
ABSTRACT 

WEINER, NATHAN CHRISTOPHER. Flexible Peltier Coolers for Thermal Comfort and 

Bedding Applications. (Under the direction of Dr. Jesse Jur). 

 

The thermal comfort of a mattress and bedding system is critical to obtaining a 

quality night sleep. There is a growing trend in the mattress industry to employ new materials 

which create a cooling effect for sleepers with the use of innovative phase change materials 

(PCMs) or cooling gels included in the near-surface foam constructions of a mattress. These 

mattresses seek to alleviate overheating during sleep or provide a more comfortable 

environment for those who may suffer from medical conditions which cause excess heat 

production. However, these materials are passive coolers which do not allow for precise, 

customized control of the bedding microclimate and often provide minimal difference in 

comfort after the initial period of a human’s sleep cycle.  

The goal of this work is to develop a novel active cooling technology which could be 

used in a mattress pad and/or comfort layer. Peltier coolers, or thermoelectric coolers (TECs), 

provide a unique solution for active cooling as they are solid-state heat pumps with the 

ability for precise temperature control. TECs are typically light-weight and lack a refrigerant 

which makes them an ideal alternative to traditional cooling systems. Over the course of this 

research, early prototypes using thermoelectric (TE) elements, conductive patterning/ 

printing processes, and various polymer materials have been studied. These devices are 

evaluated for both cooling and mechanical performance for their potential use in mattress 

applications. The knowledge from this research and the fabrication processes developed 

serve as a groundwork for future constructions of more efficient large-area, flexible cooling 

systems. This work also provides insight into the mechanisms that drive Peltier cooling, 

including the important requirements of the heat flow and dissipation of such a system. The 



ultimate outcome of this work is a foundation upon which modeling of novel TEC device 

constructions are evaluated as compared to bench-top designs, along with factors in scaling 

this technology for broad use in textile products. 
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CHAPTER 1: Sleep, Mattress Construction, and Mattress Comfort 

1.1 Introduction 

This goal of this chapter is to provide an overview for the motivation and technical 

background for the development of an active cooling system in a bedding application. To 

support this understanding, the critical importance of sleep and the growing trend of lack of 

sleep will be discussed, followed by the description of the relationship between body 

temperature and the human sleep cycle. This will provide insight into the opportunity of a 

temperature regulating mattress. As such, current mattress standards regarding materials and 

performance are considered, as well as the lack of conclusive work exploring the thermal 

characteristics of mattresses and their impact on sleep. Finally, the potential for improved 

sleep through the use of a thermoregulating mattress is discussed as well as research 

surrounding ideal mattress designs and constructions. 

 

1.2 Sleep 

It is widely accepted that sleep is critical to humans to perform well and function during 

daytime activities and tasks. Further, it is estimated that humans spend approximately 1/3 of 

our lives sleeping [1]. Consequently, it is critical that we achieve the best quality sleep 

possible in order to perform at our very best. The appropriate amount of sleep is a large topic 

of discussion among medical professionals and researchers but it is typically concluded that 

approximately eight hours of sleep is adequate for most adults. However, sleeping 

requirements vary among different age groups and tend to be higher at young ages. For 

example, the 2015 National Sleep Foundation’s report declared that school toddlers (age 1-2) 
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should sleep 11-14 hours each night while school age children (age 6-13) should get 9-11 

hours [2]. 

 

Unfortunately, many people report not getting enough sleep on a regular basis. In the US, it 

is estimated that approximately 70 million people have trouble sleeping and that this number 

will continue to increase [1]. As a result, sleep is being increasingly recognized as a public 

health issue due to studies such as one conducted by the Institute of Medicine which found 

that insufficient sleep can be linked to motor vehicle crashes, industrial disasters, as well as 

medical and occupational errors [3]. Additionally, the National Department of Transportation 

estimates that drowsy driving accounts for 1,550 fatalities and 40,000 nonfatal injuries per 

year in the US [4]. On top of sleep-deprived performance concerns, persons suffering from 

sleep deficiency are also more likely to suffer from chronic diseases like hypertension, 

diabetes, depression, and obesity as well as from cancer, increased mortality, and reduced 

quality of life [3]. While reduced sleep is often a result of the modern, busy work-life of 

today’s society, this effect cannot always be removed. However, the promotion of a good 

night’s sleep through external factors is possible by modifying the bedroom environment, 

bed, and pre-sleep habits. In a 2013 poll conducted by the National Sleep Foundation (NSF), 

almost 9 out of 10 Americans rated a comfortable mattress (92%), comfortable pillows 

(91%), and/or a comfortable feel of sheets and bedding (85%) as important to getting good 

sleep [5]. Additionally, in a 2015 NSF poll, it was found that out of the factors which often or 

always disturb sleep, the mattress was the most commonly reported problem followed by 

temperature [6]. Clearly, there is an opportunity for mattress and bedding companies to have 
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an enormous impact on the population through the development of comfortable mattresses 

which can improve sleep. Moreover, a large area of opportunity still exists regarding the 

thermal comfort of the mattresses and the significant impact that temperature can have on 

sleep and sleep cycles. 

 

1.3 Mattress Comfort 

In order to understand how we can improve sleep through mattress design, it is important to 

critically examine the factors involved with mattress comfort including mattress properties, 

materials, and general mattress construction. With regard to thermal comfort, it is also 

imperative that research related to temperature effects on sleep are discussed and how these 

results can influence the design of novel mattresses with temperature-regulating properties. It 

is worth noting that very little information regarding standard mattress materials exists in the 

peer-reviewed literature. As a result, a good portion of information regarding the different 

mattress varieties can only be found on websites or electronic magazines that focus on 

reviewing mattresses, discussing mattress trends, or providing consumers with mattress 

information for purchasing. 

 

1.3.1 Mattress Properties 

Mattress quality is dependent on a variety of characteristics including firmness, hardness, 

adaptability to body shape, distribution of pressure, and ability to facilitate adequate 

thermoregulation [7]. All of these factors are not necessarily weighted equally amongst 

different mattress designers. When designing a mattress specifically for ergonomic aspects 
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(e.g., to prevent back problems), the mechanical properties like stiffness are more important 

than nonmechanical characteristics (e.g., heat transport) [8]. Thus, mechanical properties 

should be optimized within the limits of nonmechanical properties that would render a 

mattress uncomfortable (e.g., a mattress leading to excessive sweating) [8]. While mattress 

material properties such as firmness are often considered a personal preference, these 

parameters should really be adjusted in an objective manner as they are at the root of most 

physical ergonomic features (i.e. spine support). For example, heavier persons require 

additional pelvic support in the form of a more firm mattress to avoid sinking too deep into a 

mattress and causing misalignment of the spine [8]. 

 

Basic material properties exist which define the physical characteristics of a sleep system and 

various sleep systems (mattress varieties) which can influence ergonomic properties [8]. In 

general, there are three physical characteristics which define mattress material properties: 

elasticity, hysteresis, and density. These properties then influence several aspects: elasticity 

should provide correct support of the human body, hysteresis should be minimized to avoid 

excess energy consumption while moving, and density mainly affects fatigue resistance of 

the mattress itself [8]. To adjust these parameters, different mattress materials can be altered 

in different ways. For example, the elasticity of latex foams can simply be adjusted through 

different mold specifications (i.e. indentations), polyurethane (PU) mattress elasticity can be 

adjusted using different density foams, and inner spring mattress elasticity is directly 

adjusted by altering the spring dimensions [8]. Mattress elasticity is defined as a ratio of 

stress to strain and therefore also referred to as firmness. The more force that is required to 
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reach a certain indentation in the mattress, the firmer the mattress. When observing the load 

and unloading curve of a mattress material (as shown in Figure 1) we can see that a firmer 

mattress will have a higher final indentation force (and typically a steeper curve). When the 

mattress is unloaded (the relaxation curve), a total area between the curves is given which 

defines the hysteresis and is a measure of the energy dissipated in the mattress [8]. Density, 

defined as the weight per unit volume, is related to the fatigue resistance of the mattress: a 

higher density material will have more material in a given volume and therefore present a 

higher resistance to fatigue [8]. As shown in Figure 2, foams with higher densities also have 

a higher stiffness (where stiffness is measured at a compression level of 40%). As a result, it 

can be difficult to design mattresses with high fatigue resistance while maintaining low 

Figure 1: Force deflection curve of viscoelastic foam mattress with high hysteresis 

(left) and latex foam mattress with low hysteresis (right) [8]. 

Figure 2: Density-stiffness variation in foam materials [8]. 
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elasticity. This is important for mattress companies who use PU foams, where the mattress 

design has regions that behave independently. For example, one might wish to have a 

mattress with a hip zone that can deform locally but not affect the force at the shoulder or leg 

zone [8]. The zone matrix can be formed by using locally modifying foams with varying 

elasticities and densities or by using different springs. 

 

Outside of the physical properties that define a mattress, researchers must also consider the 

microclimate that exists within the sleeping system. The main factors for defining the 

microclimate are temperature and humidity. The two humidity-related factors are the fluid 

absorption and fluid transport to the environment [8]. It is estimated that the human body 

emits between 200 and 1000 mL of body moisture (separate from perspiration) each night 

[9]. Approximately one-third of this moisture is released through breathing while the 

remaining two-thirds are transmitted through the body surface and absorbed by the mattress 

(25%) and sheets, blankets, and pillow (75%) [9]. Further, it has been found that the relative 

humidity between the skin and blanket/bed should stabilize after 20 minutes and must not 

exceed 65% to avoid a humid/clammy feeling mattress, mildew formation on the mattress 

bottom, and to prevent decubitus ulcers [8]. The sleep microclimate is also highly dependent 

on temperature. The comfortable temperature window during sleep is relatively narrow as the 

body must try to maintain its core body temperature of 98.6˚F (or 37˚C). Haex, reports that 

the optimal insulating sleep system should ensure a bed temperature between 28˚C and 32˚C 

which should allow the contact temperature between the body and bed to stabilize between 

30˚C and 35˚C [8]. Too high of a bed insulation will result in temperature rise which leads 
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to excessive sweating and an increase in relative humidity. On the other hand, if insulation is 

too low, the body will cool off which may cause shivering and similar issues with sleep 

disturbance [8]. These insulative properties are mainly dependent on the core materials and 

design. Cores made out of latex or PU for instance, will carry higher insulation values than a 

spring mattress. Aside from the core, the contact temperature itself is mainly dependent on 

the top layer and its ability to hold air [8], [10]. 

