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environment, characteristics of clothes, microclimate, activity level etc. In addition to other factors, the thermal 
comfort of clothes considerably depends on the microclimate. A microclimate is the small layer of air between 
human body and clothing. This air layer is an important factor for thermo-physiological comfort as it is 
extremely close to the body. The properties of the microclimate (e.g. as insulator in winter and heat exchanger in 
summer) are affected by several aspects, for example thermal and draping properties of the fabric, garment 
design, environmental conditions, etc. 

The human body constantly interacts with the environment due to convection, conduction, radiation, and 
sweat evaporation. It is therefore continuously subjected to heat stresses, such as solar radiation, air temperature, 
humidity, and metabolic heat. A thermal regulation system helps maintain the heat balance between human body 
and environment in order to achieve a body core temperature of 37�C [2]. The heat exchange between human 
body and environment during the human thermal regulation can be expressed with the following heat balance 
equation[3].  
� � �� ��� � �	 
 � 
 � 
 
�������(1) 
Here, heat storage (S) is the difference between heat production (metabolism (M) corrected for work (W)) and 

heat loss (evaporation (E), convection and conduction (C), radiation (R) and respiration (B)).  
Many experiments have been conducted to understand the heat regulation process of the human body. 

Moreover, problems associated with clothing thermal comfort have been investigated, yet there is still a great 
comprehensive need for knowledge and research in order to resolve these problems. The use of thermal manikins 
or humans is normal practice in the investigation of thermal insulation through clothing and evaporative 
resistance [4–6]. The only advantage of using thermal manikins is the reproducibility with identical parameters 
and conditions; however, these tests are very expensive and time-consuming. The manikins have an average 
shape of a human body and are divided into different sections, which are equipped with heating sources as well 
as temperature and heat flux sensors. Modern thermal manikins can also sweat, walk, and even exhibit 
physiological responses similar to humans [7–9].  

For the purpose of highly realistic investigations, subjective studies/tests involving humans can be conducted, 
which are however expensive and include ethical restrictions. In addition, suchlike tests can exhibit widely 
varying test results due to intra- and inter-subjective variations [10].  

Some efforts have also been directed towards simulating the thermoregulation during the interaction of the 
human body or a cylinder (which has the same temperature as the surface of the human body) with the 
environment. The researchers have used computational fluid dynamics and investigated the thermal interaction 
of the nude human body in a naturally ventilated building [11], the heat transfer phenomena within the 
microclimate [12], and the effect of slits in garment on air flow and temperature distributions [13]. Within these 
research projects, the influence of different body shapes (body surface, volume), clothing design and fit have not 
been considered. 3D scanning techniques and an infrared thermal camera have also been used for investigating 
thermal insulation processes [14]; it has been reported that, if the microclimate is thicker than about 8 mm, 
internal convection will take place.  

To avoid errors by simulation of thermal regulation of the human body, researchers have employed human 
thermo-physiological models with varying accuracies. There are a large number of human thermoregulation 
models that were developed based on the first model of 1948 [15]. A multi-node model by Fiala et al [16] is the 
best performing model among others [17]. This model comprises 15 idealized spherical or cylindrical body 
elements: head, face, neck, shoulders, arms, hands, thorax, abdomen, legs, and feet. In accordance with former 
studies, a division was therefore made whenever a significant change of body tissue properties occurred. As a 
result, the present multilayer model consists of annular concentric tissue layers and seven different tissue 
materials: brain, lung, bone, muscle, viscera, fat, and skin. 

The main focus of this research project is to introduce a method for the application of simulation techniques, 
which can not only simulate the thermal regulation of the human body in terms of microclimate, clothing, and 
environment, but also consider the fit of the clothing influencing the ergonomic comfort of outdoor clothing. 
This simulation process offers an enormous potential to sectors involving outdoor, working, and protective 
clothing as well as sportswear. 

II. METHODS AND PROCEDURES 

A. Selection of Test Persons and 3D Scanning 

Five test persons were selected for investigations and wear trials. These test persons were scanned by using the 
3D-bodyscanner VITUS in two standing positions (standard and relaxed) as shown in fig. 2. The data were 
further used for determination of the body measurements according to the ISO 8559 and DIN EN ISO 7250. 
With the help of the software Geomagic, the data of all test persons were prepared according to the requirements 
for further simulations. 
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Here, h is heat transfer co-efficient, L is characteristic length (thickness of air zone), K is conductivity, and 
NuL is the Nusselt number (which is the function of Prandtl and Rayleigh number). The boundary conditions 
defined for the thermal simulations follow. 

1) Thermal and physical properties, specific heat, conductivity, thickness, and mass per unit area were defined 
to the jacket surface and the air zone.  

