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Even with the increasing energy crisis, energy consumption for human thermal 

comfort is considered indispensable reflecting upon the energy utilization in heating, 

ventilation, and air conditioning (HVAC), which corresponds to 42.3% of energy 

consumption in buildings and homes in USA. This huge amount is economically 

equivalent to 27 billion dollars and converted into 0.55 billion dollars worth per 1� in 

the room or the office. Moreover, additional expenditure is needed to manage 

environmental pollution to take into account greenhouse gas emission of 670 MT CO2 
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produced from the same amount of energy generation. From a perspective of energy 

efficiency, warming up the whole building to fulfill the temperature range for thermal 

comfort is wasteful compared to locally heating and cooling individuals. Many thermal 

clothes such as active heating fabrics, cooling pads, and inner clothes have been 

developed for thermal comfort. However, these garments and tools can’t suggest the 

solution for the energy efficiency and thermal adaptive function.  

 To overcome these problems, we focused on physiological response of human 

skin, which is a principal outer having adaptive thermoregulations. Skin has a regulatory 

mechanism for body temperature as a function of ambient thermal condition by 

controlling its resistance of heat and moisture transfer. Sweating precipitates thermal 

emission via evaporation, and an air insulation layer controlled by geometric change of 

skin hair allows designated convection and conduction at skin. Inspired these two smart 

functions of skin, we have devised the smart fabrics, which can adjust their porosity for 

moisture transfer and air insulation thickness between two layers textiles as a function of 

ambient surroundings. 

The dissertation is constructed with the steady state model for human body for 

defining thermal comfort, the material and the structure design for thermal adaptive 

textiles (TAT), the experimental result for thermal adaptive property of TAT, and the 

application of TAT. 
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Introduction 

 

Water is universal but indispensable for livings. Simple example that water 

composition in human body is around 60% reminds us how water is important for our lives. 

When we look into the atom composition in the earth, the most abundant atom is oxygen 

in the ocean and the hydrogen follows next and their combined weight percentage is 96%. 

This is, of course, the main material for the ocean is the water. Then, how about the atom 

composition in the crust? The oxygen occupies 60% of weight percentage as the most 

abundant atom and the hydrogen is the 10th abundant atom (0.14%). When the weight 

percentage of each atom is converted to the atom number percentage, still the oxygen is 

the most with 60.3% and the hydrogen ranks up as 4th abundant atom (2.92%) because of 

its low atomic weight. Oxygen is in the shape of ceramic with metal in the crust. Moreover, 

most metals make oxide layer on its surface, and this is why the oxygen becomes most 

plentiful in the crust. When considered the hydrogen makes single bonding as the edge part 

of the molecule, most metal would have hydroxyl on its surface and will be in a good 

relationship with water, and this is why we can see easily many hydrophilic materials 

around us. Water is important, therefore the nature naturally learned how to easily access 

the water by forming good wetting surface to water1. 

Nature needs the hydrophobic surface to utilize the water effectively2. The human 

body is the good example that we already discussed our body is composed of 60% water 

and the water should be separated in our body by unwetting material to prevent all dried 

up. Lipid, which is the hydrophobic molecule, is the main material in the cellular wall for 
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the division between the individual cell. Lipid protects the cell not to be dried and keeps it 

from other toxic hydrophilic substances. The surface tension of materials, materials’ 

wetting degree to water, and the structure of hydrophobic and hydrophilic networks3 are 

complicated to work each other on how to use the water efficiently in the nature, and 

individuals have their own strategy using these materials’ characteristics to make use of 

water in chemical reaction, thermal transfer4, and energy circulation5 for their lives. 

Inspired on these application on water in the nature, we have developed smart 

materials for energy saving purposes. In this thesis, we will introduce a smart fabric which 

utilizes hygroscopic materials, which is learned from the nature.  
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Chapter 1: Theory 

 

1.1 Introduction 

Even with the increasing energy crisis, energy consumption for human thermal 

comfort is considered indispensable reflecting upon the energy utilization in heating, 

ventilation, and air conditioning (HVAC), which corresponds to 42.3% of energy 

consumption in buildings and homes in USA6. This huge amount is economically 

equivalent to 27 billion dollars calculated with electricity rate of approximately 10 

cent/kWhr, and converted into 0.55 billion dollars worth per 1� in the whole buildings 

and homes in USA. Moreover, we need additional expenditure to manage environmental 

pollution to take into account greenhouse gas emission of 670 MT CO2 produced from the 

same amount of energy generation. From a perspective of energy efficiency, warming up 

the whole building to fulfill the temperature range for thermal comfort is wasteful 

compared to locally heating and cooling individuals. Some states in USA encourage people 

to wear sweater in winter to save HVAC (Figure 1.1.1). Many thermal clothes such as 

active heating fabrics7, cooling pads8, and inner clothes9 have been developed for thermal 

comfort. However, these garments and tools can’t suggest the solution for the energy 

efficiency and thermal adaptive function.



 
	

 
	

4 

 

 

Figure 1.1.1 The ad to encourage energy savings in HVAC by wearing sweater in 
Michigan 

  

To overcome these problems, we focused on physiological response of human skin, 

which is a principal outer having adaptive thermoregulations10. Skin has a regulatory 

mechanism for body temperature as a function of ambient thermal condition by controlling 

its resistance of heat and moisture transfer. Sweating precipitates thermal emission via 

evaporation11, and an air insulation layer controlled by geometric change of skin hair 

allows designated convection and conduction at skin12. Inspired these two smart functions 

of skin, we have devised the smart fabrics, which can adjust their porosity for moisture 

transfer and air insulation thickness between two textiles as a function of ambient 

surroundings. 

There have been many efforts to establish a reasonable temperature and humidity 

index for thermal comfort13-17. However, diversities from physiological differences such as 
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sex18,19, age20, and habitual characteristics21 based on climates from different residential 

areas unable the thermal comfort be defined as a simple number. Common shared 

physiological response by everyone including from old people to infant, female and male 

is to produce “sweat” when they are placed in unbalanced thermal condition22. According 

the human physiology, adult consumes approximately 2.5 litter of water per day and emits 

500ml-600ml through sweat per day23. Under hard activity, it goes up till 2-3 litter per 

hour24. Figure 1.1.4 indicates the humidity between the skin and the clothes is always 

higher than room humidity to show that we are sweating when we does not feel any 

sultriness25. For thermal regulation, we continue to sweat and controls the evaporation for 

the thermal comfort. 

Therefore, we focused on humidity sensitive material for passive actuator in smart 

textiles, which can increase moisture permeability under high humidity between our skin 

and textile when we feel hot and sweat. The thermal theory was constructed and evaluated 

before conducting the experiments.  
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Figure 1.1.2 Two concept images for thermal adaptive textiles (TAT): image 1) was taken 
from the website (http://www.drypharmacist.com/kids-corner---why-do-i-sweat-so-
much.html) and image 2) was taken from the website (https://andreacollo.wordpress.com/ 
2014/02/26/what-about-goosebumps/)  
 
 
 

 

Figure 1.1.3 Sweat from the body 
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Figure 1.1.4 Humidity and temperature between the skin and the clothe: the subject was 
not doing anything just sit in the room. 

 

 

1.2 Thermal comfort for human body 

Thermal equilibrium of human body to an environment is computed with multiple 

heat transfers such as conduction, evaporation, convection, and radiation. Steadman13 and 

Fanger14 suggested the steady state model for heat transfer of human body using two paths 

of direct heat transfer and latent heat transfer (Figure 1.2.1). They also described whole 

heat flow using parameters of resistances in each section. 
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Figure 1.2.1 The steady state model of heat transfer for human body (a) with clothing and 
(b) without clothing: temperature of internal body (!"), moisture pressure of internal body 
(#"), heat resistance of skin ($%), resistance of moisture transfer in skin (&%), temperature 
on skin (!%), moisture pressure on skin (#%), heat resistance of TAT ($'('), resistance of 
moisture transfer in TAT ( &'(' ), resistance of moisture transfer in TAT ( &'(' ), 
temperature on TAT (!'('), moisture pressure on TAT (#'('), heat resistance of ambient 
condition ($) ), resistance of moisture transfer in ambient condition (&) ), ambient 
temperature (!)), ambient moisture pressure (#)) 
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We have developed Steadman’s model to set up the heat transfer model for thermal 

adaptive textiles (TAT). People feel thermal comfort when their internal body temperature 

maintains 37°C under thermal equilibrium. When people are put in an extreme cold 

environment, the equilibrium is broken and the additional energy is derived from the 

humane body to make the steady balance and this causes people to feel cold. The objective 

of TAT is to be a thermal buffer between humane skin and extreme environment to 

maintain core body temperature of 37°C without additional thermal exchange to the core 

body. For the objective of keeping the core body at 37°C, balanced thermal transfer on two 

main heat flow of latent and direct heat transfer are needed through each section of skin, 

clothes, ambient environment. Clothed and unclothed human body models were set up 

separately because the cloth plays an important role on thermal transfer in the model. 

For both clothed and unclothed subjects, the main energy source is the sum of the 

gained energy from environment such as solar radiation (*′), and conductive heat flow 

through the skin surface (*). The heat flow through skin is given by 

 

 * + *- = !" − !%
$%

 (1) 

   

The heat is emitted from the skin through TAT to ambient air, and moisture also contributes 

to deliver energy through skin and TAT to ambient air. These two heat emissions can be 

combined and the sum is equal to the amount of the main energy source (Eq. 2). 

 * + *- = !% − !)
$'(' + $)

+ #" − #)
&% + &'(' + &)

 (2) 
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Combining Eq.1 and Eq. 2 gives, 

 

 * + *- = !" − !)
$% + $'(' + $)

+ #" − #)
&% + &'(' + &)

$'(' + $)
$% + $'(' + $)

 (3) 

 

For an unclothed subject, $0 and &0 are zero, and the general equation for unclothed model 

is given by 

 

 

 

 

* + *- = !" − !)
$% + $)

+ #" − #)
&% + &)

$)
$% + $)

 (4) 

 

The energy equilibrium for human body covered partially with TAT with the ratio 

of ∅ results in combining of Eq. 3 and Eq. 4. 

 

* + *- = Ø !" − !)
$% + $'(' + $)

+ #" − #)
&% + &'(' + &)

$'(' + $)
$% + $'(' + $)

+ 1 − Ø !" − !)
$% + $)

+ #" − #)
&% + &)

$)
$% + $)

 

(5) 

 

Eq. 5 is equal to Eq. 3 when Ø = 1 (the body is fully covered with the clothes) and is equal 

to Eq. 4 when Ø = 0 (the subject becomes nude). Since the heat is emitted in a shape of 
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convection, radiation, and evaporation on the skin surface, $) can be expressed with ℎ6 

and ℎ7, and &) can be expressed with moisture transfer coefficient (Eq. 6 and 7).  

 $) =
1

ℎ6 + ℎ7
 (6) 

   

  &) =
1
8 (7) 

  

where ℎ6 is convective heat transfer coefficient, ℎ7 is radiative heat transfer coefficient, 

and 8 is moisture transfer coefficient. To identify Eq. 5, we have investigated the value 

for each parameter.  

 

1.2.1 Radiative heat transfer coefficient 

The heat loss of the object by the radiation is determined by the Stefan-Boltzmann 

Law and follows Eq. 8. 

 * = 9: !%; − !); = 9: !%< + !)< !% + !) !% − !) ≑ 49:!(?∆! (8) 

 

where * is the heat loss per surface area, 9 is the emissivity, : is the Stefan-Boltzmann 

constant, !%  is the surface temperature, !)  is ambient air temperature, and !( = 'AB'C
<  

respectively. We assumed that !% and !) have similar values because ambient temperature 

and skin temperature would not have generally more than 50K difference.    

