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Abstract
The air gaps underneath clothing have a great influence on the thermal regulation of the 
human body. The distribution of the air gaps depends on the shape of the human body as 
well as on clothing style, fit, and deformation properties. This paper reports on the influence 
of clothing fit on thermophysiological parameters of the human body through thermal simu-
lation. Four different fits of jacket and a test person were considered for the investigation 
and for simulation purposes. The results of the simulation concluded that different thermal 
regulations of the human body were exhibited for different fits of the jacket, which is due to 
distinct air gaps between the human body and clothing for each fit of the jacket. This research 
work presents a fast method to predict the influence of clothing fit on thermal comfort, which 
is usually studied by a time-consuming, laborious method – the wear trial. 
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 Introduction
The human body tries to maintain its core 
body temperature at 37 °C by developing 
a thermal balance with the ambient en-
vironment [1]. Besides many other pa-
rameters; such as fabric characteristics, 
ambient environmental conditions, and 
the activity level of the human body, the 
clothing fit’s impact on the microclimate 
also has a great influence on this thermal 
balance. Clothing fit objectively depends 
on the air gap between the overall 3D 
contour formed by the clothing and the 
3D geometry of the human body [2]. The 
influence of clothing fit on the thermal 
regulation of the human body has long 
been reported by many scientists through 
experimental studies like subjective or 
objective wear trials. McCullough et al. 
[3] performed a series of wear trials on 
a standing thermal manikin for different 
fits of clothing. He reported that loose fit 
clothing has greater thermal insulation 
compared to tight fit clothing due to more 
air volume enclosed between the body 
and the textile. Havenith el al. performed 
a wear trial of loose and tight fit clothing 
with four different test persons in order 
to investigate the thermal insulation of 
the clothing during sitting and walking 
[4]. He concluded that during sitting, 
tight fit clothing had 6-31 % lesser ther-
mal insulation compared to a loose fit, 
whereas during waking and the presence 
of wind the difference decreased. J. Fan 
also investigated the effect of clothing fit 
on the thermal and evaporative resistance 
of clothing [5]. He performed wear trials 
by means of a thermal manikin for fifteen 

jackets constructed from three different 
textile materials and with five different 
fits (S, M, L, XL, and XXL). He reported 
that both the thermal and evaporative re-
sistance of the clothing increased with an 
increase in air gap, but after exceeding 
a certain value of the air gap, both resis-
tances started to decrease, which was due 
to the start of the convection process in 
the air gaps, causing air movement and 
decreasing the thermal and evaporative 
resistance.

The new developments of 3D scan-
ning tools and techniques have helped 
the scientists to analyse the distribution 
and quantification of the air gap volume 
more precisely [6-9]. Modern 3D scan-
ning techniques allow analysis of the 
distribution of the air gap between the 
garment and the human body, as well as 
influence on it by the body shape, gar-
ment style and mechanical properties 
(drapability, bending rigidity) of fabrics 
[8, 10, 11]. The human body is movable 
and deformable, and it is not easy to be 
scanned with and without clothing in the 
exact same position. To overcome this 
difficulty, some scientists use 3D simula-
tion for gap analysis [12-14]. The main 
advantages of this technique are that the 
draping of the clothing on the body are 
obtained at the time and that there is no 
need for the post-processing of scanning 
data. Research has demonstrated that 
the air gaps underneath clothing are not 
uniformly distributed. Actually, compu-
tations and analysis with non-uniform 
air gaps require the implementation of 
complex numerical methods which can 
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consider the air motion and nonlinear 
geometries. In order to obtain a principal 
understanding of the influence of the air 
gap, many researchers have developed 
clothing models and thermal simula-
tion methods with the assumption of 
a constant air gap thickness [15-18]. In 
recent years, advanced and reliable ther-
mophysiological human models [19-23] 
and thermal sensation models [24-26] 
have been developed. Various research-
ers have already used these models and 
have proven their validity and reliability 
[27-33] and demonstrated that they can 
replace empirical investigations and can 
provide more accurate results compared 
to the models with a fixed air gap. 

The focus of the present study was to 
prepare a computational model for the 
application of Theseus-FE and Fiala-
FE software (integrated in the software) 
and conduct an analysis of the tempera-
ture distribution of the air gap developed 
within different fits of clothing. Study of 
the influence of different clothing fits on 
human thermophysiological parameters 
considering the human activity level was 
the other objective of the present research. 

 Finite element simulation  
with Theusus FE

Simulation of the heat transfer between 
the human body and clothing can be ef-
fectively performed using the software 
Theseus-FE [34]. This software has 
implemented the Fiala-FE model [35], 
based on the work of D. Fiala [36], which 
comprises a half-sphere for the head and 
solid cylinders for the remaining parts of 
the humanoid (Figure 1.b). The internal 
energy change within these cylinders 

