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Abstract  

Heat and mass transfer through the garment on wearer’s body is affected by the change in the air gap 
thickness and the contact area more than by the material of the fabric. For thermally relevant 
evaluation of the thermal properties of clothing, e.g. during work or leisure time, it is important to 
analyse the air gap thickness and the contact area for prolonged, stationary and ergonomically correct 
body postures. A flexible manikin, which has similar body size and flexibility of joints as an adult male, 
was used to mimic realistic human body postures (standing and driving). To obtain accurate and 
reliable 3D scans, stands with fixations and the garment with easy openings were designed and Artec 
MHT 3D scanner was used. The presented study indicates that the distribution of air gap thickness 
and contact area between the body and the garment was depended on the posture of human body 
due to the gravitational force and the pressure from the chair on the flexible garment. The results of 
this study can contribute to an improvement of clothing design for functional garments and can be 
applied to heat and mass transfer modelling in clothing for various postures.  
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1. Introduction  

People’s expectation towards variety of clothing is to ensure a protection against harsh environmental 
conditions and thermal comfort [1]. This can be provided by maintaining balanced heat and mass 
transfer between the clothed body and its environment. The heat exchange processes in the clothing 
are affected by the change in the air gap thickness and the contact area more than by the material of 
the fabric. The thermal properties of the air layer are related to its size, which, in turn, depends on the 
form of the wearer’s body (morphology, posture and the movement) [2], the mechanical properties of 
the fabric (fabric stiffness and shear resulting in fabric drapability), and garment design and size [3, 4]. 
Since the heat loss rate through the garment depends mostly on the shape and the thickness of air 
gap and the magnitude of the contact area between the human skin and the garment, it is important to 
accurately determine these parameters for variety of scenarios.  

The stagnant air beneath and on the garment is an effective insulator against to heat and mass 
transfer in a prolonged body posture. Different methods have been used to evaluate the air gap 
volume using gas trace method [4-6], cylindrical mathematical method [8], three dimensional (3D) 
body scanning [9]. These methods contributed to overall evaluation of air gap and its thermal effect. 
However, there is only scarce information on local distribution of air layer and contact area and their 
effect on the heat and mass transfer through the garment. Therefore, further development has been 
done to evaluate local distribution of air gap thickness [3] and contact area between the body and the 
garment [10]. These studies offered an overview of the local distribution of air gap thickness and 
contact area over the body parts and are helpful for mathematical clothing modelling. However, the 
manikins used in these studies had an artificial standing straight position, which is ergonomically 
suited only for a short time. For thermally relevant evaluation of the thermal properties of clothing e.g. 
during work or leisure time, it is important to analyse the air gap thickness and the contact area for 
prolonged, stationary and ergonomically correct body postures.  

The aim of this study is to accurately analyse the change in the distribution of air gap thickness and 
the contact area between human body and the garment due to various prolonged body postures using 
3D scanning. A flexible manikin, which has similar body sizes and flexibility of joints of an adult male,  
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was used to mimic realistic human body postures. To obtain accurate 3D scans and to avoid the 
disruption of the posture when undressing the manikin, stands with fixations and the garment with 
easy openings were designed. The selected manikin body postures corresponding to work 
configurations were chosen to be standing straight (as a reference) and driving. The results of this 
study can contribute to an improvement of clothing design for functional garments and can be applied 
to heat and mass transfer modelling in clothing for various postures.  

2. Material and Method  

2.1. Manikin  

To mimic the prolonged postures of the human body, which are mostly confronted during work or 
leisure time, a flexible manikin with the approximate size of an adult male body has been selected 
(Figure 1, left). It was made of polyurethane with plastic coating (Polyform® GmbH & Co. KG., 
Rinteln, Germany) with the following circumferences of 91 cm for chest, 77 for waist and 91 for hip. 
The manikin’s posture can be changed by bending the joints, which are at the neck, shoulders, 
elbows, wrists, waist, hips, knees, ankles and fingers (Figure 1, middle). The bending angle of joints 
has limits, which are close to the needed angle for mimicking daily pro-longed postures of the human 
body.  