The radiative heat transfer coefficient, therefore, is given by 

 ℎ7 = 49:!(? ≑ 5.6	(I8J<KJL) (9) 
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with the values of  9 = 0.97 (emissivity of skin13),  : = 5.67×10JQI8J<KJ; ,  !( =

295K. 

 

1.2.2 Convective heat transfer coefficient 

The heat loss by the free convection is estimated by the Nusselt number, the rate 

ratio of the convection to the conduction (Eq. 10). 

 

 ST = *ℎ
U(!% − !))

 (10) 

 

where * is the heat loss per surface area, ℎ is the height of a human body, and U is the 

thermal conductivity of air respectively. 

The Nusselt number is computed by the Grashof number (Gr) and the Prandtl 

number (Pr) and given by 

 

 ST = VWX)#X" (11) 

 

where V is a constant, and Y and Z are empirical exponents.  

The human body can be approximated to be a cylinder like object with values of 

V = 0.021 and Y = Z = 0.4 (Eq. 12). 

 ST = 0.021(WX ∙ #X)\.; (12) 
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Gr is given by 

 WX = ]^∆!ℎ?
_< ≑ 7.1×10Q (13) 

 

with values of ] = 9.88aJ< , ^ = 0.003KJL , ℎ = 28 , and _ = 1.82×10Jc8<aJL , 

where g is the gravitational constant, ^ is the thermal expansion coefficient of air, and _ is 

kinematic viscosity of air respectively. 

Nishi and Gagge simplified the Nusselt number with the approximation that Pr is 

equal to 0.72 throughout the air temperature range from 10°C to 50°C (Eq. 14)26. 

 

 ST = 63.9∆!\.; (14) 

 

The convective heat transfer coefficient is defined by using Eq. 10, Eq.13, and Eq. 

14. 

 

 
ℎ6 = 0.83∆!\.;	(I8J<KJL) (15) 

ℎ6  is 2-3 	I8J<KJL , when the surface and ambient temperature difference is 5-10K 

according to Eq. 15.  

In Eq. 15 only the still air condition is considered in the convection. However, the 

effect of wind or subjects’ movement is also known to influence the convection to disturb 

boundary air layer over the surface of a body resulting in increasing the cooling effect. 

Many attempts was tried to define chill effect of wind on the convection empirically27, and 
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Gagge et al. suggested Eq. 16 using the 2-node model of human thermoregulation with the 

value of subject’s walking speed d (d > 0.28/a) through still air of indoor28. 

 

 ℎ6 = 8.6d
L
<	(I8J<KJL) (16) 

 

When people walk in a room with the speed of 0.28/a, ℎ6 is 3.8I8J<KJL by Eq. 

16. Either value from Eq. 15 and Eq. 16 is within the value of 4I	8J<KJL, and we utilized 

the value of 3.8I8J<KJL that belongs to a relative small activity of walking slowly in 

the room. 

 

1.2.3 Moisture transfer coefficient 

The moisture transfer is defined as a similar equation to the heat transfer as they 

share same phenomenon at the boundary layer between air and skin. Steadman estimated 

the moisture transfer coefficient is equal to 16.5 fold the value of ℎ613. 

 

 8 = 16.5ℎ6	(I8J<KJL) (17) 

 

1.2.4 Ambient moisture pressure 

Using ambient temperature (!)), and relative humidity ($g), ambient moisture 

pressure can be expressed as 
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 #) =
13.247h

Li.ji'C
'CB<;?.c $g

!) + 273.15
	(k#Y) (18) 

 

1.2.5 The energy emission per surface area 

The average daily recommended caloric intake for adult is about 2000	klYm/nYo 

and almost only 30% of its energy is used to physical activity such as in muscles and brain. 

The remained 70% of energy is emitted as heat through our skin to maintain our body 

temperature. This amount of energy is equal to about 5.86×10j	p/nYo, and calculated to 

about 40I/8< when one person has surface area of 1.78	8<	29. 

 

1.2.6 Additional parameters 

The internal moisture pressure is 5.65 kPa calculated with an effective relative 

humidity of 90% and saturation moisture pressure of 6.28 kPa at 37°C30. The resistance of 

heat transfer in the skin is 0.03878<KIJL and the resistance of moisture transfer in the 

skin is 0.0521	8<k#YIJL  from Fanger’s data14. The resistance of heat transfer per 

thickness in the common commercial cotton textile is 0.167	8<KIJLl8JL 31, the 

resistance of moisture transfer in the textile depends on its permeability that allows 

moisture to pass through the textile. Woodcock measured resistance of moisture transfer 

for the common commercial cotton textile and suggested the value of 

0.033	k#Y8<IJLl8JL32. 
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1.2.7 General equation for TAT 

We have developed two kinds of TATs that are composed of one-layer and two-

layers. One-layer TAT opens pores on the surface of the textile and increases the 

permeability of air with response to the sweat generated on the skin by hot environment. 

One-layer TAT controls the coverage ratio of clothed and unclothed parts on the skin 

according to the humidity at the skin (Figure 1.2.7.1). The insulation layer in two-layers 

TAT is controlled by the skin temperature on TAT (Figure 1.2.7.1)  

 

   

Figure 1.2.7.1 Mathematical model to fulfill two TATs: each initial represents for vapor 
pressure of skin (#%), heat resistance of one layer textile ($0), heat resistance of air ($)q7), 
thermal conductivity of air (κ)q7 ), thickness of air trapped between two layers (sq ), 
moisture transfer resistance of one layer in textile (&0), and moisture transfer resistance of 
air (&)q7) 
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The mathematical model for one-layer TAT is given by 

 

 

* + *- = Ø !" − !)
$% + $'(' + $)

+ #" − #)
&% + &'(' + &)

$'(' + $)
$% + $'(' + $)

+ 1 − Ø !" − !)
$% + $)

+ #" − #)
&% + &)

$)
$% + $)

 

(19) 

 

 Ø = t(#%) (20) 

 

Using Eq. 6, 7, 9, 16-18, and additional parameters, Eq. 19 is simplified as Eq. 21. 

 

40 = Ø 37 − !)
0.0387 + 0.167u + 0.106 +

5.65 − 13.247h
Li.ji'C
'CB<;?.c $g

!) + 273.15
0.0521 + 0.033u + 0.0159

0.167u + 0.106
0.0387 + 0.167u + 0.106  

+ 1 − Ø 37 − !)
0.0387 + 0.106 +

5.65 − 13.247h
Li.ji'C
'CB<;?.c $g

!) + 273.15
0.0521 + 0.0159

0.106
0.0387 + 0.106  

(21) 

 

where u is the thickness of textile. 

Two-layers TAT expands the insulation layer with response to ambient temperature, 

and its mathematical model is 

 * + *- = !" − !)
$% + $'(' + $)

+ #" − #)
&% + &'(' + &)

$'(' + $)
$% + $'(' + $)

 (22) 
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 sq = t !'('  (23) 

 

 $'(' = 2$0 + $)q7 = 2$0 + sq/U)q7 (24) 

 

 

 

&'(' = 2&0 + &)q7 · sq (25) 

where sq is the thickness between two layers, $0 is resistance of heat transfer in one layer 

textile of TAT, &0 is resistance of moisture transfer in one layer textile of TAT, U)q7 is 

thermal conductivity of air (0.026l8I8J<KJL ), and &)q7  is resistance of moisture 

transfer in air (0.022sq8<K#YIJL).   

Using Eq. 6, 7, 9, 16-18, and additional parameters, Eq. 22 is simplified in Eq. 26. 

 

                   40 = ?iJ'C
\.\?QiB<·\.LjiwB?Q.;jxyB\.L\j

 

								+
c.jcJz{.|}~�

z~.Ä~ÅC
ÅCÇ|}{.É ÑÖ

ÅCÇ|~{.zÉ
\.\c<LB<·\.\??wB\.\<<xyB\.\LcÜ

\.LjiwB\.L\j
\.\?QiB\.LjiwB\.L\j   

(26) 
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Figure 1.2.7.2 Correlation between (a) a clothed ratio in one-layer TAT and the ambient 
temperature, (b) the thickness of air trapped in two-layers TAT and the ambient 
temperature. The material for textile is considered as the common commercial cotton with 
thickness of 1mm. 1mm of gap between TAT and skin was supposed. RH indicates the 
ambient relative humidity. 

Figure 1.2.7.3 Correlation between (a) the clothed ratio and the ambient temperature with 
different thickness of textile (1mm, 5mm, 10mm) under 10% RH, and (b) the thickness air 
trapped in two layers TAT and the ambient temperature with different thickness of textile 
(1mm, 0.5mm, 0.1mm).  

 

(a) (b) 

(a) (b) 
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Figure 1.2.7.2(a) is the calculation result for one-layer TAT based on Eq. 21, and 

Figure 1.2.7.2(b) is for two-layers TAT based on Eq. 26. Figure 1.2.7.2(a) indicates the 

coverage ratio for thermal comfort according to the ambient temperature and relative 

humidity. For example, the coverage ratio should be 0.55 under 23°C, 50% RH, and this 

means 55% of surface area in TAT should be opened to emit heat and moisture to balance 

thermal condition for feeling thermal comfort. The coverage ratio in one-layer TAT under 

10% RH should be changed drastically according to the ambient temperature, and TAT 

can’t respond to under 33°C theoretically from Figure 1.2.7.2(a). If the sensitivity of TAT 

can’t respond to the small temperature variation, we can increase the thickness of textile 

that allows TAT available to cover wide range of ambient temperature (Figure 1.2.7.3(a)). 

Since two-layers TAT is composed of two fabrics, it can be useful for the colder area than 

one-layer TAT.  Under either humidity condition, two-layers TAT has approximately linear 

correlation between ambient temperature and desirable insulation thickness in TAT for 

thermal comfort (Figure 1.2.7.2). In the reasonable humidity regime of around 50% for the 

reality, the derivative of the insulation thickness by ambient temperature at sq = 0 is given 

by 

 

 
∆sq
∆!)

= 0.96	88/K (27) 

 

The coverage ratio and the insulation thickness for thermal comfort were 

investigated and showed in Figure 1.2.7.1. Then how is the material property and the 
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structure to fulfill the desirable coverage ratio and the insulation thickness of 0.96	88/K 

in the textiles? It is described and simulated in 1.2.8.    

 

1.2.8 Simulation on materials to fulfill the desirable values for TAT 

Shape memory polymer and shape memory alloy for TAT were designed by bi-

layer structure using the coefficient of thermal expansion (CTE) and the coefficient of 

hygroscopic expansion (CHE) (Figure 1.2.8.1). By the mismatch from different expansion 

between two layers, bi-layer film deforms and bends toward less expanded layer direction33.  

 

 

 

Figure  1.2.8.1 Bending theory of bi-layer by the mismatch between two layers, the 
equation is take from the reference33 
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Figure 1.2.8.2 Bi-layer structure in two-layers TAT (The picture was drawn by Dr. Calvin) 

 

Figure 1.2.8.2 describes the ribbon structure of bi-layer in two-layers TAT. The 

insulation thickness in two-layers TAT is expressed by  

 

 sq = 2	á" + áà + 2	â (28) 

 

From Eq. 27, Eq. 28 is converted as  

 

 

 

∆sq
∆!)

= 2 ∆â∆!)
= 0.96	88/K (29) 

 

â is defined as Eq. 30 according to the equation in Figure 1.2.8.1. 
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â = 2

κ 1
(áYäκL2 )

2 + 1

 

κ = 6åLå<(áà + á")áàá"×ç!å×s×∆!)
åL<áà; + 4åLå<áà?á" + 6åLå<áà<á"< + 4åLå<á"? + å<<á";

 

(30) 

For maximum â, the expansion difference between two layers in the bi-layer structure 

should be large. Therefore, we utilized negative CTE material and positive CTE material 

for bi-layers. Dislocated NiTi (nitiron) by high pressure has -20ppm/K, and many polymer 

has positive CTE (Table 1.2.8.3). 

