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Abstract:
Former studies done by other authors investigated the first- and second-layered air gaps beneath the clothing
garments. None of the previous studies reported multidisciplinary clothing design testing approach linking both the
objective measuring methods and subjective responses, while testing the thermal properties linked to a microclimatic
volume formed between the layers of garments forming the ensemble. Neither was determined the limiting value
of the microclimatic volume for outerwear garments, after which the thermal insulation will start to decrease due
to convection. By taking the advantage of the precise three-dimensional (3D) body scanning technology and
reverse engineering 3D CAD tool, the volume of the microclimatic air layers formed under outerwear garments was
determined to study the impact of the ensemble’s microclimatic volume on the overall insulation value, measured by
means of the thermal manikin. The jacket with the smaller microclimatic volume provided 5.2–13.5% less insulation
than wider jackets, while the ensembles with tighter jackets showed 0.74–1.9% less insulation in static and 0.9–
2.7% more insulation in dynamic conditions, thus proving that the limiting value of the microclimatic volume is
greater than previously reported for three-layered ensembles. The effective thermal insulation value was reduced in
average by 20.98–25.34% between standing and moving manikins. The thermal manikins are designed for steadystate measurements and do not work well under transient conditions, so three human subjects were employed as
evaluators of the clothing thermal quality. In cooler climatic conditions, the measured physiological parameters and
subjects’ grades pointed to discomfort while wearing ensembles with tighter jackets.
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1. Introduction

area, and the spatial variations due to body shape, posture,
movement, and clothing draping [6–8, 15].

The study on the effects of walking on the thermal properties
of clothing and subjective comfort requires multidisciplinary
testing approach, but so far only a negligible number of studies
have tried to link the limiting value of the microclimatic volume
for outerwear garments, after which the thermal insulation will
start to decrease due to convection. Garments create a certain
microclimate around the body, [1, 2] affecting the thermal
comfort felt by humans [3]. The average microclimatic air layer
thickness plays an important role in the heat transfer between
the body and the environment, especially when considering the
trapped, still air in steady state [1, 4–6]. A small change by 5 mm
in the air gap thickness will noticeably increase both thermal
and evaporative resistances of the garment in the steady-state
conditions [7, 8]. However, after exceeding a certain limiting
volume or thickness, the air becomes an ineffective insulator
[9, 10] as increased convective airflow potential enhances
the inhomogeneous heat and mass transfer in clothing [6–8].
The body motion and wind will further increase the potential
for heat transfer [11–15] while forcing the convection, which
prevents the linear increase of total dry heat loss [6, 16–21].
The standardized methods for measuring thermal insulation of
clothing tend to neglect the local air gap thickness, the contact
http://www.autexrj.com

By selecting the appropriate fabric type and the design of
ease allowances, one can adjust the garment’s comfort level
[22] since the additional air spaces formed under outerwear
garments appear to dominate the overall thermal properties of
clothing ensembles [23]. Former studies investigated only the
microclimatic air layers formed under first- and second-layer
ensembles [4, 9, 20, 22, 24–28]. Previously, the decrease in
thermal insulation was reported when the air gap volume was
greater than 6 [24] and 11.9 dm3 [27].
Since the three-dimensional (3D) scanning is currently the
most reproducible and precise method for quantifying the air
volume formed under clothing [4], in this study, the volume
was determined by 3D scanner and calculated by the reverse
engineering CAD suite Geomagic. The method for the
quantification of the microclimatic volume is adopted from the
study by Psikuta et al. [15, 25], differing in the overall volume
quantification under third microclimatic layer scanning three
male subjects. The determination of air gap thickness is usually
done on stationary manikins using advanced 3D scanning and
post-processing methods, since processing 3D data of moving
1
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2.1. Objective measuring methods

human body is still in its infancy. It requires the same postprocessing procedure to get the 3D animation even when using
multiple high-quality 3D scanners to capture all sides of the
moving object and temporal-3dMD systems [29].

2.1.1. Material testing and clothing selection
The three-layered laminate was used to produce the outer
shell. It consisted of the 100% polyester (PES) as outer layer
and inner lining and the middle layer was polytetrafluorethylene
(PTFE) membrane protected with polyurethane (PU) particles.
The 100% PES fabric was used as lining, while the underlying
garments were composed of 100% cotton (such as jeans
trousers and shirts) and produced in size 50.

Although few started investigating the triple-layer composite
arrangements for reducing thermal burden [6, 30], studies
covering the three-layered ensembles with outerwear garments
are rarely reported. This study investigates the impact of the
walking on the decrease of thermal insulation in accordance with
the volume of the air trapped inside the clothing microclimate
formed under the outerwear layers (three-layered ensembles)
and afterward the comfort state of subjects.

The material testing was performed as follows:
•
Mass per unit area according to ISO 3801 [37]
•
Thickness (h) according to ISO 5084 [38]
•
Air permeability (AP) according to ISO 9237 [39]
•
Water vapor resistance (Ret) and thermal resistance (Rct)
according to ISO 11092 at relative humidity (RH) = 60%
(1993) [40].

2. Materials and test methods
The objective testing methods were covered in the first part of the
experimental study. This involved the material testing, the jacket
construction, the 3D scanning, the scan preparation, and the
thermal manikin testing. Previous studies on the microclimatic
volume affecting the clothing insulations were mostly obtained
with manikin stationary [9, 20, 27, 28, 31]. However, since the
ventilation when walking forces the insulation reduction ([12,
32–36]), the multidisciplinary approach with moving thermal
manikin was used.