 

1.3.2 Mattress Core Materials 

 Until recently, most people had not considered sleeping on a more supportive mattress. Prior 

to the 1950s, many people slept on a sagging, worn-down mattress placed on an equally 

worn-down box spring base [8]. In the late 1950s, a firmer mattress became more common 

and was used to prevent lower back pain. From this point, a gradual progression began 

towards developing a more supportive mattress [8]. A depiction of this evolution can be seen 

in Figure 3.  

 

Figure 3: Recent historical evolution of sleep systems [8]. 



 

8 

 While the sleep system can be considered to include the mattress, base, pillow, sheets, and 

blankets, this chapter will only discuss mattress construction and materials as they are the 

primary interest for our work. The mattress itself can be roughly divided into three sections: 

the support core, comfort layer, and quilting. The support core is designed to improve spinal 

alignment and relieve pressure points along the body while the comfort layers provide 

additional cushioning and contouring to the body [11], [12]. The quilting is sometimes 

considered part of the comfort layer and is typically a textile covering which acts as the 

surface of the mattress. Traditionally, the most common support core materials are PU foam, 

latex foam, innerspring, fluid-based cores (ex. water-beds), and to a lesser extent, natural 

materials outside of the Western world [8]. Fluid-based cores and natural materials will only 

be discussed briefly as they are outside the scope of this research. The comfort layers can use 

the same materials as the core but they are usually thinner and have slightly different designs. 

Figure 4 shows a basic schematic of these mattress layers while Table 1 summarizes the 

common mattress core and comfort layer materials [13]. 

Figure 4: Schematic of mattress layers [13]. 
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1.3.2.1 PU Foams 

PU is a synthetic material which gains its flexibility through the foaming process [8]. PU 

foams have a cellular network structure which provide the material with a specific density, 

elasticity, and air permeability. On a microscopic scale, regular PU cells have a nonisotropic, 

open structure which can be adjusted from fine to coarse (25 cells to 8 cells per linear cm) 

and regular to irregular [8]. In general, a higher density PU will be a stiffer foam. PU foams 

are considered advantageous due to their customizable stiffness range, as well as the fact that 

they are relatively light-weight and easy to manipulate. Overall, PU foams provide 

reasonable body support, moisture permeability, and heat insulation [8]. Unique elastic 

properties can also be achieved by chemically adjusting the PU from an elastic foam to a 

viscoelastic foam, also known as memory foam. Memory foam is often considered more 

comfortable due to its ability to “hug” the body and further reduce pressure points. However, 

some mattress reviewers report issues with thermal comfort as it can retain too much heat 

during the night. To combat this, many mattress manufacturers are now using gel foam – 

Table 1: Common mattress core materials with general advantages and disadvantages 
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memory foam infused with gels – to reduce the temperature [12]. Memory foam can also be 

open cell which improves air permeability but sacrifices the firmness that is usually desired. 

On a macroscale, PU is also advantageous as it can be designed to have nonhomogeneous 

properties along the length of the core. For example, different comfort zones could be created 

in the legs, hips, and shoulder areas to allow for increased support at the required areas. 

Finally, PU foams are the cheapest core material relative to innerspring and latex cores which 

makes them a good option for low-to-medium quality mattresses. 

 

1.3.2.2  Latex Foams 

Natural latex, or rubber (NR), is derived from the rubber tree and is a soft and resilient foam 

material [8], [11]. Natural latex foam typically only contains 80% NR with the rest being 

comprised of synthetic chemical additives that allow for processibility and the required 

elastic properties [8]. Like most latex products, it must be formed by molding and 

vulcanizing the material which allows for dimensional stability and resistance to temperature 

changes [14]. Unlike highly elastic PU foams, latex foams have a more strict relationship 

between density and firmness [8]. Latex foams are also well-suited for mattresses with zonal 

comfort as their elastic behavior can be modified by adjusting the mold design or cutting 

away material. Further, latex’s high elasticity allows for thinner layers to be used which 

enhances vapor transport and zonal regions can deform independently without influencing 

other zones [8]. Latex is thus an ideal support material from a mechanical perspective but its 

drawbacks are its weight and air permeability which affect its ability to be manipulated and 

its ventilation properties respectively. 
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1.3.2.3  Innerspring Cores 

A large variety of innerspring mattress cores exist on the market today. In their simplest 

design, innerspring mattresses consist of rows of springs which are interconnected by a series 

of smaller helical springs and bound on the edges by a thicker gauge wire for support (see 

Figure 5 [15]). In general, the spring’s elastic properties are determined by the thickness of 

the wire [8]. A thicker wire will yield a stiffer spring and therefore a firmer support core. One 

of the advantages of using springs is that they can be designed and adjusted generally (to suit 

different populations classes) or locally (to create comfort zones) [8]. Often times, springs 

and foam are combined to capitalize on the best properties of the two materials such as the 

springs’ increased ventilation and the foams’ heat insulation and beneficial elastic properties. 

When comparing various innerspring mattresses, they are often measured by their coil count. 

For most mattresses, the coil count will fall between 300-1000 although some mattresses 

utilize various layers of springs which can lead to coil counts as high as 2000. In general, 

more coils are considered to be more resilient and therefore result in a more expensive 

mattress [12]. 

 

Figure 5: Image of innerspring core [15]. 
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The most common type of springs used in mattresses are bi-conical springs, or Bonnell 

springs, which are cone-shaped with a smaller diameter in the center and a larger diameter at 

the top and bottom [8], [12]. Bonnell springs are advantageous in that they do not have 

constant stiffness in the normal range of deformation, rather they provide increased 

resistance with increased loading (see Figure 6). The larger wires that outline the sides of the 

springs also provide stability so that they do not shift too much when compressed [8], [12]. 

As a result, Bonnell springs are typically used in high volume applications such as hotels and 

dorms where they can provide consistent support for a long period of time [12]. Aside from 

Bonnell springs, similar springs systems, such as offset coils and continuous wires are also 

used in mattress designs. Offset coils utilize a similar construction to Bonnell springs except 

that the bottom of the coil is straightened to create a hinge-like motion under compression 

[12]. Double offset coils can also be used which are straightened at both the top and bottom 

to increase support and withstand compression over longer periods of time [12]. Continuous 

wire coils use a different design where each row is comprised of a single length of wire and 

joined together by helical coils on both sides. Although this configuration is very stable, it 

has minimal contouring capabilities leading to a less supportive feeling. As such, continuous 

coils are often found in lower priced mattresses [12]. Finally, most of the springs used in 

Figure 6: Cylindrical spring (left) and Bonnell spring (right) [8]. 
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high-end mattresses today feature pocketed coils, which consist of mostly cylindrical or 

barrel-shaped (larger inner diameter) springs individually wrapped in a thin fabric pocket [8]. 

These pockets are joined together to form rows in the mattress (see Figure 7 [16]). The 

pocket coils deform almost independently which is why they are often used in higher priced 

mattresses where they provide reduced energy transfer (less motion felt when a partner 

moves or gets up from the bed) [8], [12]. Additionally, Haex claims that pocket springs offer 

15% better heat insulation over normal springs but still 50% less than foams [8].   

 

1.3.2.4 Fluid-based Beds 

In the 1960s, 70s, and 80s one of the popular bedding trends was the waterbed. These beds 

consisted of a simple vinyl bladder which was filled with water. Today, most bladders are 

made of PVC and come in more structured designs with two options: hard-sided and soft-

sided options [12]. Hard-sided waterbeds are placed inside of a rigid frame (usually wood) 

while soft-sided beds are set inside a foam frame and encased in fabric. Waterbeds can also 

be free flowing – which results in a moving, wave-like sleeping surface; or a waveless 

Figure 7: Cutaway image of pocketed coil 

system within a multi-layer mattress [16]. 
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surface which controls the water flow by using interior walls or baffling to create a more 

motionless sleeping surface [12]. 

 

Recently, air beds have become more popular as well. These beds have a similar structure to 

water beds using a bladder system which contains air. Like some foam cores, airbeds today 

can now be designed with different comfort zones of varying stiffness, controlled by 

adjusting the air pressure in the bladders [12]. However, both air- and water-based cores are 

often considered less supportive than the use of alternative cores. That being said, current 

technology has allowed for more multi-material cores which can utilize combinations of 

foam, spring, and fluid cores. Some companies even allow for remote-controlled adjustability 

such as the Sleep Number mattress which uses an air pocket system that can inflate or deflate 

to fine-tune the support. While the multi-material cores may provide some customization 

benefits, standard fluid-based beds are still lacking when considering the mattress 

microclimate. Because the polymer bladders are not breathable, moisture and heat can easily 

build up under a person while sleeping. As a result, these beds can generate higher 

temperatures and relative humidity of up to 60-70% RH, compared to regular foam cores that 

show 37% RH [8]. 

 

1.3.2.5 Natural cores 

Bedding cores comprised of natural materials are far less common in the Western World. 

