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Abstract - Precise temperature control is important in thermal textiles. As the cover on the thermal textiles can greatly affect 
the heat dissipation and further change the temperature control. However, the traditional thermal theory about mere heat 

dissipation cannot be applied directly to the latest active thermal and wearable textiles and there is no relevant reference as well. 
Therefore, the effect of covers on temperature control of the thermal fabric is explored when different numbers of covers are 
applied in this study. Thus changing the material or the number of the covers on the thermal fabric becomes a new and effective 
way to adjust temperature for thermal textiles. This research work shows promising application in some extreme environment 
where increasing electrical power input to achieve expected temperature is not a perfect solution. Moreover, it is found that the 
thermal resistance of a fabric cover measured by the thermal conductivity tester machine can directly be applied to predict the 
actual situation during heating process when thermal resistance of the fabric cover is not too big, which can makes the fabric 
selecting process more efficient and help the factories save much time. 
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I. INTRODUCTION 

 

Thermal functional textile is a new branch of textile 

industry. Garments integrated with thermal function 

come from the perfect combination of electrical 

technology and textile industry [1-10]. Thermal 

garments are widely used in warming, physical 

therapy, healthcare and so on. Moreover, thermal 

treatment is an effective method to deal with some 
diseases, such as rheumatism and dysmenorrhea 

[11-16]. Thus there is a large potential demand from 

medical industry and the healthcare sector for thermal 

garments. 

Nowadays we can easily find thermal textile in our 

daily life. With improvement of structure and better 

selection of materials, thermal garments are becoming 

increasingly light weighted and portable. As the 

thermal garment generally doesn’t have a good 

appearance, some people prefer wearing thermal 

garment insider covered with outwear. Also when 
thermal textile is applied to counter extreme 

environment, outwear with good ability to keep warm 

will be covered on the thermal textile to further hold 

the heat. However, the influence of the outwear 

covering on thermal textile has never been considered. 

As the covering of another layer of garment can 

change the conductivity of the original thermal 

garment greatly, the function of thermal control will 

deteriorate and the heating temperature will deviate 

from accuracy. Therefore, it is necessary to explore the 

temperature control of thermal fabrics with 

multi-covers made of different materials. 
 

The heating mechanism of thermal textile, as well as 

its various properties, has been deeply explored before 

[17-20]. Also, a number of factors that are closely 

related to the temperature control of thermal fabrics, 

such as selection of conductive yarns, fabrication 

structures and some environmental factors have been 

studied [21]. Some efforts have already been made to 

investigate the environmental factors that can affect 

the temperature control of thermal garments. But the 

covering effect, which is also regarded as a kind of 

environmental factor, has never been studied in 

previous research. Obviously, covers from outsider 

play an important role in blocking heat transfer and 

improving keeping warm. Without taking into 

consideration of the effect of outsider covering, the 
precision of thermal control would be seriously 

affected. It is speculated that the outsider covers made 

of lower thermal conductivity has stronger ability to 

help thermal fabrics to improve warmth retention and 

the covers with better thermal conductivity have 

weaker ability to enhance warmth retention. But how 

much exactly the outsider covers can have influence 

on the temperature control of thermal fabrics is still 

not sure. It is known that the thermal conductivity 

tester can measure the conductivity of a fabric. Thus, 

there’s another question: can the measured value of 
thermal conductivity of the fabric cover be applied to 

heating process directly? The precision of thermal 

control is very important in some applications. Take 

thermal treatment as an example, some drugs require 

an optimal working point to function. Thus there is a 

demand to investigate the quantitative effect of 

covering effect on thermal control. In our study, we 

will focus on these two questions mentioned above.  

In our first step, a number of fabric covers will be 

applied on the thermal fabrics. Study will be focused 

what kind of change the covers can bring to the 

conductivity of the heating system. In our second step, 
we will measure the conductivity of the covers by the 

thermal conductivity tester directly and then assess if it 

is consistent with the heating process in Step 1. The 

research results not only can complement the 

fundamental study on thermal textiles, but also can 

make the thermal textile more applicable in more 

situations. 
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II. THEORETICAL 

 
Heat transfer is a physical process of thermal energy 

exchange between systems. It is driven by temperature 

differences between systems until all involved bodies 

and surroundings reach the same temperature when 

the situation is called thermal equilibrium. The law of 

heat transfer states that the time rate of heat transfer 

through a material is proportional to the gradient in 

temperature [22-24]. That is, for thermal fabrics, the 

heat flux from the fabric to the surrounding 

environment 
dQout

dt
 is proportional to the temperature 

difference between the fabric and its surroundings. 