and half-sphere is because of the radial 
conduction, arterial blood heating, and 
the metabolism, which is computed by 
the following partial differential Equa-
tion (1) [37, 38]. 
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where ρ is the specific mass of the body element (kg/m3),  the specific heat of the body element 
(J/kgK),  the temperature of the body element (K),  the time (s),  the thermal conductivity 
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blood (kg/m3),  the blood perfusion rate (m3/s),  the specific heat of blood (J/kgK),  the 
arterial temperature (K), and ω is 1 for cylindrical body elements. Equation (1) explains the law of 
energy conservation for every layer of bodily matter e.g. skin, bone, muscle, fat, clothing etc.  
The heat exchange between the environment and body surfaces  due to  convection, radiation, 
evaporation, and conduction on contact surfaces can be realised in Theseus-FE by defining the 
boundary conditions. Both types of convection; natural and forced,  can be defined by using the 
combined convection coefficients (equation (2)). 
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Here,  is the convective heat flux (W), Asf the body surface area (m2), hc,mix the combined 
convection coefficients (W/m2K),  the ambient air  temperature (K), and  the surface 
temperature (K),. For computing the combined convection coefficient, D. Fiala used the validated 
function from Equation (3), where   is the effective airspeed (m/s) and anat,j , afrc,j &amix, are the 
coefficients which are defined in Table 2 in [19].   
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The radiative heat transfer ( ) in Theseus-FE is derived from the shell-model and then applied to 
the internal manikin model (Equation 4 and 5). Radiative phenomena like the view-factor, radiation 
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(1)
where ρ is the specific mass of the body 
element (kg/m3), c the specific heat of the 
body element (J/kgK), T the temperature 
of the body element (K), t the time (s),  
k the thermal conductivity (W/mK), r the 
body element radius (m), qm the meta-
bolic heat (W/m2), ρbl the specific mass 
of blood (kg/m3), wbl the blood perfusion 
rate (m3/s), cbl the specific heat of blood 
(J/kgK), Tbl the arterial temperature (K), 
and ω is 1 for cylindrical body elements. 
Equation (1) explains the law of energy 
conservation for every layer of bodily 
matter e.g. skin, bone, muscle, fat, cloth-
ing etc. 

The heat exchange between the environ-
ment and body surfaces due to convec-
tion, radiation, evaporation, and conduc-
tion on contact surfaces can be realised 
in Theseus-FE by defining the boundary 
conditions. Both types of convection; 
natural and forced, can be defined by us-
ing the combined convection coefficients 
(Equation (2)).
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Here, Qconv is the convective heat flux 
(W), Asf the body surface area (m2), hc,mix 
the combined convection coefficients 
(W/m2K), Ta the ambient air temperature 
(K), and Tsf the surface temperature (K). 
For computing the combined convection 

coefficient, D. Fiala used the validated 
function from Equation (3), where Vair,eff 
is the effective airspeed (m/s) and anat,j, 
afrc,j & amix, are the coefficients which are 
defined in Table 2 in [19]. 
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The radiative heat transfer (Qrad) in The-
seus-FE is derived from the shell-model 
and then applied to the internal manikin 
model (Equations (4) and (5)). Radiative 
phenomena like the view-factor, radia-
tion heat from the sun, and transmission 
(e.g. glass) can be considered in Theseus-
FE. 
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where ρ is the specific mass of the body element (kg/m3),  the specific heat of the body element 
(J/kgK),  the temperature of the body element (K),  the time (s),  the thermal conductivity 
(W/mK),  the body element radius (m),   the metabolic heat (W/m2), ρ  the specific mass of  
blood (kg/m3),  the blood perfusion rate (m3/s),  the specific heat of blood (J/kgK),  the 
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boundary conditions. Both types of convection; natural and forced,  can be defined by using the 
combined convection coefficients (equation (2)). 
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Here,  is the convective heat flux (W), Asf the body surface area (m2), hc,mix the combined 
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The radiative heat transfer ( ) in Theseus-FE is derived from the shell-model and then applied to 
the internal manikin model (Equation 4 and 5). Radiative phenomena like the view-factor, radiation 
heat from the sun, and transmission (e.g. glass) can be considered in Theseus-FE.  
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where  is the wall temperature (K),  the radiative heat transfer coefficient (W/m2K), σ the Stefan 
Boltzmann coefficient (Wm 2K-4), ε   the body surface emission coefficients, and ψ  is the view 
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where Tw is the wall temperature (K),  
hr the radiative heat transfer coefficient 
(W/m2K), σ the Stefan Boltzmann coef-
ficient (Wm-2K-4), εsf the body surface 
emission coefficients, and ψsf-w is the 
view factors. The same coefficient val-
ues of body surface-emission were used 
by Theseus-FE, which was defined by D. 
Fiala for each body element according to 
its location and temperature [20, 38].

The evaporative heat loss (Qe,cl) from the 
skin is realised through the partial pres-
sure difference between the skin and am-
bient air (Equation (6)) [38]. 

factos. The same coefficient values of body surface-emission were used by Theseus-FE, which was 
defined by D. Fiala for each body element according to its location and temperature [20,38]. 
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Where  is the water vapor pressure at the skin (Pa),  the water vapor pressure of air (Pa), and 
 is the resultant evaporative heat transfer coefficient (Wm 2Pa 1),  explained in [20,38]. The sum 
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skin/clothing layer of the model and builds the thermal load .  
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The complete body geometry is discretised to elements, which equations together with the boundary 
conditions build a complete matrix system, as explained in [38].  
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Here, T is the temperature matrix, Q the heat flux,      the capacity matrix,   the conductivity 
matrix, and F is the thermal load vector, all depending on the temperature T.  
Equation (8) contains the first derivative of the temperature field, and it has to be solved for the 
transient case through time. For this, the temperature field in the next time step is solved with 
Theseus-FE software using Backward the Euler method.  
The thermal load includes the metabolic heat of the human body, which depends on the weight 
and activity of the motion, and is calculated by using the following relation [39]: 
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where  is the metabolic rate (watt), the body weight (kg),   the carried load (kg),   the 
walking speed (m/s2), η  the nature of the terrain, and  is the walking grade.  
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information about  heat transfer at  different states of the body according to the Fiala Model. This 
information is distributed into several zones over the surface mesh (Figure 1 (c)), and this mesh is 
used in  Theseus-FE for the solution of the bioheat equation. The software allows the selection of a 
different number of zones of the human surface, specifying their exact parameters, where the 
influence of the air gaps on the thermal behaviour of the body is integrated.  
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air (Pa), and Ue,cl is the resultant evapora-
tive heat transfer coefficient (Wm-2Pa-1),  
explained in [20, 38]. The sum of heat 
fluxes Σqbc due to convection, radiation, 
contact, and evaporation is integrated on 
the skin/clothing layer of the model and 
builds the thermal load F(T). 
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defined by D. Fiala for each body element according to its location and temperature [20,38]. 
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Here, T is the temperature matrix, Q the 
heat flux, M the capacity matrix, K the 
conductivity matrix, and F is the thermal 
load vector, all depending on the tem-
perature T. 