Table 1.2.8.3 CTE of various polymers 
Polymer CTE (ppm/K) 
Cellulose 7.9-16.2 

Cellulose acetate 130 
Cellulose acetate butyrate 96-171 

Cellulose nitrate 80-120 
Epoxy, cast resins 45-65 

Ethylene ethyl acrylate 205 
Ethylene vinyl acetate 180 

Fluoroethylene propylene 135 
Polyamide 110 

Polybutylene 130 
Polycarbonate 70.2 

Polyester 123.5 
Polyethylene 200 

Polyethylene terephthalate 59.4 
Polyphenylene 35.8 
Polypropylene 100-200 

Polystyrene 70 
Polyurethane 57.6 

Polyvinyl chloride 50.4 
Polyvinylidene fluoride 127.8 

Nylon6 800 
PMMA 75 

Nylon6,12 90 
Nylon12 110-180 
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If cellulose acetate was chosen for one of bilayers’ material due to its high CTE, 

the properties for calculating Eq. 30 is described in Table 1.2.8.4. 

Table 1.2.8.4 Material properties in the bi-layer 
 NiTi Cellulose Acetate 

Young’s Modulus E1=47.7GPa E2=1.1GPa 
CTE -25ppm/K 130ppm/K 

Thickness tu=50um - 
 

The desirable thickness for cellulose acetate layer to fulfill ∆â∆'C = 0.48	88/K 

depending on the beam half length is simulated in Figure 1.2.8.5. 

 

Figure 1.2.8.5 demonstrates desirable thickness of polymer layer (cellulose acetate) and 
beam half length of bi-layer to fulfill ∆â∆'C = 0.48mm/K when one layer is NiTi having 
47.7GPa modulus, 50 um thickness, and CTE of -25ppm/K, and polymer is Cellulose 
Acetate having 1.1GPa modulus and CTE of 130ppm/K. 
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Figure 1.2.8.5 suggests two thickness candidates depends on the beam half length. 

The less long thickness was chosen for designing bi-layer considered the sensitivity of bi-

layer to the environment. 

 

1.2.9 Verification of thermal model 

For the verification for the thermal model set up by Eq. 26, real thermal measuring 

results were compared with the theoretical calculation using Eq. 26. The experimental 

condition is described in Table 1.2.9.1, and additional parameters for the simulation is 

described in Table 1.2.9.2. Figure 1.2.9.3 shows the experimental result that the humidity 

and the temperature between the skin and the clothe measured from 6 am until 1 am. The 

ambient temperature and humidity were also measured. Overall the theoretical value fits 

the experimental results. Small variation between two values is because the equation 

ignores the thermal regulation of the skin with fixed thermal resistance and transfer 

resistance. The thermal regulation of skin will function at daytime when it becomes hot not 

to heat the skin, and it results in that the experimental value deviates the theoretical line 

(Figure 1.2.9.3).    

 

Table 1.2.9.1 Experimental condition 
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Table 1.2.9.2 Additional parameters 

 

 

Figure 1.2.9.3 Temperature and humidity between the skin and the clothes according to 
the time, and the ambient temperature and humidity 

 

Chapter 1, in part is currently being prepared for submission for publication of the 

material. Kim, Gunwoo; Kim, Youngjin; Calvin, Gardner; Choi, Chulmin; Hong, Sahngki; 

Zhong, Ying; Jin, Sungho; Chen, Renkun. The dissertation/thesis author was the primary 

investigator and author of this material. 
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Chapter 2: Methods 

 

2.1 Materials and design for TAT 

2.1.1 One-layer TAT 

One-layer TAT is constructed by laminating two films: one layer is hydrophilic and 

highly responsive to moisture and the other layer is kept in unchanged under high moisture 

pressure. Since the hydrophilic layer expands under high humidity, the bilayer film 

composed of hydrophilic and hydrophobic layers will bend toward hydrophobic side. One-

layer TAT is using this behavior of bilayer to increase air permeability under high moisture 

atmosphere. 

For hydrophilic material to absorb the moisture effectively, hygroscopic material is 

being used commercially such as superabsorbent polymer (SAP)34. The main material for 

SAP is ionic polymer that it can absorb water not only by its hydrophilic property but also 

osmotic pressure derived by ionic property35. Actuators using ionic polymers such as 

hygroscopic spores36-39, polypyrrole40, PAA/PAH41, and PSS-PEDOT42 were reported. 

Ionic polymer has a good property for absorbing water, however its ionic surface is not 

suitable for clothes’ material because it could be harmful for skin to release counterpart 

ions on the skin43 and it can be damaged easily by attacked by ionic surfactants in 

detergents44. Ionic polymer can be undesirably deformed by swelling over hundred fold 

volume45. Recognized all these problems, we chose the reasonable hydrophilic and 

hygroscopic material which is not ionic and neither conductive polymer.  
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The hygroscopic polymer for one-layer TAT was chosen based on van Oss-

Chaudhury Good theory46 which shows material’s affinity to water by measuring contact 

angle (Figure  2.1.1.1). We chose three materials: PEG for extremely hydrophilic polymer, 

cellulose acetate (CA) or PMMA for intermedium material of PEG, and PDMS, PET, PE, 

PTFE, PP or PS for extremely hydrophobic material. PEG is known to have 

biocompatibility47 and high affinity to water that PEG is on the contact angle line with 

water in Figure  2.1.1.1. Since PEG is very sticky to deal with, we have used CA or PMMA 

to facilitate mixing with PEG and fabricate hydrophilic thin film easily. CA and PMMA 

was chosen because it has intermediate surface tension between PEG and hydrophobic 

polymer to be able to mix with PEG but not hydrophilic.  

 

 

Figure  2.1.1.1 Apolar and polar surface tension of various materials based on van Oss-
Chaudhury Good thoery; Solid lines indicate the material’s surface tension to fulfill contact 
angle of 90°, 45°, and 0° each. Each value for the plot was taken from the books48 and 
papers49,50. 

Ionic polymer
Conductive polymer
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Figure 2.1.1.2 25um thickness 10wt%PEG-PMMA film patterned with a 15mm x 15mm 
flap and marked with a blue line in the middle (a) The flap closes under 30%RH, and (b) 
opens under 50-60%RH. 

 

The film for one-layer TAT was prepared by casting the solution composed of PEG 

(Sigma-Aldrich, Mw 25,000) and PMMA (Sigma-Aldrich Mw 100,000). 10wt% of PEG 

was mixed with PMMA in dichloromethane (Sigma-Aldrich) and small amount of Ethanol 

to stabilize two polymers in a solution. The doctor blade casting method was used for 

fabricating a film and the film was dried in 80°C vacuum oven for 30 min. Since PEG has 

a high affinity with water, a PEG-PMMA composite film swells under high humidity and 

deforms the film structure. This film only responded in humidity gradient because it was 

composed of hydrophilic mono-layer. Figure 2.1.1.2 shows that the deformed structure of 

film under higher humidity opens the pre-patterned flap due to an expanded under-layer of 

the film by vapor. The opened flap allows vapor to penetrate the film and increase air 

permeability. The flap closed when the film is put back under 30% RH. The film shows 

very sensitivity to water because it bends over the room temperature water (Figure 2.1.1.2).  

Another example for SMP is randomly walking polymer in Figure 2.1.1.4. SMP 

was fabricated with 10wt% PEG and PMMA in 30um thickness film cut in 1cm x 7cm bar 

type (Figure 2.1.1.3). It was put over the STS mesh where the below is hot water and makes 
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30oC and 70-80%RH over the mesh. Over this humid play ground, SMP started to crawl 

randomly consistently. The walking of SMP was taken in Figure 2.1.1.4. The mechanism 

of walking phenomenon was described in Figure 2.1.1.5. Hygroscopic polymer based SMP 

becomes the moisture stimulated soft robot with simple fabrication method.   

Bi-layer of the shape memory polymer (SMP) film is made by fabricating 

hydrophobic layer on hydrophilic layer. The hydrophilic layer is made by casting the 

solution composed of CA (Sigma-Aldrich, Mw 25,000), and desired amount of PEG with 

solvents of acetone, water, and ethanol. After dried the hydrophilic layer, PDMS is directly 

synthesized above the hydrophilic layer and cured in a 140� vacuum oven. 

 

Figure 2.1.1.3 Walking SMP which is made with 10wt% PEG in PMMA (the red line 
marked in the middle of SMP film.)  
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Figure 2.1.1.4 Walking SMP over the humid plate, the humidity over the mesh was 70-
80%RH and the temperature was 30oC.  

 

 

Figure 2.1.1.5 The mechanism of walking polymer: the bar type SMP maintains positive 
shape which bottom layer is expanded to make lens shape toward the below under high 
humidity. When the negative shape changes to the positive shape, the weight center 
changes and moves to occur new negative shape. Continues positive shaping and the 
change of the weight center makes SMP crawled over the humid STS mesh.     
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2.1.1.1 Hygroscopic property of SMP 

We had devised a humidity chamber which has a similar evaporation system to the 

human skin. The humidity chamber consists of hot plate with water reservoir covered with 

a PET film which has holes (Figure 2.1.1.1.1). The hole sizes were fabricated by 

penetrating the syringe needle to have similar diameters to those from sweat glands in the 

human skin. The moisture generates when the hot plate is heated, and the temperature and 

humidity profile as a function of time in the humidity chamber is described in Figure 

2.1.1.1.2. The hygroscopic property of hydrophilic polymer was measured in the skin-

inspired humidity chamber which can control the absolute humidity range from 15g/m3 to 

20g/m3. 

 

 

Figure 2.1.1.1.1 Human skin-inspired humidity chamber 
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PET	Cover with	holes

Human	skin	
modeled	
cover Hot	

plate

50um	
hole



 
	

 
	

33 

 

Figure 2.1.1.1.2 Humidity and temperature profile in the humidity chamber 

 

2.1.1.2 Hygroscopicity measured by QCM 

Quartz Crystal Microbalance (QCM) was employed to probe the hygroscopicity of 

polymers as a function of the moisture in the air by measuring the variation of resonant 

frequency to detect a small amount of water loaded on At-cut quartz crystals. There were 

some attempts to try QCM on sensing the moisture in the air51,52, however direct 

measurement of absorbing moisture was not tried because QCM requires very thin and 

limited amount of loading samples. To overcome this problem, the spin coating machine 

was employed to easily fabricate very thin layer (under 1um) of polymer on the quartz 

crystal. We have utilized 5MHz QCM (Gamry Instrument) which has a 0.32cm2 surface 

for the sensing area and the sensitivity of 10ng/cm2. Four kinds of polymers were prepared 
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for the QCM measurement: 100wt% CA, 5wt% PEG in CA, 10wt% PEG in CA, and 15wt% 

PEG in CA. Diluted polymer solutions were directly deposited on quartz crystals using the 

spin-coating machine with a designated amount, and dried to be fabricated as a thin film 

on quartz crystals. The polymer deposited QCM was operated inside the humidity chamber 

along with the humidity and the temperature sensor, and the variation of resonant frequency 

was investigated as a function of absolute humidity measured by the humidity sensor 

(Figure 2.1.1.2.1).  Figure 2.1.1.2.2 illustrates absorbed water in the polymer measured by 

QCM according to each polymer depends on the absolute humidity. 
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Figure 2.1.1.2.1 (a) QCM in the humidity chamber and (b) a schematic image for the QCM 
measurement 
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Figure 2.1.1.2.2 Hygroscopicity measured by QCM (CA 100%: cellulose acetate 100wt%, 
PEG 5%: PEG 5wt% + Cellulose acetate 95wt%, PEG 10%: PEG 10wt% + Cellulose 
acetate 90wt%, PEG 15%: PEG 15wt% + Cellulose acetate 85wt%) 

 

CA with a higher concentration of PEG exhibits a higher absorbance of water as 

the absolute humidity increases. Since thin polymer layer deposited on quartz crystals is 

dense, the absorbed water in the polymer will result in an expansion in the polymer. To 

confirm the water absorbance oriented expansion of hydrophilic polymers, the absolute 

humidity responsive experiment was constructed with bilayers pairing PEG-CA 

composites and PDMS. 