 
dQout

dt
= λ ∗ (T − T0)                          1) 

 

λ  is the thermal conductivity under heat transfer, 

which measures the ability of a material to conduct 

heat. But in our study, λ refers to the ability of the 

thermal fabric to conduct heat to its surrounding 

environment. The amount of heat dissipation from the 

thermal fabric to the surrounding environment also 

equals to the electrical power input when thermal 

equilibrium is achieved. 

 
dQout

dt
= Pin                               2) 

By combining Equation (1) and (2), we can obtain: 

Pin = λ ∗ (T − T0)                        3) 

 

Equation (3) indicates that the temperature increase of 
the thermal fabric is proportional to the electricity 

input and the scale factor λ  measures the heat 

dissipation rate from the thermal fabric to the 

surrounding environment. However, this λ  in our 

study does not only represent the conductivity of one 

material but also reflect the combination of 

conductivities of both the thermal fabric and the 

surrounding air. Actually the whole thermal transfer 

process in the thermal fabric includes two parts: heat is 

transferred from the thermal fabric to the surrounding 
air and then dissipates in the air (into the distance). It is 

assumed that the temperature of the fabric and the 

surrounding air is Tf  and Ta . So we can obtain: 

 

qf→a = λf ∗ (Tf − Ta)                       4) 

qa→infinity = λa ∗ (Ta − T0)                  5) 

 

Where qf→a  is the heat flux from fabric to the 

surrounding air, λf  is the thermal conductivity of the 

fabric part in the whole system, qa→infinity  is the heat 

dissipation rate in the air (we assume the heat 

dissipated to infinity),  λa  is the conductivity of the air 

part in the whole system, and T0 is the environmental 

temperature. Because the system is in thermal 

equilibrium, from the law of conservation of energy, 

we can infer that the heat flux should be stable all the 

way. Or there will exist some places, where heat 
accumulates or dissipates. Consequently, it would lead 

temperature to increase or decrease infinitely and the 

thermal equilibrium would be destroyed. In other 
words, the heat flux from thermal fabric to the 

surrounding air qf→a  and the heat dissipated from the 

surrounding air to the environment qa→infinity  should 

both equal to the input electricity Pin : 

qf→a = qf→a = Pin                        6) 

 

By transforming Equation (4) and (5) with combining 

Equation (6), we can obtain: 
Pin

λ f
= Tf − Ta                            7) 

Pin

λa
= Ta − T0                            8) 

 

Then add up Equation (7) and (8), we can obtain: 

Pin ∗  
1

λ f
+

1

λa
 = Tf − T0                     9) 

or 

Pin =
1

1

λ f
+

1

λ a

∗ (Tf − T0)                  10) 

 

Finally, the conductivity of the whole system is 

obtained as =
1

1

λ f
+

1

λ a

 , which takes the thermal property 

of both the fabric and air into consideration. Now let N 

fabrics whose thermal conductivities are λ1, λ2 … λn  

cover the heating fabric, heat will flow cross these 
layers of fabrics and then dissipates in the air. The 

whole process is similar to the previous one and we 

can obtain a series of equations: 

 
 
 
 
 

 
 
 
 

Pin

λ f
= Tf − T1 

Pin

λ1
= T1 − T2

Pin

λ2
= T2 − T3 

…
Pin

λn
= Tn − Ta 

Pin

λa
= Ta − T0 

                         11) 

 

Sum up these equations, we can obtain: 

 

Pin ∗  
1

λ f
+

1

λ1
+

1

λ2
+ ⋯+

1

λn
+

1

λa
 = Tf − T0             

12) 

or 

Pin =
1

1

λ f
+

1

λ1
+

1

λ2
+⋯+

1

λn
+

1

λ a

∗ (Tf − T0)               13) 

 

Thus the conductivity of the thermal fabrics covered 
with a number of fabrics is obtained as: 

 

λ =
1

1

λ f
+

1

λ1
+

1

λ2
+⋯+

1

λn
+

1

λ a

                      14) 

This result indicates that more layers of covers lead to 

worse conductivity, which is consistent with our 

common sense that more covers help hold warm. If we 

use thermal resistance Ri to replace 
1

λ i
 in the above 

equations, 
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Ri =
1

λ i
                              15) 