Table 1 summarizes the structural and physical characteristics
of the materials used to produce the selected garments [41].
The underwear composed of 100% cotton was used to provide
good moisture wicking with minimal heat retention in mild-tocool ambient conditions in order to avoid eventual discomfort
during wear trials since the cotton fibers are breathable and
absorbent and thus provide feeling of comfort while wearing
such fabrics in close contact with body [42, 43]. The jackets
as outerwear garments have greater values of the ease
allowances added and correspondingly provide greater
microclimatic volume, which will foster an increase in forced
convection. Thus, the four variants of the male bomber jacket
were constructed by CAD Lectra Systemes and produced from
the same materials, differing from one to another in the amount
of the ease allowance added strictly to the chest (100 cm)
and the waist circumference (82 cm) as proposed by Amirova
and Sakulina [44], leaving all the other dimensions unaffected
(the shoulder seam, the neck opening, the hip circumference,
the length of the sleeves, and the length of the jacket; Table
2). Large ease allowances were added according to studies
by Moll and Wright [45], who deduced the maximum value of
chest expansion while breathing of 11.8 cm for males aged 25–
34 years, and Myers-McDevitt [46], who stated that more than

The second part of the experimental study covered the
wear trials with the subjective judgments expressed by the
human subjects and simultaneous evaluation of physiological
parameters. The human subjects, dressed into selected
ensembles, were scanned in the 3D scanner. After scan postprocessing, the clothing’s area and the volume were computed.
Since Psikuta et al. [25] proved the low variability of the air gap
thickness and such variability leading to less than 1% change in
the thermal resistance of the air gap beneath the garment, only
the overall volume of microclimatic air layer was measured.
In this study, the impact of the microclimatic air volume on the
overall insulation value was tested under dynamic condition
in order to fully understand the impact of the air currents and
ventilation of the air inside the clothing microclimate on the
insulation decrease due to the corresponding bellows effect set
to motion during walking.

Table 1. Structural and physical characteristics of materials selected for jacket production and garments [41]

Selected materials

Mass per unit
area (g/m2)

H
(mm)

AP
(l/m2s)

Ret
(m2Pa/W)

Rct
(m2K/W)

Jacket outer fabric being a threelayer laminate in twill weave

189.20

0.3800

0

9.3767

0.0706

Jacket lining in plain weave

54.58

0.0776

121.4

10.0148

0.0677

Knitted fabric for undershirts

157.14

0.8636

1895.2

8.6573

0.1151

Knitted fabric for underpants

134.19

0.7347

1121.2

7.9647

0.1124

Fabric for shirts in plain weave

121.28

0.4557

331.8

7.3747

0.0839

Jeans fabric in twill weave

425.62

1.1287

48.4

11.1716

0.0985
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20.32 cm of ease should be added to chest circumference for
loose-fitting garment. The jackets’ chest circumference varied
from 122 to 126 cm, while waist circumference varied from 118
to 134 cm [41].

performed in order to quantify the overall volume of each
selected clothing ensemble.
Since the scanning technology enables the polygonal
mesh generation thus reducing the point cloud data without
compromising the surface quality, the rendering and
determination of volume and surface area can be obtained [47].
The scanned human subjects were imported by the Geomagic
Design X software in the obj. format, and the multiple scans
were simultaneously processed, aligned, combined into a
single fused mesh, and finally reconstructed manually through
stages to restore many of the surface features of the clothing
complicated geometry. The Geomagic Design X software is
used as a powerful 3D CAD tool for the scan modeling, design,
engineering, and preparation for the manufacturing.

The abbreviation used in the paper to describe jacket variant is
CG, while the abbreviation for entire clothing ensemble is CE.
The area of the lower part of the sleeve changed according to
the slight changes in the depth of the armhole, following the
extension of the chest girth. The area of each pattern part was
calculated using the 2D/3D Optitex software. Between jacket
variant CG 1 and CG 2, the increase in the ease allowance
was 18.2%. The increase in the ease allowance between
jackets CG 2 and CG 3 was 30.8% and between CG 3 and
CG 4 the ease allowance value increased by 11.7%. The initial
area calculation of each pattern part was shown in order to
compare the results with Geomagic Verify calculations on
whole garments.

The stages of the manual scan processing involve healing
defects, reconstruction of the mesh features using the
remaining polygons, re-meshing and rewrapping, and finally
the surface smoothing. After the scans have been edited and
processed manually, they are finished by the mesh buildup
wizard option and exported to the Geomagic Verify to calculate
the volume and the area.

The above-described garments (undershirt, underpants, shirt,
jeans, socks) and jackets formed the testing ensembles, where
the ensembles varied only in the jacket variant added. The
clothing ensemble CE 0 is the control ensemble without the
jacket added to the combination. The ensemble CE 1 had
jacket variant CG 1 added, ensemble CE 2 had jacket variant
CG 2 added, ensemble CE 3 had jacket CG 3 added, and
ensemble CE 4 had CG 4 jacket added.

2.1.3. Thermal insulation measurements
The dry heat loss was measured performing the manikin test at
the constant skin temperature [9, 19, 28, 33, 36, 48].

2.1.2. The 3D quantification of the microclimatic volume

The official international standard applied during thermal
manikin measurements proposes specific climatic conditions
inside climatic chamber and measuring protocol [49]. Since,
the air temperature should be set at 12° below the manikin’s
mean surface temperature, the ambient air temperature inside
the climatic chamber was set to ta = 20 ± 0.2°C with the spatial
variations not exceeding ± 1°. The RH was set to 30–70% with
the spatial variations not exceeding ± 10%, and the air speed
was set to va = 0.4 ± 0.1 m/s with the spatial variations not
exceeding ± 50% of the mean value within 0.5 m of the manikin

The procedure of the quantification of the microclimatic volume,
formed between the layers of garments, initially started by the
3D laser body scanning the human subjects. The scanner used
is Vitus Smart (Human Solutions GmbH). First, the subjects
were scanned in a tight underwear in order to quantify the
initial volume of the human body. Afterward, the scanning of
subjects dressed in the selected clothing ensembles in an
upright standing position was conducted. The latter step was

Table 2. Values of the chest circumference, the waist circumference, and the area of pattern parts of the produced male bomber jackets [41]

Measurement designation

Dimensions (cm)

Jacket variant

CG 1

CG 2

CG 3

CG 4

Chest circumference (cm)

122

126

134

138

Ease allowance value added to chest circumference (cm)

22

26

34

38

Waist circumference (cm)

118

122

130

134

Ease allowance value added to waist circumference (cm)

36

40

48

52

Area (cm )

Pattern part

2

Back

3410

3463

3563

3619

Lower part of the sleeve

874

874

953

991

Upper part of the sleeve

1428

1428

1428

1428

Front

1419

1444

1494

1523

Total area of the jacket (cm2)

10852

10955

11313

11503
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perception to the skin temperature and microclimatic RH [54].

surface. The system should always reach the steady-state
conditions and constant values before the testing.

