 9920 (2007) were revisited and shown in Table 6. The
regression results exhibit a good correction equation with a R2

higher than 0.71. It is obvious that these three garment groups
show distinct coefficients. It was also found that the incorpo-
ration of clothing air permeability factor improves the R2.

The correction equations for the total clothing insulation
read

Corr ¼ I t;r=I t ¼ exp a* υar−0:15ð Þ þ b* υar−0:15ð Þ2 þ c*wþ d*w2
� �

ð4Þ

Corr0 ¼ I t;r=I t ¼ exp a* υar−0:15ð Þ þ b* υar−0:15ð Þ2 þ c*w
� �

*pd
� �

ð5Þ

where Corr′ and Corr are the correction factors with and with-
out considering air permeability, respectively, It,r is the resul-
tant clothing insulation (clo), It is the reference clothing insu-
lation (clo), υar is the relative air velocity to a person (m/s), w
is the walking speed (m/s), p is the clothing air permeability

Fig. 3 Effects of walking speed on the total clothing thermal insulation
under three different wind speeds. a 0.15-m/s wind. b 1.55-m/s wind. c
4.0-m/s wind

Table 5 Coefficients
under three walking
conditions showing
effect of walking on
thermal insulation

Wind speed
(m/s)

a b R2

0 0.810 −0.174 0.957

1.55 0.892 −0.052 0.965

4.0 0.923 −0.018 0.986

Fig. 4 Three-dimensional figure of the correction equation for the
reference boundary air layer’s insulation

Int J Biometeorol (2015) 59:1475–1486 1481



(l/m2 s), and the validity intervals for the correction equations
are 0.15–5.2-m/s relative air velocity and 0–1.2-m/s walking
speed.

Comparison of predicted resultant insulation by our equations
and ISO 9920

Table 7 presents an example of predicted resultant clothing
insulation prediction using our equations and equations of
ISO 9920 (2007). The comparison of predicted correction
factors by our equations and those by ISO 9920 with mea-
sured value is plotted in Fig. 5. The overall R2 of our equations
and the equations adopted by ISO 9920 is 0.821 and 0.439,
respectively. It indicates that our equations provide a much
better prediction of the resultant thermal insulation than that
by the ISO 9920. For nude scenario, the equation developed in
this study provides a closer value than Eq. 33 in ISO 9920,

especially in walking conditions. For normal workwear, under
condition of 0.75-m/s walking with 1.55-m/s wind, Eq. 32 in
ISO 9920 gives a much lower correction factor (i.e., the pre-
dicted resultant insulation by ISO 9920 are always lower) than
those predicted by Eqs. 3 and 4 for G2 developed in our study.
For example, the correction factors estimated by the ISO 9920
for the nude and G2 are 14.5 and 11.9 % lower than our
observed values. For very light clothing with intrinsic insula-
tion of 0.5 clo, Eq. 4 for G1 developed in our study gives a
close prediction to Eq. 33 in ISO 9920. It should be noted that
the prediction by Eq. 33 in ISO 9920 ranges from 0.347
(nude) to 0.512 (workwear), depending on the clothing intrin-
sic insulation. For high insulation clothing, ISO 9920 gener-
ated a higher correction factor than our equation (Eq. 5) de-
veloped in this study. It is indicated that our equation shows
closer prediction than the ISO 9920 based on data reported by
Bouskill et al. (2002). Based on the observed data byHavenith

Table 6 Prediction equations presented in ISO 9920 and coefficients a, b, c, and d; the correlation factor R2; and SSE values for each garment group