 

2.1.1.3 Bending behavior of SMP bilayer  

Bilayer of 20um thickness CA-PEG composites layer and 40um thickness PDMS 

layer was fabricated according to the fabrication method (2.1.1) and cut into 2mm x 4mm 
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size for the measurement. The behavior of SMP bilayer film was investigated in the 

humidity chamber using a long distance camera (Figure 2.1.1.3.1).  

 

 

Figure 2.1.1.3.1 The curvature change of SMP bilayer as a function of absolute humidity 
(three images are combined to show the film’s movement depends on the humidity in the 
PEG 5% image, the PEG 10% image, and the PEG 15%image.) 

 

Figure 2.1.1.3.1 exhibits the curvature change of SMP bilayer film as a function of 

the absolute humidity ranged from 13.5g/m3 to 19.5g/m3. The height from the movement 

of the film was measured with ImageJ program and Figure 2.1.1.3.2 illustrates the height 

that the distance difference from the origin position as a function of absolute humidity for 

each SMP bilayer. 
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Figure 2.1.1.3.2 Correlation between the height and the absolute humidity (Dot lines: 
Bending behavior with theoretical CHE corresponding to experimental results) 

 

The film with the higher concentration of PEG has a higher bending behavior as 

the absolute humidity increases. Dot lines show the desirable theoretical CHE for each 

polymer film calculated based on the heights values. CHE measured by QCM was 

approximately 25,000ppm/(g/m3) in 15% PEG, 12,500ppm/(g/m3) in 10% PEG, and 

6,250ppm/(g/m3) by calculating the inclination of the graph in Figure 2.1.1.2.2. These 

values are higher than values in Figure 2.1.1.3.2 because QCM measures the adsorption 

and the absorption at the same time. Since the adsorption will not affect on the bending 

behavior of polymer, CHE calculated from the bending behavior doesn’t count the 

adsorption and is smaller than CHE measured by QCM. Small deviation in 5% PEG 
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between CHE measured by QCM and theoretical CHE calculated by the bending is due to 

the surface of the film being mostly hydrophobic and the adsorption by small amount of 

water on the surface.  

10% PEG was chosen for designing TAT, which has a CHE of 8000ppm/(g/m3) 

because it has a remarkable bending behavior and 15% PEG film was easily torn in pieces 

due to heterogeneous morphology of CA and PEG. 

 

2.1.1.4 Enhanced sensitivity of SMP by the micro-imprinted surface 

The swelling effect of SMP starts from the adsorption of moisture on the surface of 

the polymer. The volume change in SMP occurs when the moisture on the surface is 

delivered inside the polymer by diffusion, so-called absorption53. The water will be stored 

through hydrophilic network inside the polymer and contributes the volume expansion54 

(Figure  2.1.1.4.1).  

 

 

Figure 2.1.1.4.1 The swelling effect of polymer through adsorption, diffusion, and 
absorption of the moisture in the air  
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How hydrophilic and hygroscopic polymer forms inside the bulk SMP will affect 

the diffusion of water and storing reservoir of water inside the sample to control the extent 

of the swelling55. Moreover, the surface area will influence the absorption rate of how the 

polymer can gather the moisture from the air56. If the surface is large, SMP will respond 

faster to have higher chance to contact the ambient air. To reveal this, we measured how 

micro-imprinted surface affect on SMP’s bending behavior. 

The micro-patterned polymer surface was made by the micro-imprinting technique. 

The mold was made by E-beam lithography on a Si wafer, and two molds were prepared: 

hexagonal positioned 1um circles and hexagonal positioned 0.5um circles (Figure 

2.1.1.4.3). SMP was directly fabricated by poring the solution on the mold and the 

thickness was controlled by the doctor-blade casting method. After SMP was dried over 

the mold, PE film was directly attached on SMP using the acrylate glue to make bi-layer 

SMP and bi-layer SMP was detached from the mold (Figure 2.1.1.4.2) To make the clear 

patterned surface, the Si mold was coated with hydrophobic silane to increase the wetting 

with the solution to minimize bubbles defect between the mold and SMP.      
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Figure 2.1.1.4.2 Fabrication method of bi-layer SMP and the surface of bi-layer SMP 

 

 

Figure 2.1.1.4.3 Two Si molds and printed SMP using the mold (The scale bar indicates 
2um.) 

 

To evaluate the interaction between the surface of SMP and the water, a time 

dependent contact angle was measured. The contact angle of PDMS surface was used for 
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the reference. With patterns on the surface of SMP, the contact angle decreased faster than 

non-patterned surface and pattern A has a sharp drop of contact angle than pattern B (Figure 

2.1.1.4.4). PEG added polymer has a faster absorption than PMMA only. Pattern B has the 

large surface area than pattern A, however the adsorption of pattern A was faster than 

pattern B because long pillar structure of pattern B has disadvantages to deliver the 

moisture to the core body in the bottom because the long thin pillar structures hindered 

water diffusion in the polymer and tended to hang water droplets from the surface in the 

structures. As a result, the moisture would be only absorbed in the long thin pillar itself 

and would not transferred effectively because of thin pillar structures.  
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Figure 2.1.1.4.4 Time dependent contact angle of water droplets on micro-patterned 
polymer surfaces 
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The bending of bi-layer SMP was measured to check the sensitivity of each SMP 

to the moisture. We measured the saturation time (t1) after the bilayer was totally bent under 

the condition that almost same humidity was applied for each sample, and shape returning 

time (t2) after the removal of the humidity. Non-patterned SMP takes 60 seconds for t1 and 

17 seconds for t2. Patterned SMP takes shorter time for t1 and t2: pattern A takes 37 seconds 

for t1 and 3 seconds for t2 and pattern B takes 45 seconds for t1 and 10 seconds for t2 (Figure 

2.1.1.4.5). Roughness on the polymer surface enhanced the moisture absorption rate and 

also affected de-absorption rate. Interestingly similar to the contact angle measurement 

result, pattern B which has longer and thinner pillar structures had a lower absorption and 

de-absorption rate than shorter pillar structures (pattern A). The height variation of each 

SMP was dependent on the absolute humidity when the moisture applied, and each sample 

has similar bending behavior and expansion values of ΔL=0.002-0.0022. 

 

Figure 2.1.1.4.5 Saturation time for shape changing and returning for each SMP 
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2.1.1.5 The influence of hydrophobic and hydrophilic network on the bending 

behavior of SMP 

Even with the same amount of hygroscopic polymer in SMP, the network structure 

of the hygroscopic polymer will affect the swelling in SMP57. Two polymer mixing follows 

Flory-Huggins Theory58 that the Gibbs free energy of mixing will be affected by the 

entropy and the enthalpy (Figure 2.1.1.5.1). Several parameters affect the Gibbs free energy 

of polymer mixing, and especially we focused on molecular weight of polymer because all 

other parameters can be fixed with same polymer and understand how the molecular weight 

of polymer influences the polymer network in SMP by changing only the molecular weight. 

5wt% PEG in cellulose acetate was taken and three kinds of molecular weight of 

PEG was used: first one is Mn 12,000, second one is Mn 20,000, and the last one is Mn 

100,000. As Flory-Huggins Theory, high molecular weight will decrease the Gibbs free 

energy of mixing and cause the phase separation of two polymers. If hydrophilic polymer 

is not mixed well with the intermediate polymer, it would make bigger reservoir for storing 

moisture and result in higher swelling.  Figure 2.1.1.5.2 shows the bending behavior of 

each SMP, and as molecular weight of PEG in SMP increases, the extent of bending 

increases under high humidity. The height under 80%RH was measured from the origin 

state under 50%RH, and the height of Mn 1000,000 PEG is 0.58 mm which is almost 

double to the height, 0.27mm of Mn 12,000 PEG. This result indicates the higher Mn PEG 

forms bigger storing space for the moisture by the phase separation from the lower Gibbs 

free energy. 
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Figure 2.1.1.5.1 Flory-Huggins Theory 

 

 

Figure 2.1.1.5.2 The bending behavior of SMP: 12000PEG contains 5wt% PEG (Mn 
12,000) in CA, 20000PEG contains 5wt% PEG (Mn 20,000) in CA and 100000PEG 
contains 5wt% PEG (Mn 100,000) in CA. SMP film is composed of 40um PDMS and 
20um PEG and CA mixture. 
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Figure 2.1.1.5.3 Time dependent contact angle 

 

Time dependent contact angle shows Mn 1000,000 PEG mixed SMP absorbs the 

water faster than other SMPs, and has the highest initial contact angle with water droplet. 

This is because high molecular weight PEG forms bigger phase structures inside SMP and 

decreases the possibility of heterogeneous structure of PEG and CA over the surface to 

result in only exposure of CA on the surface. Since the hydrophobicity increased due to the 

phase separation of PEG and CA, the initial water absorption rate decreased by the low 

adsorption.     
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2.1.2 Two-layers TAT 

2.1.2.1 Fabrication method of SMA 

SMA is composed of a negative CTE metal layer and a positive CTE polymer layer. 

For strong adhesion between two layers, the fabrication method of SMA has several steps 

as described in Figure  2.1.2.1.1 to make the strong adhesion between the metal and the 

polymer59. First step starts to clean the surface of negative CTE metal very carefully. Then, 

the surface was activated by O2 Plasma to formulate oxide layer on the surface. Activated 

oxide surface was immediately moved to Amino propyl silane solution (<1%) in ethanol 

and reacted for 1-2hrs. During the reaction, polymer film was fabricated using the doctor-

blade casting method. The metal was taken out of the silane solution and washed 

thoroughly. The polymer film was also activated by O2 plasma by short time not to 

decompose the film seriously and the glue (3M Hi-strength) was applied on the activated 

side of the polymer film and laminated with the metal layer. To make the adhesion layer 

thinner, high pressure was applied on the top of the layers (Figure 2.1.2.1.1). The layers 

dried at room temperature for 5hrs, then cured in the 100� oven for 30 minutes to 

strengthen the adhesion. The substrate of PET film was detached after cured SMA. Figure 

2.1.2.1.2 shows the cross-section image of SMA. The adhesion layer of glue is around 1um 

thickness between the metal and the polymer. 
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Figure 2.1.2.1.1 Fabrication method of SMA 
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Figure 2.1.2.1.2 Cross-section image of SMA 

 

2.1.2.2 Bending behavior of SMA bilayer  

The bending behavior of SMA was measured in the oven which was set up the 

temperature ranged from 10� to 25�. The deformation of SMA observed in the oven was 

strong that the bending forms completely circle shape from the bar shape. The bending was 

reversible and repeatable by repeating the thermal cycles and the shape memory property 

maintained through 20 thermal cycles (Figure 2.1.2.2.1).  
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Figure 2.1.2.2.1 Bilayers consisting of Nitinol (35 µm) and Cellulose Acetate (~80 µm). 
Strong deformation was observed with temperature during both (Upper) cooling from 20°C 
to 10°C and (Lower) heating from 10°C to 20°C (Data was measured by Dr. Calvin) 
 

Chapter 2, in part is currently being prepared for submission for publication of the 

material. Kim, Gunwoo; Kim, Youngjin; Calvin, Gardner; Choi, Chulmin; Hong, Sahngki; 

Zhong, Ying; Jin, Sungho; Chen, Renkun. The dissertation/thesis author was the primary 

investigator and author of this material. 
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Chapter 3: Measurement 

 

3.1 Adaptive thermal regulation of TAT 
3.1.1 Moisture sensitive one-layer TAT (film shape) 

The structure for one-layer TAT is shown in Figure 3.1.1.1(a). One-layer TAT is 

composed of bilayer (CA/PEG, and PDMS) and supporting structure textile made with PE. 