 

Fig. 1. Flexible manikin (left), the drawing of manikin with marking of bendable joints in standing posture (middle) 
and the drawing of manikin in driving posture (right)[Polyform®]  

 

Fig. 2. Stands for a) standing with scanner’s driver and b) driving posture  
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2.2. Postures  

For thermally relevant evaluation of the thermal properties of clothing, it is important to analyse the air 
gap thickness and the contact area for prolonged, stationary and ergonomically correct body 
postures. Therefore, in the present study, we proposed to evaluate the driving posture, which is often 
confronted during daily life as well as in many professions. To be able to make comparison with 
previous studies, standing posture was also selected as a reference. To avoid the disruption of the 
posture of the manikin in standing and driving postures, two different stands were designed with 
special locks. For standing posture a stand with locks at the foot and head were used (Figure 2a). To 
have better reliability of scans, a wooden reference was inserted in the proximity of the manikin. For 
driving posture, a stand with locks at foot and head were used (Figure 2b). The trunk-thigh angle and 
the thigh-calf angle were 110° and 120°, respectively, which are average angles of drivers’ lower limb 
[11] (Figure 1. right). To ensure this selected driving posture a chair with adjustable back were 
mounted on the stand (Figure 2b).  

2.3. Garment design  

In present study, plain knitted jersey, which contained 95% of cotton and 5% of spandex fibre, was 

used to sew the sweatpants. Fabric were washed with gentle washing programme at 40°C and dried 
to remove any foreign material, such as dust, soil, dye waste and the tensions of the manufacturing 
process from the fabric.  

Casual sweatpants made of jersey knitted fabric were prepared for this study to represent the indoor 
clothing, which is used in daily life. The pattern of sweatpants was done in regular fit. Ease 
allowances of the garment calculated by subtracting the girth of manikin body from and the girth of 
garment at relevant body landmarks are given in Table 1.  

Table 1: Ease allowances of garments 

Body part 
Measurements of Alf 

(cm) 
Measurements of garment 

(cm) 
Circumferential ease 

allowance (cm) 

Hip  91 108 17 

Thigh  51.5 52 0.5 

Calf  38.5 42 3.5 

Additionally, a zipper through the whole length of the leg was put in to dress and undress the manikin 
easily and avoid the disturbance on the manikin’s posture (Figure 3).  

 

Fig. 3. The front and side-view of regular fitted sweatpants and the zipper  
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2.4. Scanning procedure  

The Artec MHT (Artec Group, CA, USA), which is a hand-held 3D body scanner, was used to capture 
the clothed and nude manikin in standing and driving postures. Since the hand-held scanner has 
small view area (536x371mm), the scanner has to be moved around the manikin to be able to scan 
the large size of manikin. For scanning in the standing posture, a special driver was used, while for 
scanning in the driving posture, the scanner was used with guidance of a person.  

It was difficult to obtain a complete scan of the manikin in driving posture owing to the limitations with 
the back of the chair. As a result, a large section of missing data at the posterior pelvis were occurred, 
where the manikin often in contact with the chair (Figure 4). Therefore, the posterior pelvis was 
excluded in the evaluation and considered as it has higher contact with the chair.  

The 3D scans were post-processed by the dedicated software Geomagic Control 2014 (3D Systems 
®, SC, USA) to achieve the thickness of air gap and the magnitude of contact area. Scanning and 
post-processing procedure consist the following steps:  

• Dressing the flexible manikin and mimicking the posture,  

• Scanning dressed flexible manikin locally in various postures,  

• Undressing the flexible manikin with the help of zippers,  

• Scanning the nude flexible manikin locally in various postures,  

• Cleaning and reorientation of the scans,  

• Alignment of the scans,  

• Geometrical determination of the distance between super-imposed surfaces recognized as air 
gap thickness and contact area.  

3. Results  

The division of the manikin’s lower body into the body parts and the exemplary single coloured maps 
displaying the distribution of the air gap and the contact area in selected posture are shown in Figure 
4. The average air gap thickness and the contact area and their standard deviations for different body 
parts in standing straight and driving postures are shown in Figure 5 and Figure 6, respectively.  