Equation Group a b c d R2 SSE

Eq. 3 G1 −0.393 0.0393 −0.0728 0.0503 0.93 0.153

Eq. 3 G2 −0.233 0.026 −0.238 0.107 0.88 0.157

Eq. 32 (ISO 9920) G2 −0.281 0.044 −0.492 0.176 0.93 –

Eq. 3 G3 −0.153 0.014 −0.193 0.0972 0.72 0.192

Eq. 3 All −0.263 0.0272 −0.193 0.101 0.71 1.402

Eq. 4 G3 −0.138 0.0132 −0.079 0.129 0.86 0.094

Eq. 35 (ISO 9920)a G3 −0.0512 0.000794 −0.0639 0.1434 0.95 –

Eq. 4 All −0.224 0.0234 −0.0641 0.0548 0.79 1.029

“–” means not available
a The reference air velocity is 0.4 m/s

Table 7 Example of predicted resultant clothing insulation prediction using our equations and equations of ISO 9920

Clothing type Wind speed
(m/s)

Walking speed
(m/s)

Our equation ISO 9920
(2007)

Measured value Reference

Nude <0.2 0.77 0.815 0.545 0.775 Bouskill et al. (2002)

Nude 1.0 0 0.648 0.668 0.577 Bouskill et al. (2002)

Nude 1.55 0.75 0.472 0.347 0.492 This study

Light clothing with intrinsic
insulation of 0.5 clo (G1)

1.55 0.75 0.502 0.485 0.519 This study

Workwear (G2) 1.55 0.75 0.608 0.512 0.631 This study

Impermeable thick ensemble (G3) 1.55 0.75 0.745 0.868 0.775 This study

Densely thick ensemble (G3) 1.55 0.75 0.614 0.780 0.590 This study

Densely thick ensemble (G3) 1.0 0.37 0.745 0.881 0.752 Bouskill et al. (2002)

Workwear (G2) 0.70 0.30 0.786 0.713 0.740 Havenith et al. (1990)

Workwear (G2) 0.70 0.90 0.663 0.541 0.617 Havenith et al. (1990)

Workwear (G2) 1.10 1.04 0.611 0.493 0.526 Nielsen et al. (1985)

Workwear (G2) 1.00 0.69 0.663 0.557 0.660 Morrissey and Rossi (2014)

Workwear (G2) 2.50 0.69 0.559 0.494 0.509 Morrissey and Rossi (2014)
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et al. (1990), our Eq. 4 developed for G2 showed a closer
predicted correction factors than those by the ISO9920. An
exception is that our equation gives a higher correction factor
than the ISO 9920 when examining the data reported by the
study of Nielsen et al. (1985). This might be related to the data
shown in their study that were measured by human subjects.
Lastly, it is also evident that our equation shows closer pre-
diction than the ISO 9920 based on data reported by
Morrissey and Rossi (2014).

Discussion

In this study, both individual and interaction effects of wind
and body movement on the total thermal insulation of the
boundary air layer and various types of clothing ensembles
were systematically investigated using a movable thermal
manikin. It is evident that the wind and body movement and
their interactions show distinct impacts on the total thermal
insulation provided by ensembles. The wind and body move-
ments cause a remarkable reduction of clothing total thermal
insulation. This is consistent with previous documented stud-
ies (Belding et al. 1947; Breckenridge 1977; Havenith et al.
1990; Havenith and Nilsson 2004; Kim and McCullough
2000; Nielsen et al. 1985; Nilsson et al. 2000; Nishi et al.
1975; Oguro et al. 2001; Olesen et al. 1982). We also found
that the wind caused a sharp reduction in the boundary air
layer’s insulation, which is more pronounced than those at
the clothed body regions (Havenith et al. 1990). For thin and
light ensembles, the wind and body movement caused greater
reductions of total thermal insulation, which is mainly as re-
sult of the high air permeability of those ensembles and the
larger unclothed areas. In contrast, a relative smaller reduction
was observed in multilayer-thick ensembles. Clothing ensem-
bles with a similar thermal insulation range, such as those of