One unit which has one flap pattern has a shape of hexagon and 38% flap size per unit size 

(Figure 3.1.1.1(b)) to allow 38% air permeability when flap is totally open. 

 

 

Figure  3.1.1.1 Design for TAT (a) and a flap pattern in a unit (b) 
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Figure  3.1.1.2 Flap opening images under high humidity (a) and the temeprature and the 
humidity profile of high humidity (b) (the flaps were marked with the blue line)  

 

The flap opening was observed under high humidity built by hot water (Figure 

3.1.1.2 (a)). The flap in TAT was closed under ambient environment in the room condition 

(22°C, 60% RH) and opened under around 26°C, 70% RH, which is described in Figure 

3.1.1.2 (b). Its opening behavior was investigated more precisely in the humidity chamber 

with a long distance camera (Figure 3.1.1.3).  

 

 

Figure 3.1.1.3 Magnified image of closed and opened flap taken by a long distance camera 
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3.1.1.1 TAT gloves 

To confirm the adaptive thermoregulation function of TAT on human body, TAT 

imbedded gloves were fabricated (Figure 3.1.1.11(a)). TAT gloves were made using TAT 

with Latex gloves. The humidity and temperature sensor was put inside the gloves and 

measured temperature and humidity between skin and TAT gloves while IR light was shed 

on backside of gloves to heat the hand and sweat.  

Figure 3.1.1.1.2 exhibits temperature and humidity inside TAT gloves and non 

TAT gloves. The humidity inside TAT gloves was kept under 65% RH while the humidity 

inside non TAT gloves increased gradually to around 70% RH. 

We have developed one-layer TAT composed of bilayers with hydrophilic and 

hydrophobic polymers. 10wt% PEG-CA composites absorbs almost 5wt% of water per 

polymer amount when absolute humidity increases from 15g/m3 to 21g/m3 and has CWE 

of 8000ppm/(g/m3) from QCM measurement and bilayer bending observation. TAT 

composed of 20um thickness 10wt% PEG-CA composites and 90um thickness PDMS 

performed to increase air permeability by opening flaps which has 35% area in TAT under 

25°C, 70% RH. The humidity between skin and TAT applied gloves was kept under 65% 

RH by adaptively fluctuating flaps on TAT.      
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Figure 3.1.1.1.1 Design of TAT gloves (a) and increased air permeability by opening flaps 
on TAT (b) 
 

 

Figure 3.1.1.1.2 Temperature and humidity inside TAT gloves and non TAT gloves  
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3.1.2 Moisture sensitive one-layer TAT (fabric type) 

SMP for TAT was composed of two layers of PDMS and PEG mixed cellulose 

acetate. Since PEG gets wet totally with water, higher concentration of PEG in cellulose 

acetate absorbed more water to exhibit higher degree of bilayer bending under high 

humidity due to volume expansion in PEG-cellulose acetate layer. From this unique 

property of SMP, TAT was developed using pre-cut flap patterned on SMP in previous 

chapter (3.1.1). Moisture responsive layer was placed toward skin and it swells and opens 

flaps as underneath humidity increases when we sweat. Opened flap facilitated ventilation 

to increase air permeability through TAT, and affected human skin to be cooled. However, 

SMP has limitations to be called as “fabrics”, because SMP doesn’t allow moisture transfer 

through TAT due to its nonporous membrane structure60. In this study, we have developed 

TAT into a fabric structure, which is composed of three layers: real commercial fabric, 

non-hygroscopic layer, and hygroscopic layer. SMP was applied on only flap area so that 

commercial fabrics can have an adaptive thermoregulation as like SMP but still have an 

overall porous textile structure. We also have developed TATs which have various shaped 

flaps and various fabrics, and investigated humidity and temperature effect on flap opening 

in TAT. 

 

3.1.2.1 Various shaped SMP 

The behavior of various shaped SMP under high humidity was observed. The 

bilayer structure of SMP is shown in Figure 1.2.1.1, and three shapes of SMP, which are 

described in Figure 3.1.2.1.1 and Figure 3.1.2.1.2, were fabricated. The flap behavior of 

each SMP was investigated by placing SMP on STS mesh over the hot water. Ambient 
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temperature and relative humidity was 25°C and 50% (ambient zone), and temperature and 

relative humidity over the STS mesh was 27°C and 70% (hot zone). SMP was placed on 

ambient zone and hot zone alternately and repeated at least 5 times to check the stability 

and reproduction of SMP behavior. All three types responded to high humidity and 

deformed to be bent toward a PET layer direction (Figure 3.1.2.1.3). Bar type exhibited 

highest degree of bending because the ratio between length and width was higher compared 

to triangle and circle shapes. All three types showed enough deformation for flap behavior 

in TAT.  

	

	

Figure 3.1.2.1.1 Material composition and structure of SMP 

	

Figure 3.1.2.1.2 Various shapes of SMP 
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Fig. 3.1.2.1.3 SMP behavior at ambient zone and hot zone, a bar type SMP in ambient zone 
(a) and hot zone (b), a triangle type SMP in ambient zone (c) and hot zone (d), and a circle 
type SMP in ambient zone (e) and hot zone (f), all cellulose acetate and PEG composite 
layer was placed toward STS mesh. 
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3.1.2.2 TAT with various flap patterns 

Since SMP is a two-layers nonporous film, non flap patterned SMP has a rack of 

air permeability and blocks mass transfer from skin against ventilation. This is unfavorable 

for thermal transport from human skin. Therefore, we have developed SMP into real fabrics. 

We chose 100% polyester woven fabric, which is a well-known textile for sports garments. 

SMP was applied under a flap area in fabrics (Figure 3.1.2.2.1) and laminated using 

hydrophobic glues (3M High-strength 90). Three types of flap shapes (bar, triangle, circle) 

were patterned on fabrics, which are same to shapes in 3.1.2.1 (Figure 3.1.2.1.1). The flap 

behavior of each SMP immobilized fabrics (single layer TAT) was investigated by same 

method to 3.1.2.1. 

 

 

Figure 3.1.2.2.1 Material composition and structure of single layer TAT 

 

 

Figure 3.1.2.2.2 Front and backside pictures of single layer TAT 
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Figure 3.1.2.2.3 Various shapes of flaps in single layer TAT 

 

Bar type TAT showed a highest flap opening almost same to that of SMP only. Flap 

opening rate took almost 3-5 seconds and flap closing rate was almost same as well. 

Triangle, and circle type TAT enabled fabrics open flaps, but its opening is very slight 

compared to the bar type’s. This is because its flap behavior includes non Euclidean metrics 

such as lens shapes61,62 when the ratio between long length and short length in a flap pattern 

is almost one and expansion of hygroscopic layer is almost same to any direction. All types 

of TAT can be considerable for future design because we can control the degree of flap 

opening with not only its material and structures, but also flap shapes, and certain shape 

might be excluded for reliability of TAT, such as when they are put in a hard washing. 
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Figure 3.1.2.2.4 Single layer TAT behavior at ambient zone and hot zone, a bar type single 
layer TAT in ambient zone (a) and hot zone (b), a triangle type single layer TAT in ambient 
zone (c) and hot zone (d), and a circle type single layer TAT in ambient zone (e) and hot 
zone (f) 
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3.1.2.3 TAT with various fabrics 

Three commercial fabrics were chosen for TAT, and their properties were described 

in Figure 3.1.2.3.1 and Figure 3.1.2.3.2. We examined three fabrics in TAT with same 

fabrication method and structures to 3.1.2.2. Bar type was chosen to evaluate behavior of 

flap.   

 

Figure 3.1.2.3.1 Microscope image of three commercial fabrics 

 



 
	

 
	

63 

 

Figure 3.1.2.3.2 Properties of three commercial fabrics 

 

All TATs opened flaps and exhibited similar degrees of opening at hot zone (Figure 

3.1.2.3.3). Flap opening and closing rate took 3-5 seconds. Bending behavior of bilayer is 

affected by layer’s modulus, but 3D modulus of fabric is very low compared to polymers 

in SMP (Figure 3.1.2.3.2). Therefore, upper layer of fabric does not affect much the 

deformation of SMP. This is why flap behavior in TAT is almost same to SMP’s behavior. 

Since three fabric candidates are composed of different fibers and structures, successful 

deformation behavior of TAT in three kinds of fabrics indicates SMP can be widely applied 

in various textiles.    
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Figure 3.1.2.3.3 Single layer TAT behavior at ambient zone and hot zone, TAT composed 
of fabric 1 in ambient zone (a) and hot zone (b), TAT composed of fabric 2 in ambient zone 
(c) and hot zone (d), and TAT composed of fabric 3 in ambient zone (e) and hot zone (f) 
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3.1.2.4 The condition for the flap opening  

  

Figure 3.1.2.4.1 Humidity chamber for TAT (a), humidity chamber covered with glass box 
for stable supply of humidity (b), and an example of measuring TAT (c) 

  

We devised a humidity chamber for evaluating how humidity and temperature 

affect flap behavior in TAT. The humidity and temperature can be controlled in a chamber 

using immobilized thermocouple and heat source in a hot plate, and measure the height of 

curved flap simultaneously recording humidity and temperature in the chamber (Figure 

3.1.2.4.1). Humidity in the chamber was controlled by partially covering water surface with 

PET film and temperature of hot plate. In this case, we didn’t use any PET film on the 

water so that we can get high humidity regime of 80-90% RH in the chamber.  

The humidity in the chamber maintained to have 80-90% RH, and the height of 

endpoint of flap from the ground was measured as the chamber is heated from 25� to 

40�. 100% PE woven fabric was chosen as an upper layer, and 2.5cm length and 1.3cm 

width sized flap was patterned on it. The height of curved flap was measured as 3-17mm 

scale 
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under 79.6%-92% RH and 25-40� from initial state (23�, 47% RH) (Figure 3.1.2.4.2). 

The height of curved flap was plotted as a function of temperature with relative humidity 

in Figure 3.1.2.4.3, and also plotted as a function of absolute humidity calculated by 

temperature and relative humidity in Figure 3.1.2.4.4. The height was in a positive term 

with absolute humidity to formulate almost a linear relation (Figure 3.1.2.4.4). At around 

30g/m3 absolute humidity, the height was saturated to 17 mm and had a deformation rate 

of about 0.5 mm/(g/m3) before saturation.  

To look closely into the graph in Figure 3.1.2.4.2, the height increases exponentially 

as temperature rises up. The height of curved SMP with specific coefficient of hygroscopic 

expansion should suggest a linear relation as a function of absolute humidity, because 

absolute humidity is the main factor to influence the deformation of SMP. The absorbed 

water in SMP is determined depends on how much moisture the air contains. The graph in 

Figure 3.1.2.4.2 indicates that temperature affects the equilibrium between moisture in the 

air and absorbed moisture in hygroscopic polymer inside SMP. Temperature influence the 

speed of water molecule in the air, and the collision frequency of water molecule will 

increase at higher temperature under the constant absolute humidity, which corresponds 

constant moisture density in the air. For example, 15� will produce 5% of velocity 

difference between moistures in 25� and in 40� under same absolute humidity. Higher 

collision frequency of water molecule over the surface of SMP will exposure SMP to 

interface much moisture to result in much absorption. The effect of humidity and 

temperature on TAT was studied further again with various humidity and temperature to 

validate our assumption.  
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Figure 3.1.2.4.2 Flap behavior in the humidity chamber at initial state under 23�, 47% 
RH (a), and deformed state under 25�, 79.6% RH (b), 29.6�, 88.2% RH (c), 35.1�, 
88.2% RH (d), 40.0�, 92.0% RH (e) respectively 
 

 

Figure 3.1.2.4.3 The height of curved flap measured under 25-40� temperature (black 
line), and relative humidity measured under same ranges of temperature in the humidity 
chamber (blue line) Initial state was indexed with red arrows.  
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Figure 3.1.2.4.4 The height of curved flap as a function of absolute humidity 

 

To investigate the effect of wide range of temperature on TAT, we modified our 

humidity supplying system (Figure 3.1.2.4.5). We utilized the double jacket chamber which 

can cool the system to almost 10�, which was able to measure TAT on cool condition. 