2) An environment was defined with air velocity of 0.3m/sec, which has a temperature of 15�C and 40% 
relative humidity.  

3) Metabolic rates (Met) were assigned to the thermal manikin according to the three different levels of activity 
in the wear trials (Table III), which were calculated against the weight of test person 1.  

4) The boundary conditions to realize heat transfer between outer surface of jacket & external environment, 
inner surface of jacket & relevant air zone, and air zone & relevant body segment/surface were defined as 
linear convection. 

5) Heat flux due to long wave radiation was considered by defining the view factor cavity. For this purpose, 
radiation properties were defined to the jacket shell and human model. 

III. RESULTS AND DISCUSSION 

A. Thermal Simulation 

The simulation was run for 7500 seconds (125 min) and following (fig. 7) results were obtained. 

 
 

Fig. 7.  a) Surface temperature of body and jacket during thermal simulation at time steps 900s, b) Temperature behavior of surface at thorax 
up anterior during the simulation, c) Response of active system of human model during simulation. 
 

It can be noticed (fig. 7b) that with the start of simulation, the temperatures of jacket surface and microclimate 
increase to 22�C and 28�C respectively, then maintain almost constant temperature line throughout the 
simulation. This is because of the influence of two constant temperatures; the body surface temperature (35-36 
�C) at thorax up anterior and the outside temperature (15�C). As, microclimate is closer to the body as compare 
to the jacket surface, therefore it has higher temperature than the jacket surface temperature. Moreover, the trend 
of the graph shows that jacket surface and microclimate work like an insulator to preserve the body heat. 
Although, the metabolic rate of test person increases during the wear trial (Table III), the body skin temperature 
(thorax up anterior) is remain in rang of 34.5-35.5 �C, because of the active system of human body that maintain 
the core body temperature at 37�C. The active system consists of four processes; shivering, vasoconstriction, 
sweating, and vasodilation. Shivering and vasoconstriction is activated in the cool environment, but sweating and 
vasodilation are activated when body feels too warm. The fig. 7c indicates the function of active system during 
simulation. In phase 1 (sitting, 0 – 900 sec) of wear trial, the metabolic rate of test person is 1 Met. Therefore the 
body heat is transferred to the microclimate (heat transfer from high to low temperature). Hence, the 
vasoconstriction and the shivering are activated with the start of simulation to preserve or to produce the body 
heat. The shivering starts to decrease with the start of phase 2 (900 – 3300 sec; walking with 4km/h) and meets 
to horizontal line. In this phase, the vasoconstriction stops to increase and maintains constant throughout the 
phase. This is because of the increasing of the metabolic rate of the test person during walking (3.2 Met). It can 
also be observed from the fig. 7c, that at the end of phase 2 (3300 sec), the vasodilation activates but soon ended 
with the end of phase 3 (4200 sec). As, in this phase, metabolic rate is 1 Met, therefore vasoconstriction is 
further increase so that body heat can be preserved. With the start of phase 4 (4200 – 6600 sec), vasoconstriction 
decreases and vasodilation starts to release the heat from the body, which is produced due metabolic rate of 4 
Met (walking at 6km/h). In phase 5 of wear trial, the metabolic rate is 1 Met, therefore once again the 
vasoconstriction starts to increase and vasodilation starts to decrease so that body heat can be preserved. 

a b c 
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B. Validation  

To validate the simulation results, the wear trials were conducted. At present, the results are still on evaluating 
stage, so that they cannot yet be presented. A comprehensive report we will published at the end of this project. 

IV. CONCLUSION 
This paper presented the simulation of heat regulation between human body, microclimate, clothing and 

environment. The transportation of heat in the microclimate is a complex phenomenon. The mass flow within the 
microclimate mainly depends on the surrounding environment temperature, the specific body parts, and the 
properties of the clothing a person wears. In the past, all thermal simulations involving the human body, its 
microclimate, clothing, and the environment have been performed based on the assumption that the microclimate 
is a uniform layer of air underneath the clothing. In reality, the thickness of the microclimate is not consistent all 
over the body, but it varies and depends on numerous factors, especially the draping properties of the fabric and 
the shape of the body. To simulate the actual scenario, a fit simulation of the jacket on an individual scanned 
model was performed by giving the deformation properties of fabric, and the microclimate was subsequently 
divided into many small air zones according to thickness and location. Moreover, to realize the scanned model as 
actual human model, it was coupled with the Fiala model.  

In order to validate the simulation results, the wear trials of five test persons already conducted by the 
Hohenstein Institut für Textilinnovation GmbH. The validation will be presented soon in separate research paper. 
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