Equation (8) contains the first deriva-
tive of the temperature field, and it has to 
be solved for the transient case through 
time. For this, the temperature field in the 
next time step is solved with Theseus-
FE software using the backward Euler 
method. 

The thermal load F(T) includes the meta-
bolic heat of the human body, which de-
pends on the weight and activity of the 
motion, and is calculated by using the 
following relation [39]:
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(9)
where ME is the metabolic rate (watt), 
W the body weight (kg), L the carried 
load (kg), v the walking speed (m/s2), 
η the nature of the terrain, and G is the 
walking grade. 

The complete workflow for the solver 
is visualised in Figure 1. The scanned 
human surface (Figure 1.a) in the form 
of triangulated mesh is coupled with 
the Fiala-FE model (Figure 1.b), which 
provides information about heat transfer 
at different states of the body according 
to the Fiala Model. This information is 
distributed into several zones over the 
surface mesh (Figure 1.c), and this mesh 
is used in Theseus-FE for the solution of 
the bioheat equation. The software al-
lows the selection of a different number 
of zones of the human surface, specify-
ing their exact parameters, where the 
influence of the air gaps on the thermal 
behaviour of the body is integrated. 

Table 1. Characterisation of material.

Characteristics Values Instruments Standard 

Ph
ys

ic
al Fabric thickness [mm] 1.55

Karl Schröder KG 
Material Testing 

Machine
DIN EN ISO 5084

Average mass per unit area of the 
fabrics [g m-2] 168 GSM Cutter, 

weighing balance DIN EN 12127

Th
er

m
al

Water vapour resistance [m2 Pa W1] 5.57 Sweat guarded hot 
plate

DIN ISO 11092:2014
Thermal resistance [m2 K W-1] 0.063 Sweat guarded hot 

plate
Specific heat [Jkg-1K-1] 1640 Calculated Calculated

M
ec

ha
ni

ca
l

Bending stiffness
[µN m] (warp, weft, 45˚)

2.87, 2.88, 
2.91

Bending stiffness 
tester Cantilever 

ACPM 200
DIN EN ISO 9073-7

Elongation [%] at a specific force 

Zwick Tensile 
Strength Tester

DIN 53835

Force  
5 N/m

Warp 0.42
Weft 1.27

Force 
20 N/m

Warp 2.00
Weft 6.4

Force 100 
N/m

Warp 7.17
Weft 28.20

Spring stiffness [N/m] in the 
diagonal direction for consideration 
of the shear in the 3D simulation

57.48 Calculated, based  
on elongation at  

5 N/m in the diagonal 
direction G=123/EB5

Table 2. Alteration in ease allowance for developing jackets of different fits.

Measurements 
Ease allowances

Normal fit,
cm

Tight fit,
cm

Loose fit,
cm

Extra loose fit, 
cm

Chest circumference 6.50 1.00 11.50 14.50

Shoulder length 1.00 0.75 1.50 1.75

Arm hole depth 5.00 3.00 5.00 7.00

Addition back arm hole 1.00 0.50 1.25 1.40

Reduction front arm hole 1.00 1.50 1.75 0.60

Cuff circumference 10.00 8.00 12.00 14.00

Figure 2. Data flow of FEM model preparation.

Figure 2 and discussed in detail in this section. In these steps, the scanned 3D human geometry was 
used several times – once together with the 2D pattern and the textile material parameters as a basis 
for the draping simulation; the second time – to calculate the distance between the human geometry 
and clothing for air gap distribution, and finally – the third time as a basis for the FEM model. The 
final FEM model consists of two sets of shell elements – those of the clothing and  human body.  
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Figure 2. Data flow of FEM model preparation 

The jackets investigated consist of weft knitted fabric made of 100% polyester, with additional 
mechanical finishing in order to get the fleece side for higher temperature insulation. 
Characterisation of the material was made according to the requirements of fit and thermal 
simulation.  Table 1 below shows the physical, mechanical, and thermal properties that were 
measured and calculated. 
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l Fabric thickness [mm] 1.55 Karl Schröder KG Material 

Testing Machine DIN EN ISO 5084 

Average mass per unit 
area of the fabrics [g m-2] 168 GSM Cutter, weighing 

balance DIN EN 12127 

Th
er

m
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Water vapour resistance 
[m2 Pa W-1] 5.57 Sweat guarded hot plate DIN ISO 11092:2014 

 Thermal resistance [m2 K 
W-1] 0.063 Sweat guarded hot plate 

Specific heat[Jkg-1K-1] 1640 Calculated Calculated 

M
ec

ha
ni

ca
l 

Bending stiffness 
[µN m] (warp, weft, 45˚) 2.87, 2.88, 2.91 Bending stiffness tester 

Cantilever ACPM 200 DIN EN ISO 9073-7 

Elongation [%] at a specific 
force  

 

Zwick Tensile Strength 
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DIN 53835 
 

Force  
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Warp 0.42 
Weft 1.27 

Force  
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Warp 2.00 
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Force Warp 7.17 
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 Preparation of the 
computational model

The preparation of data for the simula-
tion consists of several steps, represented 
in Figure 2 and discussed in detail in this 
section. In these steps, the scanned 3D 
human geometry was used several times 
– once together with the 2D pattern and 
the textile material parameters as a basis 
for the draping simulation; the second 
time – to calculate the distance between 
the human geometry and clothing for air 
gap distribution, and finally – the third 
time as a basis for the FEM model. The 
final FEM model consists of two sets of 
shell elements – those of the clothing and 
human body. 