The humidity in the system was controlled with the porous PET film. Figure 3.1.2.4.6 

shows the flap opening in TAT under 10�-33� and around 60% RH. The flap started to 

open at about 10g/m3 of absolute humidity. This result coincides with the previous data 

(25-40�, 80-90% RH) that flap opened at almost 10g/m3 of absolute humidity. Two data 

has different temperature condition for flap opening that flap opened at 23� -25� with 

80-90% RH and at 18.1�-24.2� with 60% RH system.  
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To look further the temperature effect on the flap opening in TAT, we made the 

humidity system to have the constant absolute humidity but the temperature is changeable. 

The absolute humidity was almost maintained in the system (Figure 3.1.2.4.7), and the flap 

did not open at this small variation for the absolute humidity (11.35g/m3-11.8g/m3). This 

result indicates the flap opening is not affected solely by the temperature. However, when 

considered the absolute humidity is calculated by the temperature and relative humidity, 

we can conclude that the temperature will affect the flap opening indirectly. To confirm the 

effect of the absolute humidity on the flap opening further, the low humidity supplying 

system was added to the measurement. By utilizing the PET film with low density of pores, 

23°C-36°C, 51%-59% RH was made in the system (Figure 3.1.2.4.8). The flap opening 

followed a similar result to previous data that the flap opened at 14g/m3. 

All the measurement results (the height of the flap VS absolute humidity) was 

combined into one graph (Figure 3.1.2.4.9), which shows a clear correlation between the 

flap opening and the absolute humidity. The flap started to open at 10-15g/m3. According 

to the thermal comfort of human body, 10-15g/m3 of absolute humidity belongs to 23°C -

32� with 50% RH, and 35%-50% RH with 30�. When assumed the temperature between 

human skin and the clothes is almost 30�, the flap will open over 50% RH and this is a 

desirable RH considering the sweat will make a higher humidity condition over the skin 

when we feel hot. Furthermore, the flap opening condition can be controllable by the 

structure and the composition of SMP such as the thickness and the concentration of 

hygroscopic materials.  
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Figure 3.1.2.4.5 The porous PET film can be replaced easily by inserting the film between 
the STS mesh and the double jacket chamber (a). The coolant in the double jacket chamber 
can be controlled from -10� to 60� using the controller, and the cooled or heated water 
supplies from the double jacket chamber to the sealed glass box. The humidity and 
temperature in the glass box is mainly controlled by the temperature of the coolant and the 
porosity of the PET film, and the humidity supplying system can have 10�-40� with -
10�-60� coolant temperature. (b) shows the cross-section view of humidity supplying 
system.   
 

 

Figure 3.1.2.4.6 The height of the flap was measured by taking cross-section view of the 
flap at each humidity and temperature (a). The height was plotted according to relative 
humidity and temperature (b), and absolute humidity (c).  
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Figure 3.1.2.4.7 The height of the flap was measured by taking cross-section view of the 
flap at each humidity and temperature (a). The height was plotted according to relative 
humidity and temperature (b), and absolute humidity (c).  

 

 

Figure 3.1.2.4.8 The height of the flap was measured by taking cross-section view of the 
flap at each humidity and temperature (a). The height was plotted according to relative 
humidity and temperature (b), and absolute humidity (c).  
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Figure 3.1.2.4.9 The correlation between the height of the opened flap in TAT and the 
absolute humidity which the conditions: 25-40� with 80-90% RH, 10-33� with 60% RH, 
24-35� with 51-29% RH, and 23-36� with 59-51% RH 

 

3.1.2.5 Cooling effect on one-layer TAT 

In order to check the cooling effect of TAT, the thermal device which has a similar 

thermal environment to the skin is needed to replace the human subject testing (which is 

cumbersome and is subjected to many bureaucratic, safety and environmental constraints). 

We have devised the cooling effect measuring technique using a thermal device 

constructed as described in Figure 3.1.2.5.1. The thermal device consists of a heat sheet, 

metal plate, and thermometer on metal plate in an insulated box. The top of the thermal 

device is open to allow placement of TAT or non-TAT textile materials. Inside the thermal 
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device between the metal plate and the opened top, a humidity and temperature sensor is 

embedded to record the both information according to the time dependent, pore opening 

behavior of TAT.     

To precisely measure the effect of moisture on TAT, we have two steps for the 

measurement. TAT or non TAT fabric fixed on the top surface of the thermal device using 

a double-stick tape, with the heat supplied from the bottom by applying the voltage to the 

heating sheet (resistive heating element). We waited for the temperature and the humidity 

inside the box to stabilize. In the next step, we supplied some water inside the thermal 

device containing a water-absorbable material such as a paper tissue on the metal plate for 

spreading/distributing water on the metal plate area. A pipet was used to deliver the water 

after opening a small area of TAT or non TAT fabrics on the thermal device. Both the 

temperature and humidity were recorded during all these steps. The first step was needed 

to stabilize thermal balance in the device before the measurement, and second step 

mimicked the sweating by supplying small amount of water. 100ul of water was supplied 

for each measurement, as this amount of water on 37� metal plate theoretically has the 

evaporation rate of around 3ml/m2/min for the 37� metal plate and the surface area of the 

metal plate (0.00174m2). The sweating rate of human body is around 0.146-

0.781ml/m2/min without any activity and will increase to the level of around 19ml/m2/min 

when a person is severely exercising. The 3ml/m2/min corresponds about four times of 

maximum sweating rate of non activity (0.781ml/m2/min), which may be equivalent to the 

human body under a normal activity such as walking. We targeted this sweating rate in the 

thermal device because TAT would not work at below this sweating rate to considering the 
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thermal comfort and sweating hot condition. A voltage of 16V with a current of 0.052A 

(total 0.832W) was applied in the heat sheet and the surface temperature of the metal plate 

was around 36 � which is similar to the skin temperature.  

We utilized one of the candidate fabric (knitted, PE 60%, Rayon 39%, Spandex 1%) 

in Figure 3.1.2.3.2. Hygroscopic layer was composed of PEG (10wt%) and Cellulose 

acetate mixture and has 30um thickness. 30um PET was used as hydrophobic layer and 

laminated with hygroscopic layer on the fabric using 3M glue. The 5cm x 5cm TAT had 

two isotropic flap patterns which has 2.5cm length and 1.3cm width. Coverage ratio of flap 

area is around 0.26, but when considering that the flap does not open entirely vertically, 

the coverage ratio will be less than 0.26 in a real TAT.          

 

 

Figure 3.1.1.5.1 (a) Components of the thermal device (b) A top view of the thermal device 
(c) A cross-section image of a heat sheet in the thermal device (d) A side view of the 
thermal device) (e) The thermal device is placed in the large box for the same convection 
and radiation condition of each set of experiment. 
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Figure 3.1.2.5.2 Time dependent relative humidity and temperature inside the thermal 
device in which the top is covered with TAT or nonTAT: 100ul of water droplet was 
injected at 50s, relative humidity was stabilized and the flaps started to open at 90s, and 
started to close at 900s. The ambient temperature was 26oC and the ambient humidity was 
65% RH. 

 

Figure 3.1.2.5.2 indicates the temperature and the relative humidity inside the 

thermal device covered by TAT or non TAT on the top. The initial temperature and 

humidity before the water injection were almost the same between TAT and non TAT, and 

has an identical increase after the water injection during around 50 seconds. After saturated 

with moisture in the thermal device, TAT started to open the flaps and maintained the 

humidity to around 70% until the water dried up. Since the normal fabric is known to have 

about 70% of porosity63, non TAT allowed a small moisture transfer through the fabric and 
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have a slower cooling effect than TAT. After all the water inside the thermal device dried 

up, the temperature increased and the humidity decreased again after the flap returned to 

be closed. The temperature of TAT increased again faster than non TAT because of lack 

of water evaporation from the faster moisture transfer during the flaps opened. Figure 

3.1.2.5.3 shows the flaps opening image during 100 seconds after water injection. They 

opened with height of the maximum 2cm over around 70% RH.   

 

Figure 3.1.2.5.3 Time dependent the flap images: the flaps open with the maximum height 
of 2cm at 70% RH and 28-30 oC in 100 seconds.  

 

The cooling effect of TAT was to decrease 3oC during 800 seconds after the 

humidity was stabilized. 1oC of cooling effect was realized mostly in 60 seconds after the 

flaps immediately responded to open (Figure 3.1.2.5.2). To analyze the cooling effect of 

TAT precisely, the temperature of non TAT was compared with TAT to evaluate the mass 

transfer of TAT. Figure 3.1.2.5.4 indicates the temperature difference between TAT and 
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non TAT. If the ΔT is minus, it means TAT has that amount of cooling effect than non 

TAT. From Figure 3.1.2.5.4, TAT has around 1oC cooling effect in 60 seconds after the 

humidity was stabilized and the cooling effect lasts for 800 seconds before the flap closed. 

After 1000 seconds, non TAT has around 1oC cooling effect compared than TAT reversely 

because non TAT still contained moisture in the thermal device and it enabled slow mass 

transfer for the cooling. 

 

 

 

Figure 3.1.2.5.4 The time dependent temperature difference between non TAT and TAT 
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The mass transfer of TAT and non TAT can be easily compared when the absolute 

humidity inside the thermal device is calculated from the temperature and the humidity 

(Figure 3.1.2.5.5). The absolute humidity of TAT decreased rapidly compared that of non 

TAT, and after 18g/m3 of absolute humidity, TAT started to close. Figure 3.1.2.5.5 also 

indicates the apparent temperature, the heat index which considers the both temperature 

and the humidity effects into the temperature criterion. The apparent temperature was 

calculated using the equation below.  

 

The cooling effect of TAT has around 4oC of apparent temperature from Figure 3.1.2.5.5. 

 

Tapp = c1 + c2 · T + c3 ·RH + c4 · T ·RH + c5 · T 2

+ c6 ·RH2 + c7 · T 2 ·RH + c8 · T ·RH2 + c9 · T 2 ·RH2

c1 = �42.379, c2 = 2.04901523, c3 = 10.14333127,

c4 = �0.22475541, c5 = �6.83783 · 10�3, c6 = �5.481717 · 10�2,

c7 = 1.22874 · 10�3, c8 = 8.5282 · 10�4, c9 = �1.99 · 10�6

Tapp = Apparent temperature, T = temperature, RH = Relative humidity
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Figure 3.1.2.5.5 Time dependent absolute humidity and apparent temperature inside the 
thermal device for which the top is covered with TAT or non TAT: 100ul of water droplet 
was injected at 50s, relative humidity was stabilized and the flaps started to open at 90s, 
and started to close at 900s. 

 

The surface temperature on the metal plate was measured to evaluate the cooling 

effect of TAT on the surface (Figure 3.1.2.5.6 and Figure  3.1.2.5.7). Since the real skin is 

composed of mainly polymers which has a low thermal conductivity, the surface 

temperature of skin will not have same tendency with that of the metal plate. However, we 

can estimate how the cooling effect of TAT will influence the bottom surface by analyzing 

the surface temperature because the high thermal conductivity of the metal plate will easily 

affect the surface temperature according to the environmental temperature. Figure 3.1.2.5.7 
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indicates TAT has the delayed cooling effect on the bottom surface because mass transfer 

requires time to reach the bottom surface. Since the height of the thermal device is 2.5cm, 

TAT will have a higher cooling effect on our skin when considered the gap between the 

fabric and the skin is smaller than 5mm. Figure 3.1.2.5.8 shows the cooling effect in the 

device using the apparent temperature. Considered the humidity in the box, the better 

cooling effect was observed in TAT using apparent humidity because TAT maintains lower 

humidity condition by moisture transfer through flap pores.    