G2 and G3, were investigated in previous studies. A reduction
of 37.5~47.2 % in total thermal insulation of G2 found in this
study is consistent with the findings of Havenith et al. (34~
40%) with a condition of 4.1-m/s wind (Havenith et al. 1990).
Under the reference wind condition, the total resultant insula-
tion decreases linearly with the increasing walking speed as
demonstrated in Fig. 3. A similar development trend was
found in two previous studies (Havenith and Nilsson 2004;
McCullough and Kim 1996). Under three different walking
speeds, a larger reduction in the thermal insulation was ob-
served in a stronger wind condition. The resultant thermal
insulation showed a linear correlation with the thermal insu-
lation determined at the reference wind condition (shown in
Fig. 2). In contrast, the difference in reduction of thermal
insulation caused by two walking speeds (0.75 and 1.2 m/s)
was insignificant under all three air speeds. The effect of walk-
ing speed was minimal at higher wind speed conditions. This
is in line with a previous study by Havenith and Nilsson
(2004). In addition, the effect of walking on the resultant ther-
mal insulation also depended on the garment fit. As shown in
Table 3, the tight fit EN 12 and EN 10 presented the lowest
among the clothing groups G1 and G3, respectively, whereas
the loose fit EN 11 in G3 showed a higher reduction due to
body motion. Those might be related to the garment structure.
The tight fit garment develops smaller air gap layer along
human body; then, the air ventilation caused by body motion
is minimal, resulting in lower reduction in thermal insulation.

Several empirical equations were introduced in the ISO
9920 (2007) to estimate the combined effects of wind and
body movement on both the boundary air layer’s insulation
and the clothing total insulation. These prediction equations
for the traditional workwear and cold weather protective
clothing were separated. It should be noted that the measure-
ments were conducted in different laboratories using a mixed
method, i.e., human subjects and movable heated manikins
(Havenith et al. 1990; Holmér et al. 1999; Nilsson et al.
2000). Havenith et al. (1990) found that the resultant thermal
insulation was affected by its static insulation. In this study,
the garments were divided into three groups and their individ-
ual empirical equations showed good predictions. For
workwear in G2, although Eq. 32 (ISO 9920 2007) showed
similar predictions as our equation developed, the validation
range of our equation has been extended to a relative air speed
of 5.2 m/s, as shown in Fig. 6. It should be emphasized that
only part of the data presented in the studies of Havenith et al.
(1990) and Holmér et al. (1999) were applied in the regression
analysis, namely the thermal insulation measured in condition
of air velocity less than 3.5 m/s. The thermal insulation data
determined in the condition of 4.1-m/s wind were excluded in
the regressionmodel.We explored the possibility of extending
Eq. 32 to higher relative air speed conditions. However, we
found that Eq. 32 (ISO 9920 2007) failed to give a reasonable
prediction if the relative air velocity is higher than 3.5 m/s.

Fig. 5 Comparison of predicted correction factors by our equations and
those by ISO 9920 with measured value
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Surprisingly, the predicted resultant thermal insulation tends
to increase with the increasing of air velocity (see Fig. 7). One
possible reason could be that the data source of Eq. 32 in ISO
9920 was not well explored. Also, the thermal insulation de-
termined by human subjects requires sophisticated technology
and management, and it varies on different subjects, showing
a low repeatability. This may cause an inaccuracy in the re-
ported data. It has been demonstrated that, for a same type
clothing ensemble, the thermal insulation measured by a heat-
ed manikin is higher than that obtained by human subjects
(Havenith et al. 1990; Nishi et al. 1975; Vogt et al. 1983).
On the contrary, Nielsen et al. (1985) and Olesen et al.
(1982) found that the value measured by the manikin ap-
proach was lower. Therefore, it is essential to systematically
investigate the effect of wind and body movement on the
clothing total resultant insulation using the same testing meth-
od (as described in this study).