After scanning, the same subjects conducted a series of the
laboratory trials according to ISO 10551 [55]. The subjects did
one trial at the time in specific set of conditions throughout all
three phases and were exposed to three sets of the climatic
conditions to better correspond to the real conditions of wearing
selected garments in the different cool and the moderate
workplace environments.

The walk of the thermal manikin simulates the usual human
walking rate with the arms and the legs moving in a counter
phase under the walking speed of 0.95 m/s (corresponds to 45 ±
2 double steps/arm movements per minute). At the beginning of
each manikin trial, the nude manikin test was conducted to test
the resistance of the air layer. After the jackets’ insulation was
determined in static conditions, the ensembles’ insulation was
measured in both static and dynamic conditions. The dynamic
conditions refer to the thermal manikin moving, while the static
conditions refer to the thermal manikin stationary. The duration
of a single thermal manikin measurement was 20 minutes,
providing 240 single values in order to automatically calculate
the average values of the effective thermal insulation.

The wear trials are important in order to define a range
of ambient temperatures in which clothing can be worn.
The basic intention of the produced jackets is to give the
appropriate thermal protection under cool environments. The
clothing’s effective thermal insulation (Icle) is required to have a
minimum value of 0.190 m2/KW and resultant effective thermal
insulation (Icler) of 0.170 m2K/W in order to protect against cool
environments [56], with ambient temperatures -5°C < ta <
15°C [57]. The three sets of the climatic conditions varied in
the value of the air temperature (ta), while the RH = 50% and
the air speed (va=1.2 m/s) remained the same. In the climatic
condition A, air temperature was set to 20°C (in order to test
the thermal comfort felt by humans in warmer environments
and to compare the results to the standardized values of the
climatic conditions during the thermal manikin testing), in B it
was set to 15°C, and in C to 10°C (in order to simulate the cool
environments).

According to ISO 15831 [49], the thermal insulation values
can be expressed as the effective and total thermal insulation
in the static and dynamic conditions. The Iclu is the jackets’
effective thermal insulation, It is the total jacket’s thermal
insulation value, and Icle is the effective thermal insulation of the
ensemble, acquired by the resting thermal manikin. Icler is the
effective thermal insulation of the ensemble, and Itr is the total
thermal insulation of the ensemble, acquired by the thermal
manikin moving [49].
2.2. Wear trials: subjective judgments and physiological
data

The wind speed of 1.2 m/s was chosen since Havenith et al.
[12] proved that the windup to 4 m/s has a small effect on the
intrinsic clothing insulation, because it does not penetrate
materials and thus does not disturb the entrapped air layers.

The thermal manikin imitates an adult male with the height of
185 cm and chest girth of 100 cm, and correspondingly three
male subjects of resembling body proportions were scanned
and laboratory trials were performed. The subjects of the same
age (23 years), with the height of 184 cm, chest girth ranging
from 98 to 102 cm, and body mass varying from 77 to 79 kg,
were scanned in compliance to ISO 13402 – 3 [50] and ISO/TR
10652 [51]. Since thermal manikins are designed for steadystate measurements, they do not work well under transient
environmental conditions [52] and the human subjects were
employed as evaluators of the clothing thermal quality during
short-term test trials [53]. Simultaneously, the skin temperature
and RH were measured for Li’s study during environmental
transients, pointed to the relation between the comfort

In this study, different activities (walking and resting) and
ensembles (CE 2 to CE 5) were combined to examine the
insulation values and the subjective judgments. During each
laboratory trial, which lasted for altogether for 70 minutes and
was divided into three phases, the questionnaires were filled
thrice, at the end of each trial phase, under artificially designed
ambient conditions (A, B, or C) in the computer-controlled
climatic chamber (Figure 1).
The cold exposure starts with a cooling period of 20–40 minutes,
since the heat content of the body tissues is reduced, particularly

Figure 1. Phases of wear trials
http://www.autexrj.com/
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the skin and the extremities. For the calculation of the heat
balance and for some comparisons between conditions and
the heart rate were averaged over 10 and 20 minutes during
the subjective ratings. The purpose of the selected time interval
for averaging was to describe the most constant phases of
each experiment and to reduce the effects of small variations
during the period [58]. The thermal equilibrium is then restored
for the values of the mean skin temperature.

to 0. The body mass loss due to evaporation in the respiratory
tract (Δmres) and the mass loss due to the mass difference
between carbon dioxide and oxygen (Δmo) were calculated on
the basis of the average metabolic rate (M = 115 W/m2 under
walking phase and 60 W/m2 under resting phase) [60], the
respiratory quotient (R = 0.80), and the DuBois and DuBois
body area (2.029 m2) [61].
The measurement of body temperature is another important
parameter to determine the thermal state of the human
body [62] but implies the maintenance of body temperature
within relatively narrow limits [63]. When the mean skin
temperature falls below 31°C, discomfort occurs as the
effect of cooling in the cold [64]. Another study by Liz et al.
concluded even higher values of the mean skin temperature
of resting person who feels thermal comfort. The mean skin
temperature of 32.6°C is the limit between cool discomfort
and comfort, and 33.7°C is the limit between comfort and
warm discomfort [65].

Special questionnaire was developed, and the subjects were
asked to fill it during trials. The objective of the questionnaire
was to determine the influence of the thermal environment and
the clothing on the overall thermal state of the subjects in the
transient conditions. The answers to the questions were given
in the form of the evaluative judgment scale which is one pole
scale consisting of 5°, where 0 stands for point of origin and 1,
2, 3, and 4 are degrees describing intensity. Grade 0 was taken
as the complete comfort and corresponds to the satisfaction
of 100%, while grade 4 corresponds to 0% of satisfaction or a
complete lack of comfort felt by the subject. The grades have
only positive values.