The jackets investigated consist of weft 
knitted fabric made of 100% polyester, 
with additional mechanical finishing in 
order to get the fleece side for higher 
temperature insulation. Characterisa-
tion of the material was made according 

to the requirements of fit and thermal 
simulation. Table 1 shows the physical, 
mechanical, and thermal properties that 
were measured and calculated.

A volunteer test person aged 26 years of 
85 kg weight and height of 197 cm was 
selected for performing the thermal sim-
ulation. The 3D surface of the test person 
was obtained by scanning the standard 
normal standing position with the help 
of Vitus XXL 3D body scanner [40]. The 
point cloud data were then processed by 
Geomagic Studio software [41], where 
the scan data were cleaned, refined, and 
prepared for further simulation process-
es as a NURBS (Non-uniform rational  
B-splines) model.

A clothing model of a jacket with a nor-
mal fit, shown in Figure 3.b, was select-
ed for the present research work, and then 
later further three fits of the jacket – tight, 
loose, and extra loose fit were derived 
from the 2D cut pattern of the normal fit. 

The estimated body measurements ac-
cording to ISO 8559 for the normal fit 
were imported into Grafis software [42], 
which was used to construct 2D cut pat-
terns of the jacket. Grafis keeps the con-
struction of the pattern based on a size-
dependent formula (z-value) and ease al-
lowance (x-values) and allows automatic 
grading of the pattern to other fits by 
changing the ease allowance (x-values). 
Table 2 shows ease allowances for differ-
ent measurements that were changed to 
derive different fits of jackets. 

The 2D cut patterns were exported from 
Grafis as an AAMA/DXF file for use in 
the next step – 3D fit simulation with 
Modaris V8 software [43]. Modaris V8 
was selected because it provides one ex-
actly described procedure for determina-
tion of the material parameters, which 
then can be determined using standard 
testing devices. This was an important 
prerequirement for proper physical simu-
lation at the time of the beginning of this 

Figure 3. a) 2D patterns for jackets of different fits (tight, normal, loose, and extra loose), b) normal jacket fit

100 N/m Weft 28.20 
Spring  stiffness [N/m] in 
the diagonal direction for 
consideration of the shear 
in the 3D simulation 

57.48 Calculated, based on 
elongation at 5 N/m 

in the diagonal 
direction G=123/EB5 

Table 1: Characterisation of material 

A volunteer test person aged 26 years of 85 kg weight and  height of 197 cm was selected for 
performing the thermal simulation. The 3D surface of the test person was obtained by scanning the 
standard normal standing position with the help of Vitus XXL 3D body scanner [40]. The point cloud 
data were then processed by Geomagic Studio software [41], where the scan data were cleaned, 
refined, and prepared for further simulation processes as a NURBS (Non-uniform rational B-splines) 
model. 
 
A clothing model of a jacket with a normal fit,  shown in Figure 3 (b), was selected for the present 
research work, and then later further three fits of the jacket -  tight , loose , and extra loose fit were 
derived from the 2D cut pattern of the normal fit. The estimated body measurements according to  
ISO 8559 for the normal fit were imported into  Grafis software [42], which was used to construct  2D 
cut patterns of the jacket. Grafis keeps the construction of the pattern based on a size-dependent 
formula (z-value) and ease allowance (x-values) and allows automatic grading of the pattern to other 
fits by changing the ease allowance (x-values). Table 2 shows ease allowances for different 
measurements that were changed to derive different fits of jackets  
 

Measurements  Ease allowances 
Normal fit (cm) Tight fit (cm) Loose fit (cm) Extra loose fit (cm) 

Chest circumference  6.50 1.00 11.50 14.50 
Shoulder length 1.00 0.75 1.50 1.75 
Arm hole depth 5.00 3.00 5.00 7.00 
Addition back arm hole 1.00 0.50 1.25 1.40 
Reduction front arm hole 1.00 1.50 1.75 0.60 
Cuff circumference 10.00 8.00 12.00 14.00 

Table 2. Alteration in ease allowance for developing  jackets of different fits  
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Figure 3: (a) 2D patterns for Jackets of different fits (tight, normal, loose, and extra loose), (b) normal Jacket fit 

Figure 3 (a) shows 2D cut patterns of the graded fits of the jacket whereas Figure 3 (b) a ready-made 
model of the normal fit of the jacket.  

a) b)
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Figure 4: Process chain of 3D fit simulation (defining of seams, assigning material properties, positioning of pattern cuts, and 
simulation) 

The 2D cut patterns were exported from Grafis as an AAMA/DXF file for use in the next step –  3D fit 
simulation with Modaris V8 software [43].  Modaris V8 was selected because it provides one exactly 
described procedure for determination of the material parameters, which then can be determined  
using standard testing devices. This was an important prerequirement for proper physical simulation 
at the time of the beginning of this study. Today some more software packages can be applied and a 
comparison between them can be performed, but such a study is subject to future investigations. 
After the importing of the 2D patterns (Figure 4 (a)), the sewing lines were defined according to the 
design (Figure 4 (b)). The material parameters were tested 

were calculated FAST (Fabric Assurance by Simple Testing Systems) 
system. The values required according to FAST for the force at 5%, 20% and 100% elongation  were 
taken from the force-elongation curve. The shear resistance was calculated based on  elongation EB5 
at 5 N/m in a bias-extension test following the recommended equation G=123/EB5. 
Finally, the imported scanned mesh of the testing person was virtually dressed with the jacket, where 
the equilibrium conditions for the contact forces, material parameters, and clothing geometry were 
considered with the Modaris draping simulation algorithms implemented in. They are not publicly 
available, but principally they are known as mass-spring systems; an explicit integration was used for 
solving such problems. This procedure was repeated for each fit of the jacket for the test person,  the 
results of which are demonstrated in Figure 5. 