 

 

Figure 3.1.2.5.6 The time dependent surface temperature of the heat sheet which the top is 
covered with TAT or non TAT 
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Figure 3.1.2.5.7 The time dependent surface temperature difference of the heat sheet 
between non TAT and TAT 
 

 

Figure 3.1.2.5.8 The time dependent apparent temperature difference between non TAT 
and TAT fabric. The simulated “skin” temperature (in terms of heat-index-adjusted 
temperature a person feels) dropped by  ΔT=4oC in 60 sec.  
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3.1.2.6 IR images of one-layer TAT 

IR images of TAT were taken using IR camera (Compact XR, Seek Thermal) to 

analyze the temperature and IR radiation. Same experimental condition was set up with 

3.1.2.5. Instead of TAT fabric, TAT film fabricated with same method in 3.1.1 was covered 

on the top of the thermal device. The bottom surface temperature, and the temperature and 

the humidity were recorded from each sensor and 100ul water was injected to the tissue 

over the bottom of the metal plate. For the reference, non patterned TAT film was used to 

compare TAT film’s cooling effect. Figure 3.1.2.6.1. shows time dependent IR images. At 

initial state at 0 second, IR image of non flap patterned TAT (Figure 3.1.2.6.1.(b)) 

illustrates higher thermal state than TAT (Figure  3.1.2.6.1.(e)). After 200 seconds, the 

bottom was being cooled by the evaporation of injected water, and the heat was transferred 

to the top by the moisture mobility. Both IR images at 200s (Figure 3.1.2.6.1.(c) and Figure  

3.1.2.6.1.(f)) illustrates higher thermal state at the top. At this moment, still overall 

temperature was higher in non flap patterned TAT than TAT. However, after 1500s the 

temperature in the box changed that the temperature in TAT was close to the initial state 

but the temperature in non flap patterned TAT increased (Figure 3.1.2.6.1.(d) and Figure  

3.1.2.6.1.(g)). The temperature and the humidity profile in the thermal device described in 

Figure 3.1.2.6.2 and illustrates more clear temperature difference between non flap 

patterned TAT and TAT. Since non flap patterned TAT has no ability on adaptive 

thermoregulation, the moisture generated from the wet tissue accumulated in the thermal 

device and slowly emitted to the outside. The faster evaporation to the outside using TAT 

allows the cooling effect in the thermal box. Figure 3.1.2.6.3 shows this cooling effect on 

TAT. The bottom surface temperature covered TAT is lower than non flap patterned TAT 
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when the water was supplied and the bottom surface temperatures for both TAT and non 

flap patterned TAT become equal after long time all the water dried up in the thermal 

device. 

     

 

Figure 3.1.2.6.1 The picture of the thermal device (a) and IR images of the thermal device 
covered with TAT film (b-d) and covered with non flap patterned TAT film (e-g): (b), and 
(e) were taken at 0s before the water injection (100ul). (c) and (f) were taken at 200s and 
(d) and (g) were taken at 1500s.  
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Figure 3.1.2.6.2 Temperature and humidity profile in the thermal device covered with TAT 
(smart film) and non flap patterned TAT (film): 100ul water was injected at 50s.  

 

 

Figure 3.1.2.6.3 The temperature of the bottom surface in the thermal device covered with 
TAT (smart film) and non flap patterned TAT (film): 100ul water was injected at 50s. 
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Using TAT (fabric shape), the cooing effect can be observed more precisely using 

IR camera. Since the real fabric is not transparent for IR, IR image of fabric type TAT 

gives us the clear radiation emitting images when the flap pores opens. When the pores 

opened, the bottom surface directly exposed to the ambient environment to increase IR 

radiation from the body (Figure 3.1.2.6.4). Figure 3.1.2.6.5 shows time dependent IR 

images of TAT. After the pores opened, the heat emission from radiation, convection, and 

evaporation increased through the pores, and after the injected water dried up, the pores 

closed to return the origin shape that the condition of radiation, convection, and evaporation 

is same to the normal fabric. When we suppose the water injection is the sweating condition 

of our body, moisture sensitive TAT will respond only sweat and allows fast energy 

transfer for cooling the body. 

 

 

Figure 3.1.2.6.4 IR images of fabric type TAT when the pores are close and open 
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Figure 3.1.2.6.5 Time dependent IR images of pores: Initial sate at 0s (a), 100s (b), 110s 
(c), 120s (d), 900s (e), 1200s (f), 1500s (g), 1800s (h), 100ul water injected in the thermal 
device at 60s.  

 

3.1.2.7 Multiple cycles of thermo-regulation of one-layer TAT 

To check the practical application of TAT, multiple cycles of thermo-regulation 

function was performed using same method in 3.1.2.5. 100ul water injected every 30 

minutes and temperature and humidity in the thermal device was recorded and the bottom 

surface of the thermal device was also measured. 6 cycles of sweating condition were 

constructed and either of cycles showed the cooling effect of TAT (Figure 3.1.2.7.1). The 

maximum relative humidity in the thermal device for each cycle was irregular, however 

the temperature in the thermal device dropped sharply after the pores open which can be 

observed only when using TAT. The temperature of the bottom surface has regular pattern 

of the cooling effect by water injection and the pores opened. Either of cycles showed clear 

flap opening and closing.    
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Figure 3.1.2.7.1 Multiple cycles of cooling effect of one-layer TAT: First graph is the 
humidity measured in the thermal box and its time dependent measurement, second graph 
is the temperature in the thermal box with same condition the humidity measured, and the 
last graph is the bottom surface temperature. 100ul water was injected every 30 minutes 
with initial state (0s). Red lines indicate ambient condition of the humidity and the 
temperature. 
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3.1.3 Two-layers TAT 

Figure 3.1.3.1 shows the design structure of SMA for two-layers TAT. For strong 

sustain of fabrics, six bar type SMAs were used to fabricate one unit of SMA (Figure 

3.1.3.1). The size of one unit of SMA is described in Figure 3.1.3.1. The thermal insulation 

thickness changed by SMA according to the ambient temperature was illustrated in Figure 

3.1.3.2. The height of SMA was measure at every 2� from 10� to 20��Temperature 

increasing and decreasing for SMA smaples was also conducted to check its repeatability. 

SMA showed noticeable height change upon the ambient temperature changes. By 

considering the weight of the real fabric on SMA’s height, the commercial fabrics was put 

on the top of SMA to observe how SMA supports the fabric (Figure 3.1.3.3). The height 

of SMA covered by the fabric showed decreased height than SMA only (Figure 3.1.3.3). 

However, it still showed enough thickness changes considered that 1mm air thickness in 

the fabric can protect our body thermally from 2� of ambient temperature (1.2.8). The 

SMA is anticipated to be a good adaptive insulation material for the smart clothes. 

 

 

Figure 3.1.3.1 Hexagonal shape of SMA for two-layers TAT (The picture was drawn by 
Dr. Calvin) 
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Figure 3.1.3.2 Thermal insulation thickness of SMA responsive to the ambient temperature 
(The data was measured by Dr. Calvin) 
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Figure 3.1.3.3 Thermal insulation thickness of two-layers TAT responsive to the ambient 
temperature (The data was measured by Dr. Calvin) 
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3.1.4 Thermally responsive one-layer TAT 

SMA can provide thermal responsive one-layer TAT by laminating SMA under the 

textile (Figure 3.1.4.1). The flap opened by the deformation of SMA under hot condition 

in Figure 3.1.4.1 which increases air permeability to cool the core body allowing higher 

convection.  

 

Figure 3.1.4.1 Thermal responsive one-layer TAT (The data was measured by Dr. Calvin) 

 

3.1.5 Temperature and moisture sensitive TAT 

The shape memory effect of polymer and alloy is due the mismatch of expansion 

in bi-layer. CHE of polymer is utilized for this mismatch to be sensitive to the moisture, 

and CTE of metal is employed for the mismatch to respond the thermal condition. Then, 

how about bonding two materials in bi-layer to be responsive to the temperature and the 
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moisture at the same time? We have developed TAT separately to be responsive to the 

temperature or the humidity. However, the definition of the sultriness can include both the 

conditions of sweating and thermally hot. If the ambient temperature is hot and we sweat, 

the situation can be more precisely defined as real “hot” condition. Either of one condition, 

sometimes, can’t fulfill to be defined as “hot.” For example, in rainy day it is humid and 

cool, but the moisture sensitive TAT may work after wetted by the rain. High temperature 

but low humidity is not hot, for example, the weather in California is very clear that the 

humidity is low to evaporate the sweat easily for energy emission in the hot environment. 

Inspired on this concept, bi-layer which consists of negative CTE and non CHE metal layer 

and positive CTE and positive CHE polymer layer was made and its bending was measured 

by controlling the temperature and the humidity. The shape memory composite (SMC) 

showed enough deformation to be responsive to the temperature and the humidity in Figure 

3.1.5.1.  

 

Figure 3.1.5.1 Temperature- moisture- sensitive shape memory composite: the 
deformation of the height was measured depends on the temperature change or the absolute 
humidity change. 
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3.2 Feasibility on manufacturing method and its cost in one-layer 

TAT  

One-layer TAT controls the air permeability of moisture in the fabric by opening 

the flaps as the humidity increases. The principal of opening flaps is similar to CTE-

mismatched bilayer in the multilayer thermally adaptive textile. Instead of CTE mismatch, 

the single layer textiles utilized the coefficient of hygroscopic expansion (CHE) mismatch 

to produce the bending behavior of bilayer under high humidity. To maximize the bending 

behavior of bilayer under high humidity, high hygroscopic and low hygroscopic polymer 

are used for each layer.  

Overall structure of humidity responsive TAT is described in Figure 3.2.1 with the 

cross-section image and the real TAT images. Bilayer part will occupy only the flap pattern 

to alleviate the material cost by decreasing the amount of bilayer polymers. Based on our 

thermal simulation of human body, 1/4 of covered textiles should be eliminated as 1� of 

ambient temperature increases from room temp for thermal comfort (Figure 3.2.2). When 

considered the adult male has average of 1.8m2 surface area on his body and supposed the 

body is covered with clothes on its 70% surface area, around 1.2-1.3m2 will be the target 

for TAT regime. Our TEA is based on about half of this area, 0.6m2, because the flap 

pattern couldn't be applied on body parts such as hip and backside of thighs which will be 

compressed when we are seated. 1/4 of 0.6m2, 0.15m2 is our standard surface area for 

estimating the material cost of TAT in this case.					
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Figure 3.2.1 Cross-section image and the real TAT images 

 

Figure 3.2.2 Desirable surface coverage of clothes on human body according to the 
ambient temperature for thermal comfort (simulated by supposed indoor activity): the 
detailed calculation was shown in 1.2.8. 

High	hygroscopic	
layer

Low	hygroscopic	
layer

	flap	patterned	Textile 

	Front 	Backside 
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The bilayer is composed of 30-40um thickness layer for each. The amount for 

needed to realize the cooling effect is 0.15m2 X 40um = 6cm3 for each layer. High 

hygroscopic layer consists of two polymers of hydrophilic polymer and intermedium 

polymer. Since high hygroscopic polymer has a high surface tension and easily sticks to 

everywhere, intermedium polymer which has a low surface tension was utilized to facilitate 

dealing high hygroscopic polymer by embedding it in the layer and protect our skin from 

sticky hygroscopic polymer. Based on our measurement of hygroscopic property as a 

function of ratio of high hygroscopic polymer in the intermedium polymer, 10% of 

hygroscopic polymer was chosen for the best performance of TAT. Table 3.2.3 shows the 

needed amount of three polymers in the bilayer for one cloth of adult male. Table 3.2.4 

shows the polymer candidate and its price per one cloth of adult male. For example, if the 

bilayer is composed of PEG, CA, and PET, the material cost is $0.0134 + $0.0913 + $0.174 

= $0.279 for one cloth. The most expensive composition is PEG + PDMS + PDMS, and its 

total price is $0.3454 and the cheapest composition is PEG + PMMA + PMMA with the 

total price of $0.1344. Either composition is within $1 and produces very small expense 

for the TAT material.  