The mean skin and the skin’s RH were deduced by a modular
signal recorder MSR 12 (MSR Electronics GmbH, Switzerland).
The average or the mean skin temperature (tsk) was measured at
the skin’s surface with 8 external digital waterproof temperature
sensors encased in an epoxy (the working range -40 to 125°C,
the resolution 0.0625°C, the accuracy ±0.5°C at -10 to 85°C).
Although accurate measurement of the body temperature with
temperature sensors encased in an epoxy is less precise [66],
noninvasive measuring methods were used. The accumulation
of moisture to clothing was measured during trials by weighting
clothing before and after trials, since during activities human
body starts sweating. The evaporated sweat penetrates the
fabric [67] in close contact with the skin and can cause the
subjects to feel uncomfortable [68].

The physiological parameters have been measured
simultaneously. The physiological reactions during wear trials
can be objectively measured as a change of the physiological
parameters or perceived subjectively, based on the assessment
of the thermal comfort using the subjective judgment scales
[55].
In order to validate the evaporation of the sweat from the
surface of the skin, a body mass loss (Δmsw) due to sweating
was calculated according to ISO 9886 [59]:
Δmsw = Δmg – (Δmres + Δmo + Δmwat + Δmsol + Δmclo) (kg) (1),

The mean skin temperature is the mean value of the skin over
the whole body according to ISO 9886 [59], and the weighting
scheme according to 8 measuring points was selected. It was
calculated by weighting each of the local temperatures with the
coefficients corresponding to the relative surface of the body
area that each measuring point represented [59]:

where Δmg is the gross body mass loss (kg), Δmsw is the body
mass loss due to sweat loss during the time interval (kg), Δmres
is the body mass loss due to evaporation in the respiratory tract
(kg), Δmo is the mass loss due to the mass difference between
carbon dioxide and oxygen (kg), Δmwat is the mass variation
of the body due to intake and excretions of water (kg), Δmso
is the mass variation of the body due to intake and excretions
of solids (kg), Δmclo is the mass variation due to variation of
clothing or sweat accumulation in the clothing (kg).

tsk = 0.07 tsk, forehead + 0.175 · tsk, right scapula + 0.175 · tsk, left upper chest +
0.07 · tsk, right upper arm + 0.07 · tsk, left lower arm + 0.05 · tsk, left hand + 0.19 ·
tsk, right anterior thigh + 0.20 · tsk, left calf (2)

The evaluation of the thermal strain due to sweat loss was
calculated as an amount of sweat evaporated from the body
and condensed into the clothing. The overall amount of sweat
excreted was calculated from the difference in the gross
body mass of the test subjects (Δmg), the mass variation
due to variation of clothing or to sweat accumulation in the
clothing (Δmclo), and the amount of sweat evaporated to the
environment. The electronic scale TPT3 (Libela, Celje) with the
accuracy of ±2g was used to measure the garment’s weight,
and the electromechanical scale E 2100/5 (Libela, Celje) with
accuracy of ±5 g was used to measure the subject’s weight.
Since there was no intake of fluids or food and no excretions
of urine or solids, the mass variation of the body due to intake
and excretions of water (Δmwat) and the mass variation of the
body due to intake and excretions of solids (Δmsol) were equal
http://www.autexrj.com/

2.3. Statistical analysis
The statistical analysis was performed using MS Excel and
the statistical software STATISTICA. The average mean
skin’s temperature (tsk [°C]) and the average skin’s RH (RHsk
[%]) between different climatic conditions and for the selected
clothing ensembles were calculated.
The statistical analysis of each scale was assigned by the
standard ISO 10551 [55]. Since this is the preliminary research
of the volume impact on the insulation of the three-layered
clothing, only three subjects were chosen to perform wear
trials.
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As summarized in Table 3, the average overall ensemble
volume is much bigger than previously reported [4, 69, 70],
but do roughly correspond to study done by McQuerry et al.
[71], although this study was done on three-layer combinations
for fire protection with much bigger ease allowances added.
This was expected since most of the studies do not report the
measurements for three-layered ensembles.

The percentage of judgments expressing discomfort was
calculated for the answered questions. The values have been
converted to the percentage and analyzed. Since Li’s study
[24] pointed to the relation between the comfort perception to
skin a temperature and microclimatic RH during environmental
transients, the multiple regression analysis was performed.
The correlation was performed between the percentage of
judgments expressing discomfort and the thermal state.

The results listed in Table 4 also point to much bigger values
of the microclimatic air volume than previously reported by any
other studies [24, 27].

The multiple regression analysis was performed to analyze the
connection between the percentage of judgments expressing
discomfort (Dex [%]), the mean skin temperature (tsk [˚C]) and
skin’s (RHsk [%]). The similar analysis was done to compare
the mutual influence of the ensemble’s microclimatic volume
(Vml [dm3]) on the effective thermal insulation of clothing
ensemble in static conditions (Icle [m2 K/W]) or in dynamic
conditions (Icler [m2 K/W]) and the percentage of judgments
expressing discomfort (Dex [%]).

There was a small difference in the calculated volume (VCE) and
the area (ACE) between the clothing ensembles CE 2, CE 3, and
CE 4. This is due to fabric folding and overlapping, regardless of
the actual ease allowance value added to the jacket construction
[20]. Fabric drape of the textile materials is directly related to
the sense of fullness and graceful appearance of a garment
during wear [72]. Loose-fitting clothing provides a larger
surface area as well as a greater clothing microenvironment
volume [73], but provides more draping. When compared to
the area of the pattern parts as summarized in Table 2, there
is a distinguished difference between the area of the scanned
jackets and the area of the two-dimensional (2D) patterns. This
difference is the consequence of overlapping and wrinkling of
the fabric when the garments are worn over the body.