Materials like cotton can be used but their elasticity is limited to 5-10% [8]. Additionally, 

they often have trouble with moisture transport and have poor heat insulation [8]. Overall, 
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cores made of natural materials will probably continue to see little commercial relevance and 

as such will not be discussed further. 

 

1.3.3 Comfort Layer Materials 

The comfort layer of the mattress sits above the support layer creating a buffer between the 

body and core. The purpose of the comfort layer is to provide additional cushioning, pressure 

relief, and some breathability. The comfort layer is normally a few inches thick and can be 

split into three parts: the middle upholstery, insulator, and quilting [11]. The middle 

upholstery is the thickest layer and offers the soft supportive feel of the comfort layer. The 

insulator is the inner most layer which separates the core from the comfort layer while the 

quilting is the top layer which adds extra comfort. The quilting material is often comprised of 

natural fibers like cotton, silk, or wool [11]. Aside from the quilting layer, most of the 

comfort layer is comprised of the same materials that can be used in the support core. Thus, 

this section will only briefly describe those materials again to outline the specific benefits 

they provide to the comfort layer. 

 

Like the support core, latex foam is considered one of the best materials for mattress comfort. 

In the comfort layer, latex has the added benefit of little to no off-gassing which can occur in 

foams with the breakdown of volatile organic compounds (VOCs) leading to a bad smell in 

the mattress. However, latex still faces issues with “sleeping hot” due to heat retention 

properties. The second most common foam material, PU foam, can also be found in many 

comfort layers as it is the cheapest foam option available. Since the comfort layer has more 
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direct physical contact with the body, viscoelastic (memory) foam is more common. As 

mentioned before, it is also becoming a common trend to infuse memory foam with gels to 

create a “cool touch” sensation upon laying down [17], [18]. In 2009 when gel-foams became 

a popular trend, most foams incorporated gel beads or particles. Today, many foams now 

have “swirled gels” or foams layered with poured gel to further enhance the cooling effect 

[18]. However, there is still much debate among consumers and mattress suppliers as to 

whether or not gel foams provide a cooler night’s sleep overall since these foams eventually 

retain a good amount of heat.  

 

Coil or spring systems can be found in the comfort layers of a mattress as well. Unlike the 

longer coils found in the core, smaller coils, or microcoils, can be anywhere from 1-3 inches 

long but even as small as 10mm [11]. These coils are almost always encased in a fabric 

pocketing system. Finally, one of the newer comfort layer materials is the buckling column 

gel system. Although this technology is not necessarily new – Tony and Terry Pearce first 

patented the column gel system in the mid 1990s – the technology is still evolving today 

[19]. The Pearce brothers now use a gel-less material which they describe as a “hyper elastic 

polymer” that can support or deform depending on how much pressure is applied to the 

material. Thus, they claim the mattress provides all the support of a firm mattress combined 

with the pressure relief of a soft mattress. 
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1.4 Potential Impact of a Thermoregulating Mattress on Sleep 

The previous sections of this chapter have identified the importance of sleep and a basic 

overview of the mattress along its properties which affect comfort and thus, sleep quality. 

Most of these properties relate to the physical characteristics of the mattress and its support 

materials although the mattress microclimate was discussed briefly. To further understand the 

impact and potential benefit that a thermoregulating mattress could have on sleep, it is 

critical to understand the role that thermal comfort and temperature play in the sleep cycle. 

The following section provides a summary of recent literature regarding microclimate, skin 

temperature, and mattress construction effects on sleep. 

 

1.4.1 Sleep from a Thermoregulatory Perspective 

 The circadian rhythm is the 24-hour biological cycle also known as the biological clock [8]. 

Along with various hormonal levels and biological changes, body temperature, specifically 

core body temperature (CBT), tends to rise and fall in sync with the circadian rhythm [20]. 

Further, early human studies showed a close temporal relationship between CBT and sleep 

onset [21]. Most people’s sleep-wake cycle is synchronized with the natural light-dark cycle 

except for those who may work late shifts or unusual hours. When these schedules are 

aligned, it has been shown that the maximum CBT typically occurs in the evening around 

11:00pm where it then begins to decline to its minimum around 4:00am followed by a 

subsequent rise again [8], [21], [22]. It has also been shown that there is a mid-afternoon dip 

in CBT followed by the gradual increase throughout the rest of the evening although this may 

only occur in cultures that have observe the afternoon “siesta” wherein a short nap is taken 
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after lunchtime before returning to work [8]. Figures displaying the rise and fall of CBT vary 

from source to source but Figure 8 show s the general trends observed including the 

difference between “morning-type” and “evening-type” persons [8]. Typically, sleep is 

initiated on the CBT decline when the rate of body heat loss is at its maximum [21]. Once 

asleep, the body goes through several stages which can be characterized by monitoring brain 

activity through an electroencephalogram (EEG). The resulting EEG waves at each sleep 

stage have been reviewed in the literature si nce the 20th century [23]. When a person is 

awake, an EEG recording will primarily show low amplitude, high frequency (>12Hz) beta 

waves. As they relax, lower frequency alpha waves are observed. Once a person becomes 

drowsy, they enter Stage 1 sleep which is characterized by higher amplitude, low frequency 

theta waves. If awoken during this stage, a person may feel as though they did not sleep at all 

[8]. Stage 2 sleep is a period of light sleep where body temperature has begun to decrease and 

the heart rate slows. In this stage, theta waves are accompanied by intermittent higher 

frequency complexes [8], [23]. Stages 3 and 4 are often referred to as the deep sleep or slow 

wave sleep (SWS) stages which display delta waves having the largest amplitude and lowest 

Figure 8: Evening and morning type core body temperature cycle over 24 hours according to Haex [8]. 
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frequencies. There still some debate about the benefits of deep sleep, but overall it is agreed 

upon that deep sleep is required for restorative purposes and a variety of biochemical 

reactions which help promote healthy function. Finally, the last stage of sleep is known as the 

rapid eye movement (REM) stage during which dreams occur. This stage is associated with 

the resurgence of alpha and beta waves [8]. Throughout the night, a human’s sleep cycle will 

rotate through these stages several times, going from  Stages 1 down to 4 and then repeat 

back up to Stage 1 and eventually REM as shown in Figure 9 [8], [24].  

Core body temperature is homeostatically regulated around 37˚C (or 98.6˚F) while skin 

temperature is largely influenced by the environmental temperature and is often reported to 

remain at approximately 35˚C [21]. The first publication reporting CBT was written in the 

mid-19th century and showed that the oral temperature had a maximum range of 0.9˚C along 

with the rising and falling cycle described above. In the 20th century it was discovered that 

CBT is determined by both changes in heat production and heat loss [21]. The results showed 

that as the human body produces more heat than it can release, CBT increases. Under resting 

conditions, which are of interest for our research, heat production has been shown to be 

Figure 9: Sleep cycle stages hours after going to bed [24]. 
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dependent on the metabolic activity of the brain and other inner organs in the abdominal 

region [21]. This heat must then be transferred to the environment to maintain thermal 

comfort, which is described as the “condition of the mind that expresses satisfaction with the 

thermal environment and is assessed by subjective evaluation” [25]. This heat loss can be 

described in the simplest terms by the following equation which for thermal comfort 

purposes should balance to zero: 

𝑆 = 𝑀 − 𝑊𝑒𝑥𝑡 ± 𝐶 ± 𝐾 ± 𝑅 − 𝐸 ± 𝑅𝑒𝑠𝑝 (1) 

where S is the heat storage, M is the metabolic rate, Wext is the external work done by 

muscles, C is convection, K is conduction, R is radiation, E is evaporation, and Resp is the 

respiratory loss [26]. Unlike active conditions, the metabolic rate during sleep is relatively 

low. Shapiro et al. measured heat production between 68 to 78W with the highest values 

occurring at the beginning and end of sleep [27]. This matches closely with the heat flux 

value reported by the ASHRAE Standard-55 during rest of 40W/m2 when considering the 

average person’s surface area is estimated to be 1.8m2 [25]. Much of this heat loss can be 

removed naturally by the human body. The distal regions of the body like the arms, legs, 

fingers, and toes are better suited for heat transfer as they have smaller rounded surfaces 

which can also receive greater air flow. In order for the limbs to aid in heat transfer, the core 

uses blood flow as the primary convective transportation system of heat [21]. The 

transportation of blood to the distal regions is regulated by vasodilation, the widening or 

narrowing of the blood vessels, depending on how much heat loss is required. When a person 

becomes hot or enters a warmer environment, the blood vessels will dilate to allow for excess 

heat to leave the body. In a cold environment, the blood vessels will constrict reducing blood 
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flow to maintain heat [21], [28]. Aside from vasodilation, the body can also use feedback 

mechanisms to regulate core temperature. For example, in a cold environment, blood 

returning to the heart from the distal regions will travel through inner vessels located near the 

warmer arteries which pre-warms the blood while in warmer environments the blood travels 

through the outer vessels to aid additional heat loss [21]. 