    
a B c d 

Figure 5: Fit simulation of the jacket  (a) tight, (b) normal, (c) loose, and (d) extra loose for test person  

In the present scenario, it can be noticed in Figure 5 that the draping behaviour of every fit of the 
jacket is different than for the others and, therefore, resulted in different air gap development in 
each case of fit of the jacket. Therefore, air gap size analysis was carried out with the help of 
Geomagic Qualify software for each fit of the jacket, as shown in Figure 6. This analysis confirmed 

a) b) c) d) e)

Figure 4. Process chain of 3D fit simulation (defining of seams, assigning material properties, positionng of pattern cuts, and simulation).
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study. Today some more software pack-
ages can be applied and a comparison be-
tween them can be performed, but such 
a study is subject to future investigations.
After the importing of the 2D patterns 
(Figure 4.a), the sewing lines were 
defined according to the design (Fig-
ure 4.b). The material parameters were 
tested according to DIN 53835 and the 
required values were calculated in the 
Modaris Menu of the FAST (Fabric As-
surance by Simple Testing Systems) 
system. The values required according 
to FAST for the force at 5%, 20% and 
100% elongation were taken from the 
force-elongation curve. The shear resis-
tance was calculated based on elongation 
EB5 at 5 N/m in a bias-extension test 
following the recommended equation  
G = 123/EB5.

Finally, the imported scanned mesh of 
the testing person was virtually dressed 
with the jacket, where the equilibrium 
conditions for the contact forces, mate-
rial parameters, and clothing geometry 
were considered with the Modaris drap-
ing simulation algorithms implemented 
in. They are not publicly available, but 
principally they are known as mass-
spring systems; an explicit integration 
was used for solving such problems. This 
procedure was repeated for each fit of the 
jacket for the test person, the results of 
which are demonstrated in Figure 5.

In the present scenario, it can be noticed 
in Figure 5 that the draping behaviour of 
every fit of the jacket is different than for 
the others and, therefore, resulted in dif-
ferent air gap development in each case 
of fit of the jacket. Therefore, air gap size 
analysis was carried out with the help of 
Geomagic Qualify software for each fit 
of the jacket, as shown in Figure 6. This 
analysis confirmed some previous inves-
tigations and the author’s expectations 
that air gaps are not distributed uniformly 
all over the body. 

The models of jacket and test person 
were imported into Theseus-FE software 
as a mesh of shell elements consisting of 
53919 and 44349 triangles, respectively 
(Figure 7) The large number of elements 
is based on the complexity of the human 
and textile surface as well as the need to 
cover this geometry with enough good 
mesh, which leads to an element size of 
a few milimeters. The preliminary tests 
showed that at such a mesh size the er-
rors from the numerical computations 
were already significantly smaller than 
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Figure 4: Process chain of 3D fit simulation (defining of seams, assigning material properties, positioning of pattern cuts, and 
simulation) 

The 2D cut patterns were exported from Grafis as an AAMA/DXF file for use in the next step –  3D fit 
simulation with Modaris V8 software [43].  Modaris V8 was selected because it provides one exactly 
described procedure for determination of the material parameters, which then can be determined  
using standard testing devices. This was an important prerequirement for proper physical simulation 
at the time of the beginning of this study. Today some more software packages can be applied and a 
comparison between them can be performed, but such a study is subject to future investigations. 
After the importing of the 2D patterns (Figure 4 (a)), the sewing lines were defined according to the 
design (Figure 4 (b)). The material parameters were tested 

were calculated FAST (Fabric Assurance by Simple Testing Systems) 
system. The values required according to FAST for the force at 5%, 20% and 100% elongation  were 
taken from the force-elongation curve. The shear resistance was calculated based on  elongation EB5 
at 5 N/m in a bias-extension test following the recommended equation G=123/EB5. 
Finally, the imported scanned mesh of the testing person was virtually dressed with the jacket, where 
the equilibrium conditions for the contact forces, material parameters, and clothing geometry were 
considered with the Modaris draping simulation algorithms implemented in. They are not publicly 
available, but principally they are known as mass-spring systems; an explicit integration was used for 
solving such problems. This procedure was repeated for each fit of the jacket for the test person,  the 
results of which are demonstrated in Figure 5. 
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Figure 5: Fit simulation of the jacket  (a) tight, (b) normal, (c) loose, and (d) extra loose for test person  

In the present scenario, it can be noticed in Figure 5 that the draping behaviour of every fit of the 
jacket is different than for the others and, therefore, resulted in different air gap development in 
each case of fit of the jacket. Therefore, air gap size analysis was carried out with the help of 
Geomagic Qualify software for each fit of the jacket, as shown in Figure 6. This analysis confirmed 

a) b) c) d)

Figure 5. Fit simulation of the jacket: a) tight, b) normal, c) loose and d) extra loose for 
test person.

some previous investigations and the author's expectations that air gaps are not distributed 
uniformly all over the body.  
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Figure 6: Air gap size of all fits of jacket (a) tight, (b) normal, (c) loose, and (d) extra loose, visualised over the human body 
surface (not over the jacket) 
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Figure 7: FEM Models of (a) the jacket and (b) the test person  

The models of jacket and test person were imported into Theseus-FE software as a mesh of shell 
elements consisting of 53919 and 44349 triangles, respectively (Figure 7) The large number of 
elements is based on the complexity of the human and textile surface as well as the need to cover 
this geometry with enough good mesh, which leads to an element size of a few milimeters. The 
preliminary tests   showed that at such a mesh size the errors from the numerical computations were 
already significantly smaller than the remaining errors of the model built, like material parameter 

a) b)

c) d)

Figure 6. Air gap size of all fits of jacket: a) tight, b) normal, c) loose, and d) extra loose, 
visualised over the human body surface (not over the jacket).