 

Table 3.2.3 The requirement amount for low and high hygroscopic polymers and 
intermedium polymer  

Material	

Low	hygroscopic	polymer	

High	hygroscopic	polymer	

Intermedium	polymer	

Amount	

6	cm3	

0.6	cm3	

5.4	cm3	
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Table 3.2.4 Potential TAT Materials and its material expense in one clothe for adult male 

Kinds	
Material	 Density	

(g/cm3)	
Requirement	
amount	(g)	

Cost	
($/kg)	

Final	cost	

High	hygro	 PEG	 1.13	 0.678	 1.98	 $0.00134	

Intermedium	 CA	 1.30	 0.702	 1.3	 $0.00913	

Intermedium	 PMMA	 1.18	 6.372	 0.9	 $0.00573	

Intermedium	 PE	 0.93	 5.022	 1.5	 $0.00753	

Intermedium	 PDMS	 0.97	 5.238	 3	 $0.0157	

Low	hygro	 PET	 1.38	 8.28	 2.1	 $0.0174	

Low	hygro	 PE	 0.93	 5.58	 1.5	 $0.00837	

Low	hygro	 PMMA	 1.18	 7.08	 0.9	 $0.00637	

Low	hygro	 PDMS	 0.97	 5.82	 3	 $0.0175	

 

For considering further expenses produced by the manufacturing process and 

environmental expense, three candidates of the manufacturing method for TAT was 

described in Figure 3.2.6, and material safety data of solvents list to dissolve the polymer 

candidates in Table 3.2.5. Table 3.2.4 shows the solvents list to dissolve the polymer 

candidates.  

In the lab scale sample preparation, the laminate attach technique is the best to 

combine two layers easily, which can prepare bilayer to be attached directly on the textile. 

This method does not require the solvent to fabricate thin polymer layer on the textile 

because the thin film is already prepared. Printing attach and spray coating attach are also 

applicable in real TAT production. Since there is various commercial textiles and polymers 
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for clothes, the polymer and the manufacturing process for TAT should be decided by 

material of textiles and its manufacturing method. 

Since spray coating requires low viscous material source for splaying, the process 

is expected to need much solvents to dilute the polymer solution. According to our 

experimental data, under 5wt% polymer solution is adequate for spraying method, and 20-

30wt% polymer paste is best for printing attach technique. Either of methods can’t reuse 

the solvent because the solvents will be dried up after casted or sprayed. As a result, the 

environmental expense of spray coating will cost much than printing technique, and 

laminate attach technique will cost less than other two methods because it does not require 

the solvent. The requirement amount of solvents and its price for one clothe fabrication is 

shown in Table 3.2.7. Almost prices for solvents are within $1, and PET increases material 

cost because it requires expensive solvents such as HFIP. 

 

Table 3.2.4 The solvents list for the polymer candidates 
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Table 3.2.5 Material safety data of solvents list 

 

 

 

Figure 3.2.6 Manufacturing method for humidity sensitive TAT 
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Table 3.2.7 Extra cost for solvents for printing and spray attach technique 

 

 

Chapter 3, in part is currently being prepared for submission for publication of the 

material. Kim, Gunwoo; Calvin, Gardner; Kim, Youngjin; Jin, Sungho; Chen, Renkun.	The 

dissertation/thesis author was the primary investigator and author of this material. 
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Chapter 4: Application 

 

4.1 Strectchable TAT 

Since TAT is the clothes, TAT should have strong mechanical properties to maintain 

its shape memory property after multiple hard washings. The clothes experience a hard 

shear stress made by water in the washing machine. Under this kind of harsh condition, the 

polymer in clothes can be damaged and torn by shear stress force in the washing machine64. 

Considered all these possibilities, it is required to have a higher elasticity and flexibility 

for TAT. 

To look into our skin again, human skin has a higher elastic property and is 

stretchable to stand up the strong stress. Its surface is close to hydrophobic to prevent from 

outer hydrophilic attack. However, it can absorb water that we can easily understand this 

by observing our fingers to get wrinkled in the water65. To borrow the material’s concept 

from the skin, we analyze the material in our skin. In Figure 4.1.1, we focused on outer 

layer of human skin, Epidermis, and its outer layer again, Stratum corneum66. Main 

material of corneum is known to Corneocyte67 which is composed of proteins: Filaggrin, 

keratin and proteases68. Among these proteins, Filaggrin and keratin is the most abundant 

material in Corneocyte.
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Figure 4.1.1 The material composition in human skin (The picture was taken from 

Wikipedia). 

 

To reveal the proteins’ hygroscopicity, amino acid was divided into three categories: 

hydrophilic, ionic, and hydrophobic. Hydrophilic includes Serine, Threonine, Asparagine, 

Glutamine, Tyrosine and Cysteine. Ionic includes Lysine, Arginine, Histidine, Aspartic acid, 

Glutamin acid. Glysine, Alanine, Valine, Leucine, Isoleucine, Methionine, Proline, 

Phenylalanine, Tryptophan are hydrophobic.   

The amino sequencings of Filaggrin and Keratins were downloaded from the 

protein bank and colored hydrophobic as red, hydrophilic as blue, and ionic as green in 

Figure 4.1.2. According to the hygroscopic map, Filaggrin is composed of 75% hydrophilic 

and ionic amino acids, and Keratin consists of 50% hydrophilic and ionic amino acids. The 

rest of amino acids comes from hydrophobic, and Filaggrin and Keratin are hydrophilic 

and hydrophobic networked polymers.  

Motivation
Humane skin inspired Stretchable SMP
Skin is stretchable which is compatible with our movement.
Hydrophobic surface protects skin from outer hydrophilic invasion.
Corneocyte can absorb three times of water more than its weight. 

Main material for Stratum corneum
Corneocyte – Filaggrin, Keratin, Proteases
Lipids
Defensins
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Figure 4.1.2 Hygroscopic map of Filaggrin, Keratin 1 and Keratin 9: hydrophobic (red), 
hydrophilic (blue), and ionic (green) and 75% amino acids in Filaggrin is hydrophilic and 
ionic, and 50% amino acids in Keratin is hydrophilic and ionic.  

 

4.1.1 Materials  

We have developed those skin like hydrophilic and hydrophobic networked 

polymer mainly composed of hydrophilic polymer for absorbing property. And the surface 

material should be hydrophobic similar to human skin. Hydrophobic surface improves 

surface contact with our skin to feel soft due to low surface tension and it can also improve 

Hydrophobic and hydrophilic mapping
When we map Filaggrin with amino acid showing hydrophobic (red), hydrophilic (blue), and ionic (green), we can see 
75% sequencing of Filaggrin comes from hydrophilic. 
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fast water absorption from sweating. For example, many sports garments are composed of 

PP, PE and PET which are hydrophobic polymers69. Those garments absorb sweat by 

wicking70, the capillary effect which comes from hydrophobic surface instead of having 

hydrophilic surface71,72. High elasticity, hydrophobic surface but hygroscopic property for 

shape memory capacity are indispensable for washing tests of SMP in TAT.    

We have developed SMP to fulfill these properties by networking hydrophilic and 

hydrophobic polymers (Figure 4.1.1.1). PEG was chosen as hydrophilic polymer and 

PDMS was chosen as hydrophobic polymer. Many researches were reported to synthesize 

PEG-PDMS linked polymer73-75, and PEG embedded PDMS was also reported76. Either of 

method requires expensive reactive chemical compounds to connect non miscible two 

polymers. The challenging of synthesis on PEG-PDMS comes from non wetting of two 

polymers because two polymers are easily separated into two phases.  

To overcome this problem, we utilized the emulsion method to mix two polymers 

and increased hydrophobicity of the edge side of PEG using PEG methacrylate, PEG 

dimethacylate (Figure 4.1.1.2). Vinyl PDMS and PDHS was used for synthesizing PDMS. 

PDHS (Sylgard 184 curing agent): PEG methacylate (Sigma Aldrich Mw 2000, Mw 350): 

PEG dimethacrylate (Sigma Aldrich): DI water: Vinyl PDMS (Sylgard 184) was 5:4:1:2:1. 

The polymerization was initiated with the catalyst, Pt contained in Vinyl PDMS in 110oC 

oven and cured 30 minutes for the complete polymerization. To make stable paste before 

curing, strong shear stress was applied using mechanical mixing (IKA). The stability of 

paste was checked by UV-VIS optical measurement (Figure 4.1.1.3). 
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Figure 4.1.1.1 Network structure composed of hydrophobic and hydrophilic polymers 

 

 

Figure 4.1.1.2 Emulsion method to mix PEG and PDMS monomers 

PDMS              : 50wt% 
PEG (bridge)   : 10wt%  
PEG (terminal): 40wt% 

Structure for stretchable SMP 
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Figure 4.1.1.3 Mixing time dependent UV-VIS of PEG-PDMS monomer paste using 
mechanical stirrer with 600rpm  

 

4.1.2 properties of stretchable TAT 

The polymer synthesized has a good elasticity and swells after absorbing water, but 

its surface contact angle of water is almost over 100˚, which is a hydrophobic surface 

(Figure 4.1.2.1). The SMP film was stretchable over 2 times (Figure 4.1.2.2) and when it 

combines PDMS layer as bi-layer, the film was bent after absorbing the water (Figure 

4.1.2.3). Figure 4.1.2.3 shows the expanded thickness of hydrogel side after absorbed water 

and the PDMS side does not change the thickness. The paste is applied on the fabric with 

a simple printing technique (Figure 4.1.2.4). Since the monomer paste has high viscosity, 

the application of the paste on the fabric is simple and easy to print shaped patterns. There 

was no delamination between the fabric and SMP by analyzing SEM image (Figure 4.1.2.6).    



 
	

 
	

106 

Stretchable SMP applied TAT exhibits strong bending behavior when it absorbs 

water and swells (Figure 4.1.2.7). After cured, SMP has a high elasticity to maintain its 

shape after stretched with hand forces in any directions (Figure 4.1.2.5).  

 

 

 

Figure 4.1.2.1 Time dependent surface contact angle with water droplet (the reference is 
flat PDMS surface) 
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Figure 4.1.2.2 Stretchability of SMP 

 

 

 

Figure 4.1.2.3 Bending behavior of bi-layer stretchable SMP: the thickness of each layer 
was measured by the long distance camera when the sample was dried, wetted and dried 
again. 
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Figure 4.1.2.4 Fabrication method of stretchable TAT: monomer paste of stretchable SMP 
is printed directly on the fabric through the patterned screen and cured.  

 

 

Figure 4.1.2.5 Stretchability of TAT measured by hand force 
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Figure 4.1.2.6 SEM image of cross-section view of stretchable SMP applied fabric 

 

 

Figure 4.1.2.7 Shape memory behavior of stretchable SMP on the fabric after submerged 
in water for 30 minutes 
 

Chapter 4, in part is currently being prepared for submission for publication of the 

material. Kim, Gunwoo; Calvin, Gardner; Kim, Youngjin; Jin, Sungho; Chen, Renkun.	The 

dissertation/thesis author was the primary investigator and author of this material. 
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Conclusion 

To save energy consumed in HVAC, the solution for locally heat management on 

human body was suggested. Thermally adaptive textiles which porosities of the textile 

increases or the insulation thickness in the textile increases by the hot environmental 

condition. Both textiles were inspired from the human skin’s thermoregulation. On the heat 

transfer model on human body, we confirmed both TAT will be effective on thermal 

regulation on changing environment. Simulated skin temperature was measured by 

thermally human skin-mimicked device and showed the adaptive cooling effect of TAT. 

Considered its cost and manufacturing method, the real application of TAT was anticipated 

in the future. 

 

 

Figure 5.1 Thermoregulation map for the smart clothe
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