 

Along with fluctuations in CBT, the bedding microclimate has also been shown to have a 

correlation with sleep and sleep quality. Although ideal sleeping conditions may differ 

slightly between persons, it has been found that a bed climate temperature and relative 

humidity maintained around 32˚C to 34˚C and 40% to 60% RH are the conditions when 

normal sleep is achieved [20]. Maintaining these conditions may be difficult as there are a 

variety of factors that can affect the microclimate. For example, researchers have found that 

sweat rates increase during SWS although the delayed onset of sweating creates a lower 

evaporative heat dissipation and reduced heat tolerance during REM stages [20]. Sometimes 

a person will adjust positions to regulate temperature. This can be illustrated by the fact most 

sleepers shift to the lateral body position during heat exposure as a method to reduce the 

contact area between the body and mattress compared to the supine position [20]. Ultimately, 

it has been found that both hot and cold exposure can affect sleep quality. When studying 

semi-nude subjects, a temperature above or below the thermal neutral temperature of 29˚C 

was shown to increase wakefulness and decrease REM and SWS [20]. In contrast, when 

subjects use both clothing and bed covers, it has been shown that sleep is only disturbed 

during heat exposure [20]. Adding to these effects, humid heat exposure also shows an even 
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greater disturbance in sleep cycles when compared to normal heat exposure [20]. Together, 

these results illustrate the importance of the bedding microclimate and provide excellent 

motivation for the development of a mattress which could aid in thermoregulation to enhance 

sleep. Furthermore, it is hypothesized that a mattress with microclimate control could even 

promote sleep or reduce sleep onset latency, the time required to fall asleep. 

 

1.4.2 Sleep Promotion  

As discussed above, the sleep-wake cycles and CBT rhythms appear to be interrelated, or at 

least, follow a synchronized schedule. However, many researchers still question whether or 

not sleep can actually be promoted or improved by affecting core or skin temperature. In one 

review, Romeijn et al. proposed the hypothesis that slight distal warming (around 35˚C), 

rather than cooling, could actually aid sleepiness through the promotion of heat loss [28]. 

They theorized that warming the skin at the distal regions would promote vasodilation and 

thus an increase in heat loss. This seems somewhat counterintuitive although the authors do 

point out the failure of heating blankets in disrupting sleep explaining that these blankets 

provide too much heat at both the core and distal regions causing both an increase in CBT 

and skin temperature [28]. Raymann et al. continued on with this hypothesis using a water-

perfused thermosuit to manipulate distal skin temperatures during sleep. A small temperature 

window of only a 0.4˚C was used (around an average of 35.1˚C) while researchers observed 

the sleep of several young adults as well as several elderly patients with and without sleep 

complaints between 12:30am and 6:00am. Overall, it was found that increasing the distal 

skin temperature in this small window suppressed nocturnal wakefulness and shifted sleep to 
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deeper stages in the young adult and elderly participants. Further, the elderly group saw 

almost a double in the amount of slow wave deep sleep through the monitoring of EEG 

waves. They also note that room temperature was held at 21˚C and do not believe increasing 

this temperature would be effective as worse sleep has been observed in an air temperature of 

30˚C as compared to 18 and 23˚C [22]. Even though these results appear to indicate that 

warming a mattress may actually promote sleep, we know that many consumers are seeking a 

mattress which feels cool to the touch. Since this study only observed the effects of warming 

between 12:30-6:00am, it may be worth noting that cooling could be beneficial earlier in the 

night and should be researched further. That being said, a mattress using thermoelectric 

technology for temperature control would allow for either heating or cooling to be achieved 

due to its ability to reverse the polarization. 

 

A separate study conducted by Hyunja and Park appears to agree with the idea that some 

degree of warming may influence better sleep. The group studied 16 individuals using 

polysomnography which included the recording of brain waves through EEG as well as 

several other factors such as eye movement, chin movement, and heart rhythm [29]. The 

study also notes that previous work was conducted to determine factors contributing to a 

comfortable mattress using pressure mapping and subjective ratings. From this, they 

determined that a comfortable mattress was one that provided sufficient support to maintain 

spinal curvature similar to that found while standing [29]. After observing the participants, 

they found that the mean skin temperature was higher in “comfortable” mattresses than for 

“uncomfortable mattresses”. It was also found that lower body skin temperature, sleep 
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efficiency, and the percentage of deep sleep were all higher on the “comfortable” mattress. 

Further, wake after sleep onset (WASO) and stage 1 sleep were lower on these mattresses 

[29]. 

 

Although the studies mentioned above appear to indicate that warming may in fact promote 

better quality sleep, it is often mentioned that consumers appeal to mattresses with a “cooler” 

feeling. This is further supported by the trend in cooling gel foams and other innovations like 

the buckling gel columns which the suppliers claim sleep cooler than traditional foam 

mattresses. One study conducted by Kawabata and Tokura in 1996 looked at two types of 

pillows to observe their thermoregulatory effects on sleep. In the study, Pillow A contained a 

cooling medium containing sodium sulfate and ceramic fibers while Pillow B contained 

standard polyester padding [30]. Along with several temperature measurements along the 

body, subjects were asked to fill out a subjective questionnaire rating their sleep. The results 

of the study showed that Pillow A resulted in a significantly lower temperature than Pillow B 

between 2:00am and 6:00am as shown in Figure 10. Several other effects were noted at 

different times through the night.  Pillow A resulted in significantly lower forehead 

temperatures than Pillow B from 3:40-5:20am although thigh temperatures were higher in 

Figure 10: Comparison of rectal temperature during night sleep between pillow A (open 

circle) and pillow B (closed circle). Mean ± SEM. (n=5) *:p<0.05, **:p<0.01[30] . 
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Pillow A from 1:30-5:20am. Additionally, palm temperatures showed an equal rise in 

temperature until midnight after which Pillow B saw a decrease in temperature while Pillow 

A maintained a significantly higher temperature. When looking at the heart rate of the 

subjects, Pillow A maintained a lower rate in general and at times was significantly lower 

[30]. Finally, to correlate these results with subjective ratings, the questionnaire revealed all 

subjects stated they could fall asleep easier and maintained deeper sleep on Pillow A over 

Pillow B [30]. The authors point out that they believe a cooler pillow (Pillow A) could have 

led to lower brain temperatures which in turn could have resulted in the higher temperatures 

found at the palm and thigh as there is a known linkage between lowered CBT and increased 

temperatures at the extremities (as noted earlier). They also found that the clothing 

microclimate temperature at the chest and at the interface between the pillow and sleeping 

Figure 11: A comparison of clothing microclimate near front of 

chest (A) and between the pillow and sleeping mat (B) during 

night sleep between the Pillow A and Pillow B [30]. 
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mat was lower in Pillow A throughout (see Figure 11). They go on to conclude that the dry 

heat loss from the head to the pillow must have  then been higher in Pillow A also promoting 

the idea of a lower brain temperature [30].  

 

In a final study, researchers attempted to analyze the effects of phase change materials 

(PCMs) on thermal comfort in a mattress. PCMs have been used for years as a heat storage 

mechanism in solar energy, construction, and general containers for temperature-sensitive 

food. Today, PCMs are a trending material in the apparel and mattress industry as well. 

PCMs have a heat storage capacity 5-14 times greater than conventional heat storage 

materials which makes them an attractive technology for applications where thermal comfort 

is critical importance [7]. The authors note that the human thermoregulatory effects of PCMs 

have been studied in apparel and have been shown to improve conductive cooling [7]. 

However, they had not found any research looking into the effects of PCMs in a mattress. 

Thus, they studied 20 subjects who were asked to lie down for 20 minutes on two different 

mattresses of the same construction with the exception that one mattress incorporated PCMs 

in the outer textile layer of the mattress and in the bottom sheet [7].  Unlike some studies 

which have used thermocouples or thermistor sensors to measure temperatures on the body 

or within the bedding microclimate, this group used an infrared thermography camera to 

record the temperature at certain regions of interest (ROIs) on the back of each subject and 

on the top sheet of each bed. Thermal images were taken prior to each subject lying down 

and immediately after standing up at the end of the trial. After analyzing the images, the 

researchers found no statistical difference in the absolute skin temperatures before and after 
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the 20 min of lying down. However, there was a significant difference in the temperature 

variation (difference between final and original temperature) between the two mattresses 

with the PCM mattress having a lower increase in skin temperature (see Figure 12) [7]. When 

considering the sheet temperatures, the results showed a significantly higher temperature in 

the PCM mattress as well as a higher increase in temperature [7]. These results indicate that 

there was a higher heat transfer in the PCM mattress, but still no significant differences were 

observed when subjects were asked to rate their thermal comfort and perception. While these 

results appear to show us that a PCM-cooling mattress may have measurable differences in 

heat transfer, it is hard to distinguish any major conclusions in terms of cooling and its effect 

on sleep. The testing was also limited in the fact that measurements were only taken after 20 

minutes and thus no sleep data could actually be recorded. 

 

1.5 Impact of Mattress Design on Sleep 

The scope of this work is to explore the possibility of a novel flexible cooling system in a 

mattress and not an entirely new design of the mattress itself. Nevertheless, literature 

reviewing mattress comfort and the impact of mattress design on sleep quality should still be 

discussed as it pertains to the field of bedding and factors affecting sleep. In the previous 

Figure 12: Absolute temperature values (pre and post) and temperature variation (ΔT: post-pre) in the 

skin of the back after 20 minutes of lying in a supine position on the mattresses. **p<0.01 [7].  
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sections, mattress materials and their potential support and comfort properties have already 

been discussed. Evidence relating these material factors such as firmness or elasticity to 

mattress comfort still needs to be shown though. Unfortunately, very little literature appears 

to be available on standard mattresses for consumers and most studies that have been 

conducted do not provide brand or mattress company information when identifying the 

materials used. On top of the lack of research regarding mattress design and comfort, most of 

the literature that does exist focuses on the effects of mattress firmness and back pain or 

mattress effects on sleep quality in elderly patients with insomnia [1], [22]. In 2015, one such 

review article compiled all of the available literature published since 2000 on the type and 

characteristics of a mattress that best reduced spinal pain and increased spinal alignment and 

sleep quality. This paper only reviewed studies used in clinical trials but several trends were 

identified which could relate to general mattress properties for consumers. The authors also 

note the findings of Raymann et al and Hyunja and Park discussed above, adding that the 

conclusions of these papers may need further research. Overall, the review found that 

medium-firm mattresses were beneficial to those who experience chronic nonspecific lower 

back pain and that these mattresses were rated as more comfortable than softer mattresses 

[1]. To add to this conclusion, reviewed studies showed that medium-firm mattresses 

improved sleep quality by 55% and decreased back pain by 48% in patients with low back 

pain [1]. The authors do mention that soft mattresses decrease excessive compressive forces 

on the joints but that firmer mattresses prevent sagging of the pelvis which can inhibit spinal 

alignment. While these trends appear to be consistent throughout the literature review, it is 

important to point out that the rating of firmness is often subjective in each study [1]. For our 
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purposes, it would be more beneficial to discuss mattress cores or foam materials based on 

objective ratings such as indentation force deflection (IFD) and how those materials rate in 

terms of perceived comfort. Furthermore, little research has been conducted to understand 

mattress design and its impact on thermal comfort. But, as mentioned above, there is little to 

no public literature or data available from mattress suppliers on these concepts.  