 

 

Fig. 4. Division of the manikin’s lower body into the body parts (left) and exemplary single post-processed 3D 
scans of driving (middle) and standing (right) postures indicating the contact area and the air gap thickness of the 

trousers  
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Fig. 5. Average air gap thickness for different lower body parts in standing straight and driving postures 

 

Fig. 6. Contact area for different lower body parts in standing straight and driving postures 

4. Discussion and conclusions  

Driving and standing postures, which are often confronted in daily and professional life, were 
compared to evaluate the change in the air gap thickness and the contact area for lower body. The 
presented study indicates that the distribution of air gap thickness and contact area between the body 
and the garment depended on the posture of human body and the effect of gravitational force. The 
change in air gap thickness and contact area for standing and driving postures varied between 0.6-
3mm and 2-33%, respectively. The lowest and the highest change in air gap thickness were observed 
at posterior thigh (0.6mm) and at anterior pelvis (3mm), respectively. At the same time, the minimum 
and the maximum change in contact area occurred at posterior calf (2%) and anterior calf (33%), 
respectively (Figure 5 and 6).  
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Fig. 7. Cross section of a) the anterior pelvis, b) the thigh and c) the calf in standing (left) and driving (right) 
postures  

 

Fig. 8. Cross section of the knee of nude manikin in a) standing and b) driving postures  

According to the Figure 5 and 6, the change in air gap thickness and contact area for different body 
parts varied over body parts. The average air gap thickness for driving posture were lower than the 
average air gap thickness for standing postures at the entire lower body except for the posterior thigh. 
When the human sits on the chair, the pressure occurs between the leg and the chair. Additionally, 
the distortion on the garment owing to the change in posture can be seen in the cross sections of 
thigh in standing and driving postures, which are presented in Figure 7b. The garment fell over the 
posterior thigh due to the gravitationally force. Hence, the rest of the fabric was gathered at the both 
sides of the thigh. As a consequence of this effect, although the change in contact area was higher for 
posterior thigh, the observed change in air gap thickness was similar for both postures. For other 
body parts, such as anterior pelvis and calf, the distribution of air gap thickness and the contact area 
were as expected and evenly distributed around the body parts (Figure 7a and 7c).  
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The thickness of air layer between 8-13mm is considered as the threshold of free air circulation and 
increase the heat and mass transfer in clothing [12, 13]. According to the results obtained from this 
study, in driving postures with regular fitted garment, the convection could be negligible since the air 
gap thickness were less than 13mm for all lower body parts and regular pant design.  

Since the shape and the orientation of the air layer between the garment and the body also plays an 
important role in the insulation of the garment, the effect of air layers at anterior thigh in driving and 
standing postures on the insulation of the garment is expected to be different. On anterior thigh in 
driving posture, the air layers were mostly in irregular shape owing to the two contrary applied forces 
on thigh from the bended hip and calf joints, whilst in standing posture the air layers were more 
homogenous (Figure 4, middle and right, and Figure 7b). Even though the thickness of air layer for 
both body parts was lower than 10mm, which is the boundary air layer thickness for taking place of 
the free air circulation underneath the garment, the heat loss through the anterior thigh in driving 
posture would be higher than the heat loss through the anterior thigh in standing posture due to the 
higher contact area in heterogeneous air layers.  

The change in the thickness of air gap and the magnitude of contact area are also depended on the 
relocation of fat tissue due to increased pressure between the body parts and the pressure from the 
object (chair, desk) that touches to the skin. In presented study, it was not possible to evaluate the 
effect of the fat tissue on the change in air gap thickness and the contact area resulting from the 
different postures. In real case, the fat tissue would be deformed around region where the body would 
have pressure from other body part or an object. Since, it was not possible to scan nude and the 
clothed human without disturbing the posture, the evaluation of the distortion of the garment in various 
postures was done with a flexible manikin. When the limbs of the flexible manikin are bended, the 
joint area is deformed due to due to the pressure from neighbouring body parts on the polyurethane 
(Figure 8a and 8b). The manikin could mimic the posture of human realistically, however, for local 
small-scale deformations, e.g. muscles, fat tissue, are rather coarse approximations.  

The interaction between the garment and the human body in different posture were evaluated using a 
flexible manikin and 3D scanning method. As a consequence, it was proven that the garment 
distortion occurred mostly on the body parts where the external forces, e.g. pressure from an object, 
pressure from neighbouring body part etc., were applied. This knowledge will contribute to the models 
of heat and mass transfer in clothing and the garment design for working postures. For further study, 
the detailed evaluation of the air gap thickness and the contact area in different garment design, body 
postures and morphology are required.  
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