Figure 7. FEM Models of a) the jacket and b) the test person.

some previous investigations and the author's expectations that air gaps are not distributed 
uniformly all over the body.  
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Figure 6: Air gap size of all fits of jacket (a) tight, (b) normal, (c) loose, and (d) extra loose, visualised over the human body 
surface (not over the jacket) 
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Figure 7: FEM Models of (a) the jacket and (b) the test person  

The models of jacket and test person were imported into Theseus-FE software as a mesh of shell 
elements consisting of 53919 and 44349 triangles, respectively (Figure 7) The large number of 
elements is based on the complexity of the human and textile surface as well as the need to cover 
this geometry with enough good mesh, which leads to an element size of a few milimeters. The 
preliminary tests   showed that at such a mesh size the errors from the numerical computations were 
already significantly smaller than the remaining errors of the model built, like material parameter 

a) b)
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Rayleigh numbers [44] The processes 
of coupling the Fiala-FE model with the 
scanned data of the test person, dividing 
the air gaps into air zones, and calculat-
ing the heat transfer coefficient were in-
vestigated comprehensively in [32, 33]

In the current case, the transient simula-
tion was performed to see the develop-
ment of the temperature with respect to 
time. Furthermore, before running the 
thermal simulation, all the boundary con-
ditions required for the thermal simula-
tions were defined for the model: 
n All the thermal and physical proper-

ties, like specific heat, conductivity, 
thickness, and mass per unit area were 
defined for the jacket surface. 

n An environment was defined with an 
air velocity of 0.3 m/sec; the environ-
ment temperature was set at 23 °C and 
50% relative humidity. 

n The heat transfer due to longwave ra-
diation was realised by defining the 
view factor cavity, and radiation prop-
erties of the test person and clothing. 

n Heat transfer among the air gaps, 
clothing surface, and body surface 
was realised with the help of the heat 
transfer coefficient, which was calcu-
lated for every air zone. 

For the simulation, the activity of the 
human was separated into five phases, 
where periods of sitting and walking 
were alternated, following Table 3. The 
metabolic rate in Equation (9) was com-
puted for a human without additional 
weight and running in stable terrain 
(treadmill) Thus, the values of L and η 
in Equation (9) were taken as 0 and 1, 
respectively.

determination, gap size, and metabolism parameters. For this reason, additional simulations with a 
finer mesh size were not performed. The air gap distributions calculated were used for the 
definitions of the different zones over the human body in dependence on the air gap size and their 
location on the body segment (Figure 8). In Figure 8, the different colours on the surface of the 
jackets represent the air zones with different heat transfer coefficients. For this purpose, it was 
considered that every air zone was a rectangular cavity in which free convection took place. The heat 
transfer coefficient of each air zone (assumed as a vertical-cavity) was calculated with the help of the 
Nusselt number, which is the function of the Prandtl and Rayleigh numbers [44]. The processes of 
coupling the Fiala-FE model with the scanned data of the test person, dividing the air gaps into air 
zones, and calculating the heat transfer coefficient were investigated comprehensively in [32,33].  

  
a b 

  
c d 

Figure 8. The different colours  show the different air zones for (a) a tight fit jacket, (b) a normal fit jacket, (c) a loose fit 
jacket, and (d) an extra loose fit jacket 

In the current case, the transient simulation was performed to see the development of the 
temperature with respect to time. Furthermore, before running the thermal simulation, all the 
boundary conditions required for the thermal simulations were defined for the model:  

 All the thermal and physical properties, like specific heat, conductivity, thickness, and mass 
per unit area were defined for the jacket surface.   

 An environment was defined with an air velocity of 0.3 m/sec; the environment temperature 
was set at 23 ˚C and 50 % relative humidity.  

 The heat transfer due to longwave radiation was realised by defining the view factor cavity, 
and radiation properties of the test person and clothing.  

 Heat transfer among the air gaps, clothing surface, and body surface was realised with the 
help of the heat transfer coefficient, which was calculated for every air zone.  

For the simulation, the activity of the human was separated into five phases, where periods of sitting 
and walking were alternated, following Table 3. The metabolic rate in equation (12) was computed 
for a human without additional weight and running in stable terrain (treadmill) Thus, the values of  
and η  in equation (1) were taken as 0 and 1, respectively. 

Phase Activity Duration  
(min) 

Metabolic rate 

Watt MET 

a) b)

c) d)

Figure 8. The different colours show the different air zones for a) a tight fit jacket, b) a normal 
fit jacket, c) a loose fit jacket and d) an extra loose fit jacket.

Table 3. Metabolic rates of test person for different activity levels.

Phase Activity Duration, min
Metabolic rate

Watt MET
1 Sitting (0 km/h) 15 124.8 1.2
2 Walking (4 km/h) 40 270.4 2.6
3 Sitting (0 km/h) 15 124.8 1.2
4 Walking (6 km/h) 40 436.8 4.2
5 Sitting (0 km/h) 15 124.8 1.2

Figure 9. Core body temperature a) and mean skin temperature b) during the thermal simulation of TP-1 with different fits of jacket.
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the remaining errors of the model built, 
like material parameter determination, 
gap size, and metabolism parameters. For 
this reason, additional simulations with 
a finer mesh size were not performed. 
The air gap distributions calculated were 
used for the definitions of the different 
zones over the human body in depen-
dence on the air gap size and their loca-
tion on the body segment (Figure 8). In 

Figure 8, the different colours on the sur-
face of the jackets represent the air zones 
with different heat transfer coefficients. 
For this purpose, it was considered that 
every air zone was a rectangular cavity 
in which free convection took place. The 
heat transfer coefficient of each air zone 
(assumed as a vertical-cavity) was calcu-
lated with the help of the Nusselt number, 
which is the function of the Prandtl and 
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Figure 10. Responses of the active system of TP-1 for CS-III: a) vasoconstriction, b) vasodilation and (c) sweating. 