Equation (12) becomes: 

 

Pin ∗ R = Tf − T0                          16) 

where 

R = Rf  + R1  + R2   + ⋯+ Rn   + Ra            17) 

 

Equation (16) and (17) indicate that the temperature 

increase of thermal fabric Tf − T0  can be easily 

obtained by multiplying the heat flux (or input 
electricity) by the total thermal resistance. And the 

total thermal resistance of the thermal fabric covered 

with different layers can be achieved by simply adding 

up the thermal resistance of each layer. In other words, 

thermal resistance is linear in a layer or sandwich 

structure where thermal flux is vertical to the plane of 

each layer. It is a convenient conclusion that we can 

apply to thermal calculation with multi-cover 

problems. N layers of same fabrics are applied to cover 

the thermal fabrics in our testing. Equation (17) can be 

simplified as: 

R = Rf  + Ra + n ∗ R1                       18) 
 

where R1 is the thermal resistance of single layer of 

the applied cover on the thermal fabric. n ∗ R1 in the 

above formula indicates the change that the 

multi-cover effect bring to the system. Moreover, 

equation (18) can also be expressed as: 

R = Rf  + Ra + n ∗ R1 + m ∗ R2                 19) 

 

Where R1 ,  R2  are the thermal resistances of two 

different kinds of covers and n, m are the numbers of 

them.Therefore, in the system, where thermal fabric 

are covered with layers of same fabrics, it is highly 

possible that there is a linear relationship between the 

total thermal resistance and the number of covers. The 

effect of covers on the thermal fabric remains to be 

explored and determined by the experimental test. 

 

 

III. METHODOLOGY AND EXPERIMENTAL 

DESIGN 

 

Methodology 

Part I 

The aim of the study in Part I is to explore how the 

covers on the thermal fabric can have an effect on the 

thermal process of the whole system. Specifically, this 

study will focus on the relationship between the 

thermal conductivity (or thermal resistance) of the 

system and the cover added. As we mentioned, there 

may exist a linear relationship between the total 
thermal resistance and the number of covers. Thus, the 

thermal resistance of the system will be measured each 

time a cover is added on. According to Equation (16), 

the thermal resistance of the system can be obtained: 

 

R =
Tf−T0

Pin
                            19) 

 

It indicates that the thermal resistance can be obtained 
by measuring the electrical power input and the 

temperature difference between thermal fabric and the 

surrounding environment. The linear fitting method is 

used to assess the thermal resistance with different 

number of covers applied on the thermal fabric and 

further to verify the accuracy of the hypothesis in 

Equation (18)~(19) 

 

Materials and Setup 

A stable thermal fabric, as shown in Figure 1 (a) and 

with its weaving structure illustrated with conductive 

yarn (red yarns) laid-in, which reaches a stable 
temperature after 30 min pre-heating under a 

constancy direct voltage supply. 2 different kinds of 

fabrics are selected as the covering materialsn A & B 

as shown in Figure 2. 

 
Figure 1. Sample heating fabric consists of conductive yarn 

 

 
Figure 2. Two different kinds of fabric materials 

 

An adjustable power supply with different settings of 

output power was used to heat the samples. The power 

supply also provides electrical current monitoring. 

Thus the output power could be obtained at all times. 
The woven fabric was not washed or ironed prior to 

the testing. Instead, the thermal fabric was dry relaxed 

and aligned on a rigid, non-conductive foam board for 

measurement purposes. An electronic thermometer 

was used to measure and record the temperature of the 

thermal fabric. The thermometer sensor was evenly 

placed at five locations on the thermal fabric to 

measure the temperature, and the average of the five 

temperatures was taken to represent the apparent 

temperature of the heated fabric. 

An adjustable power supply with different settings of 

output power was used to heat the samples. The power 
supply also provides electrical current monitoring. 

Thus the output power could be obtained at all times. 

The woven fabric was not washed or ironed prior to 
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the testing. Instead, the thermal fabric was dry relaxed 

and aligned on a rigid, non-conductive foam board for 
measurement purposes. An electronic thermometer 

was used to measure and record the temperature of the 

thermal fabric. The thermometer sensor was evenly 

placed at five locations on the thermal fabric to 

measure the temperature, and the average of the five 

temperatures was taken to represent the apparent 

temperature of the heated fabric. The heating fabric 

will reach different stable target heating temperature 

under different levels of power voltages. 