3. Results and discussion
3.1. Volume calculations and their impact on the effective
thermal insulation values
The Geomagic Verify Viewer software following the scan
reconstruction calculated the volumes and the surface areas
of the naked body and the clothed body. As summarized in
Table 3, the volume (VCE) and the area (ACE) of the selected
clothing ensembles were calculated initially, and later the
increase in the ease allowance value in comparison to jacket
CG 1 was calculated, while Table 4 summarizes the volume
of the microclimatic air layer under the selected clothing
ensembles (VML,CE) and jackets (VML,CG). The average ( x )
and standard deviation (σ) values are summarized in Tables 3
and 4 as calculated by previous study [31].

Since previous studies verified the strong influence of wind and
human moving on the thermal insulation value of clothing, the
insulation values were compared between static (thermal manikin
standing) and dynamic conditions (thermal manikin moving).
The average total and effective insulation values, together with
the calculated variance (s2), for the selected clothing garments,
are summarized in Table 5. The maximum thermal insulation
with the thermal manikin stationary was measured for jacket’s
microclimatic volume of 13.56 dm3 [31].

Table 3. Calculation of the overall ensemble volume (VCE), the overall ensemble area (ACE) using the Reverse Engineering software Geomagic
Verify Viewer together with calculated average ( x ) and standard deviation (s) values

Scanned object

Statistics

x

Naked body

s

Body dressed in CE 0 (no jacket is added as outer garment)
Body dressed in CE 1 (jacket variant CG 1 added as outer garment)
Body dressed in CE 2 (jacket variant CG 2 added as outer garment)
Body dressed in CE 3 (jacket variant CG 3 added as outer garment)
Body dressed in CE 4 (jacket variant CG 4 added as outer garment)

http://www.autexrj.com/

6

VCE (dm3)

ACE (m2)

78.58

1.95

0.0205

0.0094

x

97.83

2.26

s

0.0544

0.0125

x

109.34

2.32

s

0.0321

0.0102

x

111.39

2.36

s

0.0267

0.0055

x

112.15

2.40

s

0.0163

0.0125

x

112.69

2.43

s

0.0090

0.0060
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Table 4. Calculation of the microclimatic air volume for the selected jackets (VML,CG) and clothing ensembles (VML,CE) using the Reverse Engineering
software Geomagic Verify Viewer together with calculated average ( x ) and standard deviation (s) values

Jacket variant

Increase in ease allowance (%)

VML,CG (dm3)

Clothing ensemble

VML,CE (dm3)

–

–

–

CE 0

19.25

CG 1

–

11.51

CE 1

30.76

CG 2

18.2

13.56

CE 2

32.81

CG 3

54.6

14.32

CE 3

33.57

CG 4

72.7

14.86

CE 4

34.11

Table 5. Calculation of the average total and effective insulation value for
the selected clothing garments together with the calculated variance (s2)

Jacket variant

It

Iclu

s2

CG 1

0.1472

0.0728

5.05×10-05

CG 2

0.1569

0.0826

7.66×10-05

CG 3

0.1561

0.0817

4.80×10-05

CG 4

0.1510

0.0766

1.93×10-05

will start to feel discomfort during rest when exposed to lower
ambient temperatures (10°C and 15°C).
The ensembles with tighter jackets added as the outerwear
garments showed 0.74–1.9% less insulation in static conditions
[31] and 0.9–2.7% more insulation in dynamic conditions. The
ensembles’ insulation increased by 49.6–52.4% with jacket
added on top of underlying garments in static conditions and
by 27.6–31.1% in dynamic conditions. There was a significant
fall in the effective thermal insulation values of the ensembles
in static and dynamic conditions.
The increase in the ease allowance value caused simultaneous
air volume amplification in the microclimatic area. The
percentage of the volume and insulation increase for ensembles
was calculated in comparison to nude body as shown in Figure
2.

The average total and effective insulation values, together with
the calculated variance (s2), for the selected clothing ensembles
are summarized in Table 6. For ensembles’ microclimatic
volumes up to 33.57 dm3 in static [31] and up to 30.76 dm3 in
dynamic conditions, the insulation enlargement was measured
as summarized in Table 6. There was an obvious change in the
insulation value due to the effects of walking.

Between CG 1 and CG 2, there was an increase in the ease
allowance for 18.2%, which caused ensemble’s microclimatic
volume increase by 17.3% (CE 2) and this volume enlargement
accounted for 51.8% increase in ensemble’s insulation value
during rest and for 26.45% insulation increase in dynamic
conditions. Additional ease allowance increase in jackets in
amount of 36.4% (between CG 2 and CG 3) caused the overall
ensemble’s volume enlargement for another 0.97% (between
CE 2 and CE 3) and the corresponding insulation increase by
1.81% in static conditions and by 2.28% in dynamic conditions.
Further 18.1% ease allowance increase between jackets CG 3
and CG 4 caused the overall ensemble’s volume increased by
0.69% (CE 4), thus providing ensemble’s insulation decrease
by 1.7% in static conditions and 0.24% insulation decrease in

For microclimatic volume of 33.57 dm3 formed under ensembles
with corresponding 14.32 dm3 of air volume formed under
jacket, the maximum thermal insulation in static conditions
was measured [31]. For dynamic conditions, the maximum
insulation was measured for ensemble’s microclimatic volume
of 30.76 dm3 (with 11.51 dm3 of air volume under jacket). The
jacket with smallest microclimatic volume provided 5.2–13.5%
less insulation than wider jackets with larger microclimatic
volume.
The ensembles’ insulation ranged 0.0938 < Icle < 0.0956 and
0.0754 < Icler < 0.0775, thus pointing to conclusion that subjects

Table 6. Calculation of the average total and effective insulation value for the selected clothing ensembles together with the calculated variance (s2)

Ensemble variant

It

Icle

s2

I tr

Icler

s2

CE 0

0.4042

0.0627

1.25×10-04

0.3814

0.0591

3.69×10-05

CE 1

0.6052

0.0938

2.01×10-04

0.5002

0.0775

7.97×10-05

CE 2

0.6094

0.0945

2.79×10-04

0.4862

0.0754

1.27×10-04

CE 3

0.6165

0.0956

2.50×10-04

0.4953

0.0768

5.66×10-05

CE 4

0.6100

0.0945

3.67×10-04

0.4943

0.0766

5.21×10-05
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Figure 2. The percentage of the increase for the microclimatic volume and the effective thermal insulation of the ensembles

3.2. Wear trials: the subjects’ physiological data and grade
analysis

dynamic conditions. In other words, the enlargement of the
microclimatic volume causes the insulation increase in both
jackets and ensembles up to a certain critical point. It also
causes corresponding ensembles’ insulation decrease with the
thermal manikin moving.