 

 Outside of the clinical review paper, a large sample of mattresses have not been considered 

in peer-reviewed journals. For example, one study was recently published which tested three 

flexible PU foams used for mattress comfort and support. While this study did not cover a 

wide range of foams and only considered one material option in PU, it provides some useful 

insight into the effects of foam composition and cell structure on the physical-mechanical 

properties in bedding which need to be explored. In their paper, researchers characterized 

three commercial PU foams labeled as FF60N, VISCOPUR, AP35B used individually in the 

top comfort layer, middle comfort layer, and bottom core layers respectively. The top, 

middle, and core foams had different nominal densities of 60, 45, and 35 kg/m^3 respectively 

[31]. After viewing optical microscopy images of the foams (shown in Figure 13), all 

samples were found to be open cell structures. When measuring the apparent density, it was 

Figure 13: Optical microscopy image taken (50x) on the surfaces of FF60N, VISCOPUR, and AP35B foam samples [31]. 
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found that the VICSOPUR and FF60N samples had more similar densities to one another 

which were much higher than the AP35B foam [31]. Extraction experiments were carried out 

which yielded that the AP35B foam gel fraction was much higher (99.1%) than the other 

foams indicating a higher level of crosslinking within the material [31]. To characterize the 

mechanical behavior of each foam, 25% IFD and 65% IFD measurements were recorded 

according to ASTM D3574-03 B1 which measures the stress in each sample after applying a 

compression at 25% and 65% of the initial thickness. With this test method, a stress vs. strain 

graph can be plotted which also allows for the identification of the hysteresis of each foam. 

From this data, a sag factor (SF) was calculated as the ratio between the 65% IFD and 25% 

IFD values to indicate a materials’ cushioning quality or the resistance of the foam to 

bottoming out as a load is applied [31]. The 25% IFD alone can be considered a measure of 

the surface firmness. The researchers also measured hysteresis using a hysteresis loss (HL) 

value: 

𝐻𝐿 =  
𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦 − 𝑈𝑛𝑙𝑜𝑎𝑑𝑖𝑛𝑔 𝐸𝑛𝑒𝑟𝑔𝑦

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑛𝑒𝑟𝑔𝑦
× 100 (2) 

 In this case, loading energy was calculated at 75% compression and unloading energy is 

measured while the platen is retracted from the compression state yielding the plot shown in 

Figure 14 [31]. The group also conducted a series of tests to characterize the molecular 

Figure 14: Hysteresis loss curves for the FF60N, VISCOPUR, and AP35B foams [31]. 
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structure and composition of the foam materials using Fourier-transform infrared (FTIR) 

spectroscopy and differential scanning calorimetry (DSC). Upon collecting their results, the 

researchers were able to conclude that the AP35B foam had a more rigid molecular structure 

which may have resulted in its lower HL, firmer surface, and lower resistance to bottoming 

out (lower SF) compared to the other two foams [31]. In general, these results seem valid as 

the core material should provide a firmer feel for support while the top comfort layers 

provide a softer surface for distributing weight. What’s more, the group conducted several 

other tests to evaluate moisture transport through the foam and found no significant 

differences in their responses indicating similar breathability among foams with similar cell 

structures [31]. While studies like these give much needed data relating foam structure and 

composition to performance characteristics, further studies are still needed that correlate 

objective test results to subjective ratings of comfort. 

 

Other groups have tried to address the challenge of relating mattress design to comfort 

ratings but results can often be inconclusive. For example, Tan et al. used sleep posture and 

distributions of body positions while sleeping to influence a novel design using different 

comfort zones. While recording the sleep posture of 10 healthy students, the distribution 

chart shown in Figure 15 was created  [32]. To design a new mattress, the researchers 

Figure 15: Distribution of (a) supine positions and (b) lateral positions [32]. 
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considered several factors of influence. Like any sleep system, spinal alignment was the top 

priority of the mattress but it was not discussed by the group as its design requirements have 

been reported previously in the literature [1], [29]. Thus, the study focused on pressure 

redistribution, ease of changing sleep position, and the physiological balance of the 

microclimate [32]. Because of the difference in contact area with the sleep surface during 

supine and lateral sleep positions, the design principles and needs of each body part were 

split into the needs of both major positions as shown in Table 2 [32]. Upon ranking the 

design principles and requireme nts for each body part, design ideas were given grades by an 

accumulative point system leading to a final design, Mattress A. The final mattress was 

composed of a 4-layer sandwich structure with the following components: (1) a top layer 

with a V-shaped structure to increase friction between the skin and mattress facilitating distal 

warming, (2) a second layer with an X-shaped structure that will increase heat dissipation 

from the torso and provide support with dynamic changes in sleeping posture, (3) a third 

layer designed for ventilation and moisture transmission using a perforated design, and (4) a 

bottom layer with varied firmness for pressure distribution (see Figure 16). 

 

Table 2. Design criteria for the supine and lateral positions [32] 
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 layer designed for ventilation and moisture transmission using a perforated design, and (4) a 

bottom layer with varied firmness for pressure distribution (see Figure 16). 

  

The work influencing the design of the above mattress appears to be an excellent start for a 

novel mattress design and the authors also provided an analysis of thermal comfort through a 

continued pilot study. While evaluating their mattress, a second design, Mattress B, with 

similar layers was also used but with an I-shaped second layer that can be seen in Figure 17b 

[32]. After surveying 10 participants in the pilot study, the authors point to several 

conclusions although it is difficult to distinguish if these hold any significance. For example, 

they point to a higher rating of perceived thermal comfort in Mattress A at the time of 

waking which can be seen in the plots in Figure 18 [32]. The mean difference between the 

ratings of thermal comfort before sleep and after waking also show better ratings for Mattress 

A (see Figure 19) but it is worth noting that these are small increases even on the 7-point 

Figure 16: Specific requirements of the different regions in supine and lateral positions [32] 

Figure 17: (a) X-shaped and V-shaped structure of mattress A. (b) I-shaped structure of mattress B [32]. 



 

34 

scale used. Based on the information given, the comparison of Mattress A and B does not 

seem like a strong evaluation of their novel design as Mattress B still employed similar 

design characteristics to Mattress A which does not allow the design to be highlighted as 

different from a standard mattress. This can be seen in a later study conducted by the same 

group, where similarly inconclusive results were found. During their testing, it was found 

that participants shifted between supine and latera l positions to regulate their temperature 

and re-distribute pressure on the body [33]. When comparing Mattresses A and B again, they 

found that the sleep position change cycle was more regular and had less short phase body 

movement on Mattress A [33]. When excluding several outliers, they also claim that Mattress 

Figure 18: Comparison of the mean of thermal comfort of different body parts 

between the two mattresses before and after sleep [32]. 

Figure 19: Comparison of mean difference of different body 

parts between the two mattresses [32]. 



 

35 

A enhanced sleep quality (which was quantified by body movement sensors) although they 

note that sleep onset latency was actually higher in Mattress A [33]. The table of results from 

this study are shown in Table 3. In addition to motion tracking, the study used thermistors to 

measure skin temperatures at several locations on the body to objectively evaluate thermal 

comfort. For our purposes, a study correlating a mattress design and skin temperature while 

sleeping would be incredibly useful but the results in this study should be repeated before 

making any conclusions. When observing the a plot of mean skin temperatures on the body 

for the two mattresses, the authors do see a lower overall core temperature (measured at the 

abdomen) combined with a higher distal skin temperature (measured at the feet) in Mattress 

A [33]. If considering Raymann’s work discussed above, a lowered CBT and warmer distal 

skin temperature should lead to improved sleep quality which means this study may have 

some validity. Together, these studies provide a solid groundwork for novel research in 

mattress design as they not only developed a custom multi-layered sleep system but also 

evaluated perceived thermal comfort. However, clear trends relating mattress design, sleep 

quality, the microclimate are still not available. 

 

  

  

Table 3. Sleep quality index (remainders of mattressX minus mattressI) 
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CHAPTER 2: Thermoelectric Fundamentals and Cooling 

2.1 TE Fundamentals 

Thermoelectrics modules or devices (TEMs or TEDs) have received a great deal of attention 

by researchers in recent years for their abilities to harvest energy and provide active 

cooling/heating. TEMs utilize thermocouples made from semiconductor materials to either 

generate power act as a heat pump [34], [35]. In conventional bulk devices, the 

thermocouples consist of two ingot-shaped pellets (also referred to as thermoelements, 

elements, legs, or pellets) which are joined electrically in series by a metal interconnect as 

shown in Figure 20 [34]. Thermoelectric (TE) materials are defined by three governing 

effects: the Seebeck, Peltier, and Thomson effects.  

 

 

Figure 20: Bulk semiconductor thermocouple [34]. 