 
Figure 3. Thermal sensors and the temperature acquisition 

system 

 

The thermal conductivity tester used for testing 

thermal conductivity/resistance is THERMOLABO II 

system (Figure 4). It measures the thermal 

conductivity of a 5 ∗ 5 cm2  fabric. All of the tests 
were conducted under a standard atmosphere with an 

air pressure of 1 atm, temperature of 21.5±0.5°C, and 

humidity of 60±2%. 

 
Figure 4. Thermal conductivity tester THERMOLABO II 

 

IV. RESULTS AND DISCUSSION 

 

The DC power supply was used to heat the fabric with 

increasing electrical power and the thermal fabric was 

heated for 1800 seconds to achieve thermal 

equilibrium. It was guaranteed that thermal 

equilibrium was achieved in all the testing because the 

temperature was stable after 1800 seconds’ heating. 
The achieved temperature of the thermal fabric and the 

applied power were both recorded. Three applied 

voltages of the DC power supply were set to provide 

three different powers to heat the thermal fabric 

respectively and the corresponding obtained 

equilibrium temperatures were recorded. The 

temperature difference between the thermal fabric and 

the surrounding environment was obtained by 

subtracting the initial temperature. Then the 

temperature difference varying with power input was 

obtained in Figure 5. Equation (16) indicates that the 
temperature difference is proportional to the power 

input. Thus Equation (16) was used to fit the 

relationship between temperature difference and the 

power input. The fitting result is presented in Figure 5 

that: 

Tf − T0 = 4.963 ∗ P (°C)                  21) 
 

Thus the fitting thermal resistance of the fabric R was 

4.963 ( °C/W) . The regression coefficient was 

achieved as 0.9933, which indicates that the 

proportional relationship between the temperature 

difference and the power input is confirmed and the 

fitting method is an effective way to measure the 

thermal resistance of the system. 

 
Figure 5. Temperature difference between the thermal fabric 

and surrounding environment varying with the electrical power 

input. 

 

Then a layer of fabric A was placed on the thermal 

fabric to cover its surface. Now the system was 

composed of the thermal fabric and a layer of fabric 

cover A. The same method would be applied to obtain 

the thermal resistance of the system. The thermal 
fabric was again heated for 1800 seconds with three 

different supplied powers as before to achieve thermal 

equilibrium of the whole system. The achieved 

temperature of the thermal fabric and the supplied 

electrical power were both recorded under thermal 

equilibrium in each test. With the data of temperature 

difference and power input, fitting method was used to 

obtain the thermal resistance of the system as we did 

before. Then another layer of fabric A was placed on 

the thermal fabric. As a result, two layers of fabric A 

were covered on the thermal fabric. The same process 

was repeated as before to obtain the thermal resistance 
of the system. The thermal resistance of system was 

measured each time one layer of fabric cover was 

added to the system. Finally, the relationship between 

the thermal resistance of the system and the number of 

cover A were obtained, which is presented in Figure 6. 

Equation (18) presents that there is a linear 

relationship between the thermal resistance of the 

system and the number of covers. Thus the linear 

fitting method was used to fit the relationship between 

the thermal resistance and the number of covers. The 

fitting thermal resistance of the system is obtained: 
 

R = 5.0325 + 1.033 ∗ n (°C/W)                 22) 

 

where the fitting thermal resistance of single layer of 

the applied cover A on the thermal fabric is 1.033 

(°C/W) . The regression coefficient of 0.9977 was 

achieved which indicates that there is a very good 

linear relationship between the thermal resistance of 

the system and the number of fabric cover A, which 
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indicates that the experimental result is consistent with 

Equation (18). Then we replaced fabric cover A with 
fabric cover B and measured the thermal resistance of 

the system. The relationship between the thermal 

resistance of the system and the number of cover B 

were obtained, which is presented in Figure 7. The 

fitted thermal resistance of the system is obtained as: 

 

R = 5.0325 + 1.3001 ∗ n (°C/W)                    

23) 

 

where the fitting thermal resistance of single layer of 

the applied cover B on the thermal 

fabric is 1.3001 (°C/W). The regression coefficient of 

0.9979 was achieved which indicates that there is a 

very good linear relationship between the thermal 

resistance of the system and the number of fabric 

cover B. 