The physiological data, recorded simultaneously during the
wear trials in controlled simulated laboratory environments, are
important mean by which the ergonomist can control whether
or not the subjects feel comfortable during testing. They also
test the influence the different human sensations on the overall
thermal comfort perception under different activity levels and
different environment conditions. In this section, the mean
temperature and the RH of skin are analyzed. The secreted
sweat was also calculated in order to see the average body
mass loss and sweat accumulation into clothing during actual
clothing usage. The average mean skin temperature and RH
were calculated for each climatic condition, worn ensemble,
and trial phase separately.

The correlation analysis showed moderate positive linear
relationship between the volume of ensembles to effective
thermal insulation measured at static conditions (r = 0.7) but
weak negative linear relationship to effective thermal insulation
measured at dynamic conditions (r = -0.44).
The effective thermal insulation value was reduced by
20.98% between the standing and moving manikins for CE 1.
For CE 2, the reduction in the effective thermal insulation in
dynamic conditions in comparison to the static conditions was
25.34%. The overall reduction in insulation value decreased
from 25.34% to 24.48% for CE 3, and even further insulation
reduction to 23.41% was shown for CE 4.

The average mean skin’s temperature values (tsk [°C]) for each
subject’s dresses in selected clothing ensembles are shown in
Figure 3 during all trial phases in different climatic conditions.
In the climatic condition A with the highest ambient temperature
of 20°C, the average value of the mean skin temperature at
rest was 32.10°C, at first walking phase was 32.25°C and
31.84°C at second walking phase. With the drop of the ambient
temperature for 5° in the climatic condition B, the average
mean skin values decreased for about 0.91° in the first phase,
for about 1.23° in the second and 1.67 in the third phase. With
further drop of the ambient temperature for another 5°, the
mean skin temperature in the first phase decreased for about
0.31°, for about 0.57° in the second and 0.85 in the third phase.
The mean skin temperature generally ranged from minimum
28.52°C to maximum 33.65°C in the climatic condition C, from

If the main intention is to provide the smaller reduction in the
effective thermal insulation value during activities, increase in
the ease allowance of the outerwear clothing should be either
smaller than 47% or bigger than 153% if we presume the value
of ease allowance in amount of 15 cm to be the reference point.
The highest effective thermal insulation value was observed for
the jacket’s ease allowance value of 34 cm with thermal manikin
stationary. However, in dynamic conditions, with the thermal
manikin moving, the highest effective thermal insulation value was
recorded for jacket with 22 cm of the ease allowance added. The
smaller the increase in the ease allowance value, the smaller the
reduction in the effective thermal insulation in dynamic conditions.
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Generally, the highest mean skin temperature values were
recorded for CE 4 at the climatic condition A during all three
phases. In the climatic conditions B and C, the highest recorded
values of the mean skin temperature were while wearing CE
1. Generally, conditions, the highest mean skin temperatures,
were recorded at the first walking phase during all climatic
conditions.

29.03°C to 34.09°C in the climatic condition B, and from 29.61
to 33.30°C in the climatic condition A.
Since the mean skin value of 30–32°C is considered
comfortable, pointing to conclusion that subjects are exposed
to neutral comfort zone. This also points to conclusion that
the perceptual adaptation was fully achieved at ambient
temperature of 20°C. When the mean skin temperatures falls
below 31°C, discomfort occurs [64] as seen with temperature
decrease in phases 2 and 3 at ambient temperature of 15°C
and through all phases at ambient temperature of 10°C.

The recorded values of the skin’s RH are presented in Figure
4. The highest values of RH were recorded for the climatic
condition A, especially at the resting phase while the second

Figure 3. The average mean skin’s temperature (tsk [°C]) and variances (s2) for each ensemble during all trial phases in different climatic conditions

Figure 4. The average skin’s relative humidity (RHsk [%]) and variances (s2) for each ensemble during all trial phases in different climatic conditions
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subjects to accumulate sweat into their clothing, especially
while wearing tighter jackets.

highest values of the humidity were measured in the coldest
environment during the first walking phase. Overall, the highest
recorded values were shown for CE 2 in the climatic condition
A, for CE 3 in the climatic condition B and CE 4 in the climatic
condition C.

The subjects filling-in questionnaires expressed no or little
dissatisfaction with the environmental conditions or the
clothing. The grades leaning toward discomfort were shown
for the lowest ambient temperature at resting phase although
the subjects stated that the thermal environment is generally
acceptable considering the grades given to question 3. The
grades are in the range of the thermal neutrality. The slight
discomfort was determined only for the clothing ensembles CE
1 and CE 3 (Figure 6).

In the climatic condition A with the highest ambient temperature
of 20°C, the average value of the skin’s RH at rest was 77.8%,
75.6% at first walking phase and 74.0% at second walking
phase. With the drop of the ambient temperature for 5° in the
climatic condition B, the average skin’s RH values decreased
for about 22.1% in the first phase, for about 26.4% in the second
and 31.6% in the third phase. With further drop of the ambient
temperature for another 5°, the skin’s RH started increasing for
about 11.7% in the first walking phase, for about 13.8% in the
second and 16.3% in the third phase.