 Numerical results  
and discussion

Figure 9 shows the thermophysiological 
responses of the test person in terms of 
the core body and mean skin tempera-
tures during the thermal simulations of 
jackets with different fits. It can be no-
ticed in Figure 9.a that there are not 
many fluctuations in core body tempera-
tures during sitting phases. However, 
during the 2nd and 4th phases, the core 
body temperatures increase significantly, 
due to the rise in metabolic rates, which 
increased during walking at 4 km/h and 
6 km/h in the 2nd and 4th phases respec-
tively. Furthermore, the core body tem-
perature of the test person in the case 
of a normal fit jacket is little bit higher 
compared to the other fits of jacket (more 
visible in the 4th phase). Whereas the 
core body temperatures of the test per-
son in the case of the loose fit and extra 
loose fit show the lowest values. It can 
be concluded that the normal fit jacket 
offers higher thermal resistance than the 
loose and extra loose fits. The reason for 
the lower thermal insulation of the loose 
and extra loose fit jackets are the folds 
that are produced on the surfaces of the 

jackets during draping on the body. It is 
already experimentally proven that the 
folds in garments cause more heat loss 
from the body as compared to homoge-
neous air gaps [45]. As the air gaps in the 
case of normal and tight fits of jacket are 
more homogeneous, they prevent loss of 
heat of the body. Furthermore, it can also 
be noted from Figure 9 that the tight fit 
jacket does not present as much of a ther-
mal load as does the normal fit; even 
a normal fit has more folds on the jacket 
surface compared to the tight fit, which is 
due to the optimum air gap thicknesses 
causing maximum thermal resistance in 
the case of the normal fit. 

In comparison to the core body tempera-
ture, the mean skin temperatures of the 
test person start to decrease with the start 
of the simulation (Figure 9.b). This is due 
to the heat flow from a higher tempera-
ture surface (skin temperature – 35 °C) 
to a lower temperature (environmental 
temperature 23 °C). With the start of the 
2nd phase, the mean skin temperatures 
stop falling due to the higher metabolic 
rate producing more heat in the body. 
Subsequently, vasoconstriction also stops 
increasing, which started as the result of 

a sudden fall in the mean skin tempera-
ture in the 1st phase (Figure 10.a). Fur-
thermore, the mean skin temperatures of 
the test person remain the same in the 
case of all the jackets until the middle 
of the 4th phase (6 km/h). Then a sud-
den fall can be seen in the mean skin 
temperatures, which is because of the 
sweating. The activation of sweating and 
vasodilation in the 4th phase (as shown 
in Figures 10.b and 10.c) is the result 
of an increase in the core body tempera-
ture (Figure 9.a), which must be main-
tained at 37 °C by releasing heat to the 
environment. On the other hand, a sud-
den increase can be seen in vasoconstric-
tion (Figure 10.a), which is the result of 
a decrease in the mean skin temperature. 
Hence, this complex scenario of the heat 
regulation of the body is controlled by 
the combined working of three processes 
of the active system: vasodilation, vaso-
constriction, and sweating, to maintain 
the body’s temperature at set points. 

It can also be seen in Figure 10 that the 
normal fit causes more extreme respons-
es of vasoconstriction, vasodilation, and 
sweating compared to the other fits of 
jacket. As the normal fit jacket develops 
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Figure 11  Surface temperature of the clothing at different time steps during thermal simulation 

The variation in the surface temperature of the jackets increases with an increase in the loose fit, i.e. 
the extra loose and loose fit jackets have more surface temperature variation. This is due to the folds 
in the jackets, which produce air gaps of more uneven width, see Figure 11. Consequently,  minimum 
temperature variations can be seen on the smoother surface of the tight fit jacket. Moreover, the 
jacket surfaces at the chest show almost the same temperature, which is due to the smooth and 
same draping behaviour of the fabric at the chest. However, the jacket’s draping behavior in the 
abdomen area of the body is not smooth and differs in each fit of jacket. 
 

Figure 11. Surface temperature of the clothing at different time steps during thermal 
simulation.

Figure 12. Local skin temperature of the TP-1 at different time steps during thermal 
simulation.

more thermal load (core body tempera-
ture is higher compared to the other fits 
of jacket; Figure 9.a) due to higher ther-
mal resistance, the values of vasodilation 
and sweating are higher compared to the 
other fits of jacket in order to release 
heat from the body, see Figures 10.b 
and 10.c). Moreover, more production 
of sweating becomes the reason for 
a more cooling effect on the skin; there-
fore, a lower mean skin temperature can 
be noticed in the case of the normal fit. 
Since the activation of vasoconstriction 
relates to lower skin temperature, a high-
er value of vasoconstriction in the case 
of the normal fit jacket can be observed. 

A visual presentation of the jacket’s sur-
face, local skin and microclimate tem-
peratures at different time steps during 
the thermal simulation of the jackets and 
test person can be seen in Figure 11, Fig-
ure 12, and Figure 13, respectively. 