 

 
Figure 6. Relationship between the thermal resistance of the 

system and the number of fabric cover A 

 

 
Figure 7. Relationship between the thermal resistance of the 

system and the number of fabric cover B 

Then we covered the thermal fabric by mixing fabric 

cover A with fabric cover B. We aimed to seek how the 
thermal resistance changes when we applied two 

different kinds of covers on the thermal fabric. In this 

step, we put several pieces of fabric cover A and 

several pieces of fabric cover B on the thermal fabric 

and measured the thermal resistance of the system. 

Finally, we obtain how thermal resistance of system 

varies with n, m (number of fabric cover A and B). 

Their relationship is shown in Figure 8. Equation (19) 

presents that there is a linear relationship between the 

thermal resistance of the system and the numbers of 
fabric cover A, B. Thus the linear fitting method was 

used to fit the relationship between the thermal 

resistance and the number of covers. The fitting 

thermal resistance of the system is obtained: 

 

R = 5.0325 + 1.143 ∗ n + 1.429 ∗ m (°C/W)                 

24) 

 

where the fitting thermal resistance of single layer of 

the applied cover A and B are 1.143 and 1.429 

(°C/W)  respectively. The SSE of 0.00065 was 

achieved, which indicates a very good linear 

relationship between the thermal resistance and 

numbers of fabric cover A, B. 

 
There’s a problem in our fitting results that the fitted 

thermal resistance in Eq. (24) is slightly different with 

the fitted thermal resistance in Eq. (22)~(23). Actually 

it is very common in linear regression method that the 

fitted coefficients will change when different numbers 

of variables are applied. Luckily, the fitted thermal 

resistance didn’t change greatly. 

 

 
Figure 8. Thermal resistance of the whole system when applying 

different number of fabric covers 

 
The experimental and analytical results are consistent 

with the heat transfer theory discussed in “II 

Theoretical” and proved the feasibility of Equation 

(17), (18) and (19). With proved theory: the thermal 

resistance of the system could be obtained by simply 

adding up the thermal resistance of every single part, 

we can easily obtain the thermal resistance of the 

thermal fabric covered with external fabrics. With 

obtained thermal resistance of the system R , 

according to Equation (16), the temperature of the 

thermal fabric can be obtained by: 
 

Tf = Pin ∗ R + T0                         25) 

where 

R = Rf  + R1  + R2   + ⋯+ Rn   + Ra  
 

Therefore, the problem of thermal fabric with covers 

on it is solved and the feasibility of the theory is 

verified.  The temperature control of thermal fabric 

with multi-cover can be achieved by applying 

Equation (25). It is also possible that temperature 
adjustment of the thermal fabric can be achieved by 

adding or reducing the covers on the thermal fabric. 

Different from the applied electrical voltage and 

resistance of the thermal fabric, covers become an 

external factor that can affect the temperature control 

of thermal fabric. The study results can be very 

applicable in preparing thermal garments with cold 

resistance in some extreme environment. With the 
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obtained study results, people can choose the material 

of the cover and the number of cover to achieve the 
enough temperature they want. What’s more, the 

method of adding covers to obtain higher temperature 

saves electrical energy, which is conducive to 

long-time use of thermal garments. 

 

CONCLUSION 

 

The effect of applying covers on the temperature 

control of the thermal fabric has been explored. It is 

found that there is a very good linear relationship 

between the thermal resistance of the system and the 

number of covers. And the linear relationship between 
the thermal resistance of the system and the thermal 

resistance of very part in the system is proved. The 

thermal resistance of the system can be obtained by 

simply adding up the thermal resistance of every 

single part in the system. And further the temperature 

control of the thermal fabric with multi-cover can be 

achieved. When thermal textiles are applied in some 

extreme environment, simply increasing the power 

input may not be a perfect solution to resist cold. But 

the material of the cover and the number of cover can 

be chosen to adjust the temperature and further reach 
the temperature requirement. By applying covers to 

adjust the temperature, it not only provides a new way 

to control temperature but also contributes to energy 

saving. Moreover, it is found that the thermal 

resistance of a fabric cover measured by thermal 

conductivity machine can directly be applied to 

predict the actual situation during heating process 

when thermal resistance of the fabric cover is not too 

big. This result can help the factories save time when 

select fabrics. The research work in this paper is 

anticipated to complement the research on various 

factors that can affect the thermal control of thermal 
textiles and offers a broader range of methods of 

temperature adjustment for the better performance of 

thermal textiles. 
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