Generally, the highest grades were given while wearing CE
4 (the outerwear was jacket with the highest value of the
ease allowance and consequently the greatest volume of the
microclimatic air layer inside the ensembles). The lowest grades
were displayed for CE 1 and 3. When sweat starts to condense
into clothing, it will cause the subjects to feel uncomfortable.

The values of the body mass loss due to sweating were also
calculated (Figure 5), but the measurements were taken
after each trial, so the values were not given for each phase
separately. The highest values of the body mass loss due to
sweating were calculated for CE 4 in the climatic conditions
A (203.6 g) and C (188.9 g) as expected since the measured
values of the mean skin temperature and RH were also high.

The subjects exposed to lower ambient temperatures (the
ambient conditions B and C) gave lower grades to the
ensembles with the tighter jackets. Although CE 4 did not
have the highest value of the effective thermal insulation in the
dynamic conditions, it was judged as the best clothing ensemble
by the subjects in the climatic conditions C (ta = 10°C).

The garment’s weight was measured before subjects entered
climatic chamber and after they completed trials. The
average difference in total ensemble’s weight points to sweat
accumulation into clothing which is particularly pronounced
at lower ambient temperatures as shown in Figure 5. Under
coolest climatic conditions, the skin’s RH increased, causing

The percentage of judgments expressing discomfort was
calculated for the questions 1, 2, and 3. The highest percentage
of judgments expressing discomfort was given under the climatic
conditions B and C in the resting phase (phase 2) for all of the

Figure 5. Calculation of the average body mass loss due to sweating (Δmsw) with the average difference in ensemble’s weight (Δmcl) shown as
numeric value for the selected clothing ensembles
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6). The highest percentage of the comfort was given for CE 4
throughout all the climatic conditions. As previously reported,
discomfort occurs when the mean skin temperature falls below
31°C. Decrease in the mean skin temperature below that value
was accompanied with a higher percentage of judgments
expressing discomfort during exposures to cool environments.

questions, especially for CE 1 and CE 2. There was almost
no or negligible percentage of dissatisfied subjects in the first
walking phase under all environmental conditions except while
wearing CE 3 under the condition C. In the third walking phase,
the highest percentage of judgments expressing discomfort
was found for CE 1 and CE 3 under the condition C (Figure

Figure 6. The percentage of judgments expressing discomfort with the thermal state (question 1), the thermal protection provided by the clothing
(question 2), and the overall acceptability (question 3)
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that the parameters are jointly statistically insignificant at the
significance level of 0.05 for most of the comparisons, although
the percentage of the mutual influences are high. Only in the
case of the climatic condition A, when comparing the values
of the percentage of judgments expressing discomfort to the
measured values of the microclimatic volume and the effective
thermal insulation of clothing ensemble in static conditions, the
observed coefficient of Vml has estimated the standard error of
0.38, t-statistic of -21.0435, and p-value of 0.03. It is therefore
statistically significant at significance level a = 0.05 as p < 0.05.

The percentage of judgments expressing discomfort with the
thermal state negatively correlates with ensemble’s volume
through all phases of trials and all climatic conditions. Strong
negative linear relationship was proven during resting phase at
ta = 10°C (r = -0.9). Moderate linear relationship during resting
phase at ta = 10°C was also proven to effective thermal insulation
measured at static (-0.7) and dynamic conditions (0.8).
Since Li’s study [24] pointed to the relation between the comfort
perception to skin a temperature and microclimate RH during
environmental transients, the multiple regression analysis
was performed. It showed that 42.43% of the variation to the
percentage of judgments expressing discomfort (Dex [%]) with
the clothing thermal protection is explained by the variation of
the skin’s (RHsk [%]) and the mean skin temperature (tsk [˚C]):

The multiple regression of the ensemble’s microclimatic
volume (Vml [dm3]) to the effective thermal insulation of clothing
ensemble in static conditions (Icle [m2 K/W])) and the percentage
of judgments expressing discomfort (Dex [%]) shows that 99.8%
of the variation of Dex is explained by the regression of Vml and
Icle only for climatic condition A.

Dex=850.5+0.46RHsk -27.2tsk;
multiple R= 0.65; R2=0.4243; p = 1.1×104 ; S=27.5

(3).

Dex =-297.13-7.9Vml +6115.2Icle
The observed results point to conclusion that this preliminary
study should be further expanded involving more subjects to
analyze the impact of the microclimatic air volume formed
under the ensembles to the subjective judgments expressed
by the subjects on the thermal comfort felt during wear trials
and thermal insulation decrease due to movements.

In order to compare the results and to examine the relationship
between several independent and criterion variables, the
multiple regression analysis has been performed. The
criterion variable was the percentage of judgments expressing
discomfort (Dex [%]). Since the multiple regression can be
used to find relationship between variables, the comparison
was performed to the measured values of the microclimatic
volume (Vml [dm3]), the effective thermal insulation of clothing
ensemble in static conditions (Icle [m2 K/W]), and the effective
thermal insulation of clothing ensemble in dynamic conditions
(Icler [m2 K/W]).

4. CONCLUSIONS
The aim of this study is to present the preliminary data on the
impact of the microclimatic volume expansion under outerwear
garments on the overall ensemble’s thermal insulation and
human satisfaction under walking. The previous studies
covering the three-layered ensembles were not reported; thus,
this study covered the ensembles accompanied by jackets
of different fit, as the outerwear garments, to investigate the
impact of the microclimatic volume on the ensembles’ thermal
insulation. It came to light that additional air volume created by
the outerwear does indeed dominates the overall ensembles’
thermal properties, especially during walking.

From Table 8, the observed F-test statistics for all comparisons
has the p-value (significant F) greater than 0.05, except in the
case of climatic condition A when comparing the percentage
of judgments expressing discomfort to the measured values of
the microclimatic volume and the effective thermal insulation
of clothing ensemble in static conditions. Since the p-value is
not less than 0.05, we do not reject the null hypothesis that the
regression parameters are zero at significance level 0.05. We
reject the null hypothesis only in the abovementioned example
and can conclude that the regression parameters are not zero
at significance level 0.05.