 

37 

2.1.1 Seebeck Effect 

The first of the TE effects was discovered in 1821 when German physicist Thomas Seebeck 

discovered that an electric voltage was produced in a circuit of two different materials when 

one of the junctions of the circuit was heated to a different temperature than the other 

junction [36]. The Seebeck effect can be explained using the schematic shown in Figure 21 

[34]. The figure shows a circuit formed by two dissimilar conductors, a and b which are 

connected electrically in series and themally in parallel. If junctions A and B are kept at 

different temperatures T1 and T2, the open circuit voltage, V, is generated between C and D 

[34]. The voltage was determined to be proportional to the temperature difference and is 

defined by: 

𝑉 =  𝛼(𝑇1 − 𝑇2)   𝑜𝑟  𝛼 =
𝑉

∆𝑇
 (3) 

Where ΔT is the temperature difference across the junction and α is the Seebeck coefficient 

typically measured in μV/K. The temperature difference across a TEM is typically expressed 

as ΔT = Th-Tc where Th and Tc represent the hot and cold side temperatures, respectively. 

  

 

Figure 21: Schematic of a basic thermocouple [34]. 
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2.1.2 Peltier Effect 

The Peltier effect was discovered in 1834 by Jean Charles Athanase Peltier and is the reverse 

of the Seebeck effect. In this case, a voltage is applied across C and D and a current, I, flows 

through the circuit causing a rate of heating and cooling at opposite junctions between a and 

b [34]. The heating and cooling of the junctions can also be reversed by switching the 

direction of the current causing the hot side to become cold and vice versa. Similar to the 

Seebeck equation, the Peltier coefficient defines the proportionality between the 

heating/cooling rate and I, through: 

Π =
𝑄

𝐼
 (4) 

in Watts/ampere. 

 

2.1.3 Thomson Effect 

The final thermoelectric effect was discovered by William Thomson (who later became 

known as Lord Kelvin) in 1851 [37]. Thomson found that a conductor carrying current would 

lose or absorb heat if a temperature gradient existed within the conductor. This heat loss or 

absorption was also dependent on the direction of the current and occurred in addition to the 

Peltier heating or cooling [37]. This effect is modeled by:: 

𝑄𝑡 =  𝜏𝐼∆𝑇 (5) 

where Qt is the Thomson heat, I is the current, τ is the Thomson coefficient, and ΔT is the 

temperature difference. It should be noted that most reaserchers looking to model TEMs 



 

39 

often neglect the Thomson effect as it has been shown that models incorporating the effect 

show little difference from models that do not [38]. 

 

2.2 Figure of Merit 

It can often be difficult to compare the performance of different TE materials and devices 

due to a lack of information reported by researchers and manufacturers. However, the 

efficiency of TE materials themselves are often characterized by a dimensionless figure of 

merit, denoted as ZT, defined by [38]: 

𝑍𝑇 =  
𝛼2

𝜅𝜌𝑇
  (6) 

where κ and ρ are the thermal conductivity and electrical resistivity of the TE material, 

respectively. The figure of merit is also reported as 𝑍 = 𝑎2/𝜅𝜌, in which case it is assumed 

that the thermoelectric parameters are independent of temperature. Generally, this is not true 

although results are usually within 10% of the true value when the properties of the two 

semi-conductor materials in each leg are averaged [34]. When analyzing Equation 6, it can be 

seen that maximizing ZT requires a high Seebeck coefficient, low thermal conductivity, and 

low electrical resistivity. However, these factors are all dependent on charge carrier 

concentration and thus can have interrelated effects [34]. For example, if one wanted to 

improve the ZT of a material by increasing the electrical conductivity, the thermal 

conductivity would also increase creating an offsetting effect. That being said, thermal 

conductivity of a material is effected by both the electronic (affected by charge carriers) and 

lattice thermal conductivities [39]. The peak of ZT typically occurs at carrier concentrations 
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between 10^19 and 10^21 carriers per cm3 which happens to fall between metals and 

semiconductors more specifically, heavily doped semiconductors (see Figure 22). As a result, 

a great deal of research has been toward fabrication methods for altering the lattice structure 

of semiconductors to improve ZT. For example, Lan et al. summarized a large number of TE 

nanocomposites, showing higher ZT values using bulk n anofabrication methods [41]. 

Despite many advances, most high performance TE materials still only report maximum ZT 

values around 1, though some reports claim they have achieved maximum values of ~2.2 

[38], [40], [42]. A summary of TE nanocomposites discussed in Lan et al.’s work is shown in 

Table 4 displaying the materials’ carrier type, ZT value, thermal conductivity, and methods 

of fabrication. 

 

Figure 22: Optimizing ZT through carrier concentration tuning. Maximizing 

the efficiency (ZT) of a thermoelectric involves a compromise of thermal 

conductivity (κ) and Seebeck coefficient (α) with electrical conductivity (σ). 
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 displaying the materials’ carrier type, ZT value, thermal conductivity, and methods of 

fabrication. 

 

Table 4. Thermoelectric properties of some typical nanocomposites [41]. 
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2.3 COP 

The performance of TEMs can also be evaluated by their efficiency in generating power or 

cooling (depending on the mode of usage). Since this thesis is focused on cooling 

applications, we will only consider the measures of thermoelectric  refrigeration rather than 

generation. A refrigerator’s performance is normally expressed by a coefficient of 

performance (COP) which can be derived by modeling a single thermocouple, as shown in 

Figure 23 [43]. When a DC current passes through the circuit, the electron flow in each leg 

allows heat to be pumped from the cold junction at temperature Tc to the hot junction at Th 

[34]. The rate of heat pumping at the cold side is determined by the Petlier effect and is 

therefore given by Π ∗ 𝐼. Using the Kelvin relationship, we can also determine that 𝛼 =

 Π/𝑇𝑐 [34]. This cooling effect is opposed by both Joule heating and heat conduction from 

the hot junction to the cold junction through the thermoelectric legs. Half of the Joule heating 

travels to each junction [34], [38]. Thus, the rate of heat absorption from the cold side of a 

TE element, Qc, can be given by: 

Figure 23: Schematic of a thermoelectric cooler [43]. 
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𝑄𝑐 =  𝛼𝑇𝐶𝐼 −
1

2
𝐼2𝑅 − 𝐾(𝑇𝐻 − 𝑇𝐶) (7) 

Heat absorbed on the hot side (Qh) of the TEC can be determined by the same method but in 

this case, the Joule heating is positive as it aids the heat flow.  

𝑄ℎ =  𝛼𝑇𝐶𝐼 +
1

2
𝐼2𝑅 − 𝐾(𝑇𝐻 − 𝑇𝐶) (8) 

where R and K represent the total electrical resistance and thermal conductance of an 

element, respectively. These terms are affected by the geometric factor of the elements  

𝐺 =
𝐴

𝐿
 , and thus: 

 𝑅 =
𝜌

𝐺
=

𝐿𝜌

𝐴
 (9)  

 𝐾 = 𝐺𝜅 =
𝐴𝜅

𝐿
 (10) 

In order to calculate the heat pumped from the cold side of a full TEC module, QC in Eqn. 7 

is simply multiplied by 2x the number of thermocouples in the device [38], [44]. 

 

Finally, the COP is defined as the ratio of heat absorbed to electrical power input. In a TED, 

the electrical power input, P, is the sum of the Joule resistance heating plus the work done to 

drive current through the leg against the Seebeck voltage that results from the temperature 

change [34]: 

𝑃 =  𝛼𝐼Δ𝑇 + 𝑅𝐼2 (11) 

Using equations 7 and 11, the equation for COP therefore yields the following expression 

[34]: 
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𝐶𝑂𝑃 =
𝐻𝑒𝑎𝑡 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑

𝑃𝑜𝑤𝑒𝑟 𝐼𝑛𝑝𝑢𝑡
=

𝛼𝑇𝐶𝐼 −
1
2 𝐼2𝑅 − 𝐾(Δ𝑇)

𝛼𝐼Δ𝑇 + 𝐼2𝑅
 (12) 

From this equation, it is evident that COP is depedent on the current, I, similar to the heat 

pulled or absorbed by the TEC, and temperature. Using the equations above, we can also 

identify new expressions for the maximum operating conditions. TECs have two theoretical 

maximum operating conditions the first being maximum cooling power and the second being 

maximum operating efficiency (maximum COP). In order to maximize cooling power, the 

equation for Qc can be differentiated with respect to I yielding: 

𝐼𝑚𝑎𝑥 =
𝛼(𝑇𝐶)

𝑅
 (13) 

Imax can then be plugged in to Equation 12 with the COP at maximum cooling [34]: 

𝐶𝑂𝑃𝐼𝑚𝑎𝑥 =
(

1
2) 𝑍𝑇𝐶

2 −  Δ𝑇

𝑍𝑇𝐻𝑇𝐶
 (14) 

When COP is differentitated with respect to I and set to 0, current I is equal to: 

𝐼′′ =  
𝛼Δ𝑇

𝑅(1 + 𝑍𝑇𝑀)1/2 − 1
 (15) 

Thus, maximum COP equals: 

𝐶𝑂𝑃𝑚𝑎𝑥 =
𝑇𝐶[(1 + 𝑍𝑇𝑀)

1
2 −

𝑇𝐻

𝑇𝐶
]

(𝑇𝐻 − 𝑇𝐶)[(1 + 𝑍𝑇𝑀)
1
2 + 1]

 (16) 

where TM is the mean absolute temperature. 
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2.4 Peltier Cooling Devices 

 Although the Peltier effect was discovered in the 19th century, solid state heat pumps were 

not commercially available until the 1960s [44]. Peltier coolers, or TECs, are fabricated using 

thermocouples of semi-conductor legs which are typically sandwiched between two sheets of 

thermally conductive ceramic as shown in Figure 24. Common semi-conductor materials 

used in thermoelectrics (TEs) are Bi2Te3, PbTe, SiGe, and CoSb3, but Bi2Te3 is by far the 

most common [45]. The legs pairs are connected by a metal strip, typically copper, which is 

patterned in a meandering line to form a series connection alternating from top to bottom. 