For cold weather protective clothing in G3, the air perme-
ability was considered as an influential factor in Eq. 35 in ISO
9920 (2007). In our study, the correction factor R2 increases
from 0.72 to 0.86 if the air permeability factor was introduced,
which reconfirms the effect of air permeability on the resultant

insulation of thick ensembles (Morrissey and Rossi 2014).
The parameters showed in Eq. 35 in ISO 9920 (2007) for
the air velocity and walking speed are rather small, especially
that the constant b is close to zero. It is thus indicated that the
impacts of air velocity and walking speed on the reduction of
total insulation are low. It should also be noted that the cloth-
ing air permeability (CAP) was estimated according to the
study of Nilsson et al. (2000). The recommended CAP of
impermeable clothing, densely woven clothing, and highly
permeable clothing is 1, 50, and 1000, respectively. As these
recommended values are constants, thus, using such estimated
values may reduce the prediction accuracy. Generally, the
CAP was difficult to determine because it is largely deter-
mined by the fabric air permeability, garment fit, openings,
and vents (Bouskill et al. 2002). The consideration of only
air permeability of the clothing in the regression model might
not be enough. Several studies showed that the clothing ven-
tilation affects the clothing thermal insulation (Bouskill et al.
2002; Dai and Havenith 2009) and the clothing ventilation
property can be measured by the tracer gas method
(Havenith et al. 2010). These suggest that future studies
should explore the possibility of application of clothing

Fig. 7 Resultant thermal insulation predicted by Eq. 32 (ISO 9920 2007)
tends to increase with the increasing of air velocity

Fig. 8 Three-dimensional figure for the correction factor of clothing
ensemble G1

Fig. 9 Resultant thermal insulation predicted by Eq. 33 (ISO 9920 2007)
tends to increase with the increasing of air velocity under conditions of
high wind speed and walking speed

Fig. 6 Validation range of our equation extended to a relative air speed of
5.2 m/s
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ventilation parameters in the regression equation for
predicting resultant clothing insulation.

Lastly, for very light clothing ensembles with an intrinsic
insulation less than 0.6 clo (i.e., the estimated total insulation
is 1.2 clo), an indirect method (interpolation between Eqs. 32
and 33 for the nude body) in the ISO 9920 is used to predict
clothing resultant insulation. In order to enhance prediction
accuracy, it is suggested to consider our equation for G1 to
replace Eq. 34 in ISO 9920 (2007). For Eq. 4 of G1 developed
in this study, the relative air speed has been extended to a
higher air velocity up to 5.2 m/s. The correlation factor R2

and SSE of this equation are 0.93 and 0.153, respectively,
which again indicates that the prediction accuracy is high.
The 3-D figure for the correction factor of clothing ensemble
G1 is plotted in Fig. 8. The condition with the largest wind
speed and walking speed causes the smallest resultant thermal
insulation, which supports that the equation developed for
group G1 shows reasonable predictions. In addition, our
Eq. 3 developed for the boundary air layer (see Fig. 4) shows
good estimations to that predicted by Eq. 33 of ISO 9920
(refers to Table 7). It should be noted that the validity interval
of our equation has been widely extended to a relative air
speed of 5.2 m/s.We also explored the possibility of extending
Eq. 33 to higher relative air speed conditions. However, we
found that the resultant thermal insulation predicted by Eq. 33
(ISO 9920 2007) tends to increase with the increasing of air
velocity under conditions of high wind speed and walking
speed (see Fig. 9).

Conclusions

The effects of wind and body movement on the resultant ther-
mal insulation differ distinctively across different types of
clothing. The effect is associated strongly with garment design
features and CAP. The developed prediction equations for
three different clothing ensemble groups have been presented.
Compared with the prediction equations presented in ISO
9920 (2007), the presented equations showed a good agree-
ment in the prediction of clothing resultant insulation and can
be applied with a high air velocity. The databases are gener-
ated from very light to thick clothing ensembles, and the val-
idation range of the empirical equations has been extended to
higher relative air velocity conditions (over 5.0 m/s). The
equations developed in this study exhibit potential applica-
tions in modeling human thermal comfort and thermo-
physiological responses.
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