The impact of the microclimatic air volume on the overall
insulation value was tested under dynamic condition. The
insulation decrease under dynamic conditions proved that the
impact of the air currents and ventilation of the air inside the

When observing the computed p-values of the regression
parameters as summarized in Table 8, one can conclude
Table 7. Multiple regression summary

Climatic condition

A

B

C

A

B

C

Comparing Dex to

Icler and Vml

Icler and Vml

Icler and Vml

Icle and Vml

Icle and Vml

Icle and Vml

Multiple R

0.93

0.92

0.69

0.99

0.38

0.97

R2

0.8674

0.8522

0.4730

0.9981

0.1422

0.9420

Adjusted R2

0.60

0.56

-0.58

0.99

-1.57

0.83

Standard error

5.72

15.25

20.96

0.69

36.75

6.95

F-value

3.27

2.88

0.45

259.8

0.08

8.12

Significant F

0.36

0.38

0.73

0.04

0.93

0.24
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Table 8. Summary of multiple regression parameters

Coefficients

Estimated standard

t-statistic

p-value

Climatic condition A
Intercept

198.89

366.25

0.54

0.68

Vml

-5.72

2.50

-2.28

0.26

Icler

141.82

4212.36

0.03

0.99

Climatic condition B
Intercept

2365.88

976.39

2.42308

0.25

Vml

-11.18

6.68

-1.6738

0.34

Icler

-25635.51

11229.89

-2.28279

0.26

Climatic condition C
Intercept

-373.57

1341.55

-0.27846

0.83

Vml

-4.69

9.17

-0.51151

0.69

Icler

7578.55

15429.76

0.491165

0.71

Climatic condition A
Intercept

-297.13

62.20

-4.77673

0.13

Vml

-7.89

0.38

-21.0435

0.03

Icle

6115.20

740.96

8.25308

0.08

Climatic condition B
Intercept

-686.50

3319.64

-0.21

0.87

Vml

-8.14

20.03

-0.41

0.75

Icle

10462.04

39543.32

0.26

0.84

Climatic condition C
Intercept

-1721.02

627.97

-2.74

0.22

Vml

-15.0906

3.79

-3.98

0.16

Icle

23984.72

7480.34

3.21

0.19

clothing microclimate is much bigger under greater values of
the microclimatic air layers. The prediction is that the observed
insulation decrease is due to pronounced bellows effect set to
motion during walking, especially with greater microclimatic
volumes.

The smaller the increase in the jacket’s microclimatic volume
provides the smaller the reduction in the effective thermal
insulation in dynamic conditions. However, the jacket with
the smallest microclimatic volume provided 5.2–13.5% less
insulation than wider jackets with larger microclimatic volume.
In general, the ensembles with tighter jackets showed 0.74–
1.9% less insulation in static conditions [31] and 0.9–2.7% more
insulation in dynamic conditions. The percentage of judgments
expressing discomfort with the thermal state negatively
correlates with ensemble’s volume through all phases of trials
and all climatic conditions pointing to conclusion that the comfort
state of subjects was greatly influenced with the jacket’s fit. It
also points that measured thermal insulation values are not
high enough to provide adequate thermal protection during
resting phases and lower ambient temperatures.

Thermal insulation of the ensembles increased by 49.6–52.4%
with the jacket added as the outerwear garment in static
conditions and by 27.6–31.1% in dynamic conditions. The
overall ensembles insulation reduction in dynamic conditions
ranged from 21% to 25%, affirming that the loose-fitting
ensembles entrap more air thus showing the larger effect of
the movement when compared to the tight-fitting ensembles
[12]. The thermal insulation decreased significantly due to
walking, which was more pronounced with higher values of the
microclimatic air layers trapped inside the jacket’s microclimate.
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Biometeorology, 60(12), 1995-2004, DOI:10.1007/s00484016-1258-0.

This paper verified that the increase in the ease allowance,
and simultaneously the size of an air gap quantified as overall
microclimatic volume, induces increase in the effective thermal
insulation value up to a certain threshold volume. The main
novelty of the study is that the microclimatic volume value, after
which the thermal insulation begins to decrease as a result
of convection, is greater than previously reported by other
authors. The limiting value is greater than previously reported
by Li et al. [24] and Zhang and Li [27], but proved MacRea’s
report that the outerwear and additional air spaces appear to
dominate the overall thermal properties of clothing ensembles
(2011).

[6] McQuerry et al. (2018)
[7] Frackiewicz-Kaczmarek, J., Psikuta, A., Bueno, M.A., Rossi, R. M. (2015). Effect of garment properties
on air gap thickness and the contact area distribution.
Textile
Research
Journal,
85(18),
1907-1918.
doi:10.1177/0040517514559582.
[8] Frackiewicz-Kaczmarek, J., Psikuta, A., Bueno, M.-A.,
Rossi, R. M. (2015). Air gap thickness and contact area
in undershirts with various moisture contents: influence
of garment fit, fabric structure and fiber composition.
Textile
Research
Journal,
85(20),
2196–2207,
DOI:10.1177/0040517514551458.

The ensembles’ insulation enlargement was measured for
microclimatic volumes up to 33.57 dm3 in static [31] and up
to 30.76 dm3 (volume of 11.51 dm3) in dynamic conditions.
Although the ensemble with tighter jacket had the highest
measured insulation, subjects declared greater discomfort in
colder environments. It points to conclusion that the persons
deduce their satisfaction on both the clothing’s insulation and
wearing comfort. However, evidence is lacking for other types
of outerwear garments and more research is needed. Future
research should investigate larger selection of outerwear
models, subjects, and body postures to provide better
understanding on the impact of the microclimatic volume
formed under the outerwear garments and the impact on
human thermal comfort.

[9] Lee, Y., Hong, K., Hong, S. A. (2007). 3D quantification of
microclimate volume in layered clothing for the prediction
of clothing insulation. Applied Ergonomics, 38, 349-355.
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