Within each device, two different types of doped semiconductor legs are needed: a p-type 

and n-type in order to achieve higher degrees of cooling. These TE mateials have either 

excess free electrons (n-type) or holes (p-type) which carry both charge and heat [35]. When 

a voltage is applied to the device, it provides the energy needed to move electrons from one 

terminal to the other, as shown in Figure 25 [35], [44]. At the cold end, electrons absorb heat 

energy and pass from the low energy level in the p-type material to the higher energy level in 

the n-type material. On the other side, electrons in the n-type material expell heat to the hot 

Figure 24: Cutaway image of a Peltier cooler showing various 

components and heat flow at the hot and cold side [44]. 
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side and move from a higher level to a lower level in the p-type material [44]. This 

movement of electrons is what allows thermoelectric coolers (TECs) to act as solid state heat 

pumps rather than conventional cooling systems which require an evaporator, compressor, 

and condenser. In these refrigerator systems, the evaporator section uses pressurized liquid 

refrigerant which boils and evaporates thus absorbing heat energy as it turns into a gas [44]. 

The compressor then pumps the refrigerant into the condenser recompressing it into a liquid 

where the condenser expels the absorbed heat from the evaporator into the environment. 

 

2.4.1 Applications of Peltier Coolers 

Using the Peltier effect, a typical TEC can achieve tempertature differentials up to 70˚C 

although modern advances in semiconductors are seeking to push this limit [44]. Most 

standard devices range in footprint sizes of 2 x 2 mm to 62 x 62 mm and are usually only 

several millimeters in thickness. Their small size and light weight make them good 

candidates for cooling applications in tight spaces or where heavier conventional systems 

will create an excess weight penalty [44]. Furthermore, TECs are considered more reliable 

Figure 25: Movement of electrons and holes in p- and n-type materials [35]. 
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and precise due to their lack of moving parts and reverse polarizability which allows them to 

heat or cool simply by reversing the direction of current [38], [44]. As a result, they have a 

wide range of applications in industry including consumer electronics, military purposes, 

aerospace uses, medical equipment, microelectronics and even more common products such 

as food/beverage storage, temperature-controlled car seats, and TE air-conditioners [38], 

[45]. TECs are also being considered a green-energy alternative since they can directly 

convert waste heat energy as generators or convert energy for cooling/heating whereas the 

refrigerants used in conventional systems are known to release geenhouse-gases and deplete 

the ozone [38]. 

 

2.5 Current Advances in Flexible TECs and TEGs 

Various efforts have been taken to model and improve the performance of TEDs both from a 

material perspective and in overall device design [35], [38], [43], [46]–[51]. For this work, 

there is a specific interest in developments on flexible TECs as flexibility will be a key 

property for use in a mattress application. While most work is focused on the development of 

Figure 26: (1) Fabrication process of PDMS TEC (left) and resulting flexible prototype (right), (2) picture of TEC 

with PDMS material on wrist for energy harvesting. 

(1) (2) 
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flexible TEGs for energy harvesting rather than cooling, the device design can still provide 

insight for our research. For example, Hyland et al. attempted to create a flexible TEG device 

for human body energy harvesting to power wearable sensors by embedding a TED in Poly-

dimethylsiloxane (PDMS) and adding copper foil heatspreading layers [50]. Similarly, Jo et 

al. used PDMS as a flexible substrate for developing a flexible TEG with the same 

application in mind. However, their device incorporated a custom-made TE powder and 

binder which could be dispensed into a PDMS scaffold and sandwiched between two 

interconnect layers of flexible PCB film [51]. Images from these articles are shown in Figure 

26. Recently, work conducted at NC State University by Suarez et al. proposed another 

PDMS-based TEG device with a novel solution to creating flexible interconnects [48]. The 

devices utilized liquid metal eutectic gallium and idium (EGaIn) which provides a low-

resistance, stretchable, and self-healing interconnect method when encased in PDMS. As a 

result, the researchers were able to use standard bulk TE legs in a PDMS scaffold with EGaIn 

interconnects as shown in Figure 27. The researchers reported that these devices showed 

Figure 27: Fabrication process for EGaIn basd flexible TEG [48]. 
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better performance than any previously developed flexible TEG and outlined potential design 

improvements which could enhance performance such as a reduction in the thermal 

conductivity of the filler material.  

 

Although their performance traditionally underperforms bulk TE legs, there is also a growing 

interest to produce printed TE materials [38], [52]–[54]. Screen-printable TE inks provide a 

unique solution to large-scale development of novel TEDs since the use of roll-to-roll (R2R) 

printing and low-cost polymer materials can be used instead of the traditional bulk materials. 

Currently, TE inks do exist but none have reported ZT values which can exceed that of bulk 

TE materials leading to poor performance. That being said, novel printed TE devices still 

(a) (b) 

Figure 28: (a) schematic illustration of fabrication process of the screen-printed films on glass fabric, photo of fabric 

with 196 dots on 40 mm x 40 mm sample, and SEM images of sample. (b) schematic illustration of the fabrication 

process of a flexible TE generator using glass fabric, PDMS, and screen printed interconnects [49]. 
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show great promise such as those created by Kim et al. wherein printed TE inks  were used in  

conjunction with glass fabric and PDMS for flexible TEG energy harvesting (see Figure 28) 

[49]. Additionally, work conducted in 2013 showed the fabrication of a thin-film TEG using 

flexoprinting of silver electrodes and rotary screen printing of poly(3,4-

ethylenedioxythiophene) (PEDOT):poly- styrene sulfonate (PSS) ink to create a large-scale 

device with 18,000 junctions [54]. Using this technique, the researchers reported being able 

to use only one type of TE material rather than the traditional method of alternating p- and n-

type legs. The printed device, schematic shown in Figure 29, was tested after being wrapped 

around a cylinder filled with hot water and then placed in ice water to achieve a temperature 

gradient (see Fig 29b). From there work, they highlight substrate thickness as a key challenge 

to performance as thermal resistance greatly effects the temperature gradient and thus power 

output [54]. In addition to performance, the cost of producing printed TEDs is of great 

interest. In 2016, another group of researchers at NC State University created a cost metric to 

explore tradeoffs in price vs. performance of a printed hybrid TEC and bulk TEC as shown in 

Fig [38]. Ultimately, the group concluded that bulk devices will still outperform the proposed 

Figure 29: (a) Illustration of printing process showing pattern of each layer and final device structure. (b) Illustration of 

rolled-up final device and heat transport during testing [54]. 

(a) (b) 
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hybrid architecture but that material advances could make printed devices more attractive 

from a cost perspective especially in low heat flux applications. However, increasing the ZT 

value of printed TE inks still remains the largest challenge for these materials [38]. 

 

CHAPTER 3: State-of-the-Art Active Cooling Technologies 

3.1  Introduction 

Currently, little peer-reviewed literature exists on active cooling or personal cooling systems 

for thermal comfort. When focusing on bedding alone, there are very few active cooling 

systems available and only one that appears to use thermoelectric technology to achieve 

cooling. Upon examining the information regarding these cooling mattresses, it becomes 

increasingly difficult to identify any consistent performance parameters reported by the 

manufacturers which makes comparing or assessing each mattress challenging. This chapter 

will attempt to summarize some of the various active cooling systems available with these 

Figure 30: Illustrations of (a) printing pattern of material on substrate, (b) hybrid 

TEC after processing into final form, and (c) bulk TEC [38]. 
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considerations in mind. A brief discussion of current TE devices will also be included for 

comparison to the custom TECs being developed in this work. 

 

3.2 Personal Cooling 

Heat stress is a widely known risk to humans who must work in extreme environments or 

perform high-activity tasks. In these situations, the body attempts to expel heat through 

perspiration but often times this mechanism is limited by clothing or personal protection such 

as a firefighter’s suit. Recently, many different personal cooling systems, often times a vest 

design, have been developed to alleviate heat stress for workers in these environments. In 

fact, it has been reported that over 300 different personal cooling systems for use in hot 

environments exist on the market but technical information on these systems is widely 

variable or incomplete [55]. In some cases, personal cooling vests are evaluated or screened 

by measuring cooling rate using a thermal manikin tester (ASTM F2371-10) but this test is 

time consuming when considering all of the available options [55]. As such, better and more 

consistent reporting of cooling performance by manufacturers is required. That being said, 

some work has been done by researchers to objectively evaluate personal cooling systems 

such as the work done by Elson and Eckels. In their work, they derive a cooling effectiveness 

Table 5. Percent difference between initial cooling power estimate and thermal manikin measurement [55]. 
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parameter based on cooling rate in watts, vest weight, run time of the system, and work rates 

[55]. Over the course of the study, four separate cooling systems were used which are 

described in Table 5 showing the estimated or reported cooling rate and the cooling rate as 

measured by the thermal manikin test. Upon applying their weighted criteria, they were then 

able to determine an objective score for each vest. The results show a performance score over 

the course of an estimate task from 1-8 hours as shown in Table 6 [55].  