The variation in the surface temperature 
of the jackets increases with an increase 
in the loose fit, i.e. the extra loose and 
loose fit jackets have more surface tem-
perature variation. This is due to the folds 
in the jackets, which produce air gaps of 
more uneven width, see Figure 11. Con-
sequently, minimum temperature varia-
tions can be seen on the smoother sur-
face of the tight fit jacket. Moreover, the 
jacket surfaces at the chest show almost 
the same temperature, which is due to 
the smooth and same draping behaviour 
of the fabric at the chest. However, the 
jacket’s draping behavior in the abdomen 
area of the body is not smooth and differs 
in each fit of jacket.

As the air gaps at the chest are almost the 
same in each case of the jacket, the chest 
skin temperatures also have the same val-
ues, and the lower part of the body (abdo-
men) shows significant variations in skin 
temperatures, see Figure 12. It is evident 
that the draping behaviour and air gaps 
have an influence on skin temperatures. 
The same effects of the air gaps on the 
microclimate temperature can be noticed 
in Figure 13. The temperature behaviour 
of the air gaps belonging to the chest 
show almost the same values, whereas 
there are considerable variations in the 
temperatures of air gaps at the lower part 
of the body (abdomen).

It can be concluded from the simula-
tion results of jackets that the normal 
fit has the optimum thermal resistance 
compared to the other fits of jacket. 

 
Figure 12.  Local skin temperature of the TP-1 at different time steps during thermal simulation 

As the air gaps at the chest are almost the same in each case of the jacket, the chest skin 
temperatures also have the same values, and the lower part of the body (abdomen) shows significant 
variations in skin temperatures, see Figure 12. It is evident that the draping behaviour and air gaps 
have an influence on  skin temperatures. The same effects of the air gaps on the microclimate 
temperature can be noticed in Figure 13. The temperature behaviour of the air gaps belonging to the 
chest show almost the same values, whereas there are considerable variations in the temperatures 
of air gaps at the lower part of the body (abdomen). 
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Figure 13. Microclimate temperature at different time steps during thermal simulation.

In other words, the ease allowances 
(chest circumference: 6.50 cm, armhole 
depth: 5.00 cm, and cuff circumference: 
10.00 cm – see Table 2) that were given 
to the normal fit jacket produced air gaps 
of maximum thermal resistance in the 
scenario presented. Furthermore, it can 
also be concluded that air gaps consider-
ably influenced the thermal resistance of 
the clothing system, which can be man-
aged by adding and removing the ease 
allowances of the clothing.

 Conclusions
In the present study, a computer-based 
thermal simulation method was used to 
analyse the influence of clothing fit on the 
thermophysiological parameters of the 
human body. The method consists of the 
scanning of the test person, development 
of a thermophysiological model of the test 
person, 3D fit simulation of four different 
fits (tight fit, normal fit, loose fit, extra 
loose fit) of the jacket, air gap thickness 
(between clothing and the human body) 
analysis, and thermal simulation tak-
ing into account the metabolic rate. The 
non-uniform layer of air underneath the 
clothing was considered, and heat transfer 
coefficients of different thicknesses of the 
air gap were calculated, which were used 
during thermal simulation. It has been 
concluded from the results that clothing 
fit has a great influence on the thermo-
physiological parameters of the human 
body, microclimate, and clothing surface 
temperatures. Furthermore, the differ-
ences in local skin temperatures increase 
with an increase in loose and extra fits, 
which is due to the folds in the fabric be-
ing more visible, especially in the abdo-
men area of the body. On the other hand, 
all fits of jacket have the same smooth 
draping behaviour at the chest, which 
results in almost the same jacket surface 
and skin temperatures. It is also noted that 
the normal fit of jacket causes more ther-
mal load (higher core body temperature) 
and sweating compared to the other fits, 
from which it can be concluded that in the 
present scenario the normal fit jacket pro-
vides more thermal resistance compared 
to the other fits. Whilst the extra-loose fit 
provides the minimum thermal resistance, 
thus causing a lower thermal load com-
pared to the other fits of jacket.
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Figure 13. Microclimate temperature at different time steps during thermal simulation  

It can be concluded from the simulation results of jackets that the normal fit has the optimum 
thermal resistance compared to the other fits of jacket. In other words, the ease allowances (chest 
circumference: 6.50 cm, armhole depth: 5.00 cm, and cuff circumference: 10.00 cm – see Table 2) 
that were given to the normal fit jacket produced  air gaps of maximum thermal resistance in the 
scenario presented. Furthermore, it can also be concluded that air gaps considerably influenced the 
thermal resistance of the clothing system, which can be managed by adding and removing the ease 
allowances of the clothing. 
 
Conclusion  
 
In the present study, a computer-based thermal simulation method was used to analyse the 
influence of clothing fit on the thermophysiological parameters of the human body. The method 
consists of the scanning of the test person, development of a thermophysiological model of the test 
person, 3D fit simulation of four different fits (tight fit, normal fit, loose fit, extra loose fit) of the 
jacket, air gap thickness (between clothing and the human body) analysis, and thermal simulation 
taking into account the metabolic rate. The non-uniform layer of air underneath the clothing was 
considered, and heat transfer coefficients of different thicknesses of the air gap were calculated, 
which were used during thermal simulation. It has been concluded from the results that clothing fit 
has a great influence on the thermophysiological parameters of the human body, microclimate, and 
clothing surface temperatures. Furthermore, the differences in local skin temperatures increase with 
an increase in loose and extra fits, which is due to the folds in the fabric being more visible,  
especially in the abdomen area of the body. On the other hand, all fits of  jacket have the same  
smooth draping behaviour at the chest, which results in almost the same jacket surface and skin 
temperatures. It is also noted that the normal fit of jacket causes more thermal load (higher core 
body temperature) and sweating compared to the other fits , from which it can be concluded that in 
the present scenario the normal fit jacket provides more thermal resistance compared to the other 
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