 

3.3 Commercial TE Personal Cooling Products 

Objective results on cooling performance like the data shown above would be extremely 

valuable for comparing other cooling products but no such studies have been found. As a 

result, one can only rely on the small amount of technical information provided on a 

supplier’s datasheets or website. For example, dhama INNOVATIONS is a temperature-

based wearable electronics company founded in 2008 which lists several products on their 

website including a cooling hat, seat cushion, vest, and various other athletic bands or braces 

using TE technology. Each product claims to have customizable cooling ranges controlled by 

a patented ClimaCon® technology. Several of the products are listed in Table 7 with their 

reported performance characteristics. Most of these devices are for smaller, localized 

Table 6. Initial cooling effectiveness rating score [55]. 
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personal cooling and include additional methods to remove heat. For example in the 

wristband devices, dhama also recommends adding water to “charge” the cooling device 

which simply adds an evaporative cooling element. In the case of the cooling hat, the device 

appears to illustrate a small fan embedded within the front of the cap which would aid in 

pulling heat from the hot side of the TE device. In the case of a mattress, adding water to 

improve cooling is unacceptable while installing fans ads an additional cost along with a 

potentially instrusive component to mattress comfort. Meanwhile, the ThermaCool Comofort 

seat cushion does provide a similar solution to a mattress but the cushion has a smaller form 

factor and additional ventilation channels which may not be possible to incorporate into a 

mattress [56]. 

 

Table 7: Summary of thermoelectric cooling products from dhama Innovations. 
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While dhama INNOVATIONS appears to be one of the only companies with a portfolio of 

TE cooling products, several other TEC solutions have been reported by other ventures. For 

example, Tempronics is an Arizona-based startup company founded in 2006 which now 

patents a Climate Ribbon technology that uses TE elements which can be embedded into 

cushioning materials like seat cushions and mattresses to provide temperature control (see 

Figure 31). Tempronics claims that the technology is easily integrated into existing surfaces 

and that it does not affect the structure, feel, or performance of the surface. While little 

information is available regarding products that use the Climate Ribbon, Tempronics also 

states that a chair seat using their technology consumes less than 80 watts and allows for 

temperature maintenance between 61 – 84˚F [57]. Additionally, Tempronics has partnered 

with Lear Corporation to use their technology in automotive seat cushions and they are 

currently seeking other OEM industries. Similar to Tempronics which partners with the 

Figure 31: Illustration of climate controlled seat using 

Tempronics Climate Ribbon (inset). 
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University of Arizona, Embr Labs became a startup after several students designed a personal 

TE cooling bracelet at MIT. Originally called Wristify when it began back in 2014, the 

bracelet recently launched a public funding campaign in September 2017 and will be on sale 

by February 2018 under the name Embr Wave (see Figure 32). However, no performance 

information is available other than the battery life of 2-3 days under normal use and 16 

temperature levels ranging from “very cold to very warm” [58]. Finally, the only reported 

temperature controlled mattress using TE technology is currently the SleepFresh bed utilizing 

Gentherm’s Climate Control Sleep System (CCSS). While the CCSS does use 

thermoelectrics, the bed does not incorporate them directly into the mattress layers. Rather, 

the technology is described as featuring solid state thermoelectric devices which heat or cool 

air that is pumped from the room up through channels in the bed as shown in a schematic 

from Gentherm in Figure 33. Furthermore, temperature on each side of the bed can be 

individually controlled for personal preferences between two sleepers. Little performance 

Figure 32: Picture of Embr Wave device. 
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information is available although Gentherm’s website states that the temperature can be set 

from a remote with a timer setting that can last several minutes up to 8 hours [59].   

  

3.4 Commercial TECs 

Though the final goal of this work is to demonstrate a potential TEC technology for mattress 

or bedding applications, benchmarking against commercial TECs should also be discussed. 

For example, LairdTech offers a wide range of TEC devices in terms of cooling capacities as 

shown on their portfolio map in Figure 34. Their website describes a wide range of 

Figure 34: Laird technologies portfolio map showing device categories with cooling capacity and 

temperature difference ranges. 

Figure 33: Schematic of SleepFresh bed using Gentherm's CCSS to cool or heat each side of the bed. 
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applications from medical lasers to food & beverage cooling. As described in the portfolio 

map, several classifications are available based on the product application and within these 

classifications multiple sizes and dimesnions can be chosen. The largest devices available are 

limited to a 62 mm x 62 mm footprint with Qmax values of approximately 80 watts. Similar 

devices are also available from other suppliers such as II-VI Marlow, TE Technology Inc., 

and CUI Inc. Since large-area cooling is necessary to cool a subject in bed, these commercial 

devices are seen as limited in size. For traditional TEC applications, devices on the scale of 

several millimeters in width is adequate. Furthermore, all TECs offered by commercial 

suppliers such as the ones described above are not flexible. To provide an initial benchmark 

of commercial TECs to the custom TECs proposed during the end of this work and described 

in the next chapter, Table 8 is given. 

 

 

 

 

Table 8. Comparison of several large commercial TECs with proposed architecture of custom TEC developed in this work. 
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CHAPTER 4: Fabrication of Flexible TECs 

4.1 Introduction 

The goal of this work is to develop a flexible TEC device with cooling capabilities for 

thermal comfort in bedding applications. As such, the final device should have mechanical 

properties similar to that of traditional foam-like materials or at the very least, should not 

affect those properties and therefore the physical comfort of a mattress. Traditional rigid 

TECs have the ability to generate temperature differentials up to 70˚C between the hot and 

cold side although this would appear to greatly exceed the needs of a device for personal 

cooling as the thermal comfort range is widely considered to fall within several degrees of 

core body temperature at 37˚C depending on humidity. These rigid devices are not 

considered desirable for a mattress that requires flexibility and compressibility nor are these 

devices capable of being manufactured for large surface areas.  

 

To date, it appears that a flexible TEC has not been developed with established or 

quantitative cooling abilities. As a result, this chapter will outline a progression of prototypes 

of semi-rigid to flexible TEC devices along with various steps to characterize their 

performance as a cooler for comfort applications in bedding. This work placed an emphasis 

on developing new fabrication processes and proof-of-concept devices. Later efforts to try 

and further quantify cooling performance will be discussed in the next chapter after 

determining an appropriate fabrication method for larger prototypes. 
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Over the course of this work, parallel efforts have been conducted by a partner research team 

at Georgia Institute of Technology. Their work has primarily focused on understand 

thermoelectric performance from an analytical perspective using their fundamental equations 

and derived computational models. The team has also been begun developing a finite element 

model to provide input on expected cooling performance based on design metrics such as leg 

spacing or construction materials. 

 

4.2 Fabrication Methods for Producing Flexible TECs 

The following sections explore three different fabrication processes for developing semi-rigid 

to flexible TECs. An initial fabrication process using PDMS as a carrier for the TE elements 

was investigated. The PDMS/TE device displayed a proof-of-concept but lacked structural 

integrity leading to the proposal of the two other fabrication processes: (1) a soldering 

method with a common PCB film material and (2) a low temperature heat press method 

integrating foam and thermoplastic polyurethane (TPU) materials. Early prototypes for each 

method were established and evaluated for effectiveness to influence further developments.  

 

4.2.1 Fabrication of PDMS-based TECs 

During the initial proof-of-concept, bulk bismuth telluride (Bi2Te3) TE elements were 

purchased from Align Sourcing with dimensions of 1 mm x 1 mm x 2 mm for prototyping 

needs. An original TEC design was proposed consisting of a flexible polymer matrix 

surrounding the TE elements as shown in Figure 35. The proposed Bi2Te3/polymer matrix 

could then be overlaid with a thermoplastic heat-pressable film containing printed or 
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patterned conductive traces to serve as interconnects between the legs. Poly-dimethylsiloxane 

(PDMS) is a silicone polymer commonly used in medical and industrial applications and was 

chosen for the original polymer matrix material due to its availability and ease of processing. 

PDMS can be readily prepared as needed and can conform to any mold structure making it a 

good choice for flexible prototyping. PDMS was also used by a number of other research 

groups investigating flexible TEGs as noted in Chapter 2. For this work, several mold 

designs were ideated for the PDMS material so as to leave insertion points for the TE 

elements. Initial molds were 3D-printed using a Leapfrog Creatr 3D printer with an ABS 

filament allowing for new mold designs to be rapidly created. One proposed design involved 

a two-piece system wherein a bottom portion with columns corresponding to each leg could 

be inserted into a top tray having pre-sized holes (see Figure 36). The PDMS would be 

poured into the two-piece mold and allowed to partially cure before removal of the bottom 

Figure 36: Proposed 3D-printed two-piece mold design for PDMS and legs.  

Figure 35: Schematic of proposed flex-polymer/Bi2Te3 TEC 

fabrication using bulk legs inserted into flexible matrix (green) to 

be combined with printed interconnects on film carrier (orange). 
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piece leaving behind room for the TE elements that could subsequently be inserted and fully 

cured. This concept prooved too difficult as the bottom tray could not be removed with 

enough time to insert the legs prior to uncured PDMS filling the voids. 

 

A simplified mold was propsed requiring only one piece with small 1 mm x 1 mm x 0.3 mm 

indentations arrayed for each leg. The mold could then be filled with the correct P-N order of 

legs followed by pouring of the PDMS and a final curing. This process, mapped out in Figure 

37, proved to be effective for rapid prototyping of small devices with different leg 

configurations (e.g. 2 x 2, 3 x 3, 4 x 4 leg arrays). One limitation of this method was that the 

small array of indentations could not perfectly match the cross-section of the TE legs leading 

to a small amount of leakage of the PDMS under the legs during curing. This created a thin 

coating of PDMS over the legs which needed to be removed using a razor prior to any 

interconnects being added. The indentations in the mold also prevent the legs from being able 

to sit completely flush with the PDMS but the thickness difference was considered negligible 

for early prototyping purposes. 

 

Figure 37: 3D CAD file for PDMS mold with indentations for each TE leg (left), 3D printed mold with legs 

inserted prior to pouring in PDMS (middle), and final PDMS/Bi2Te3 composite after removal from mold (right). 
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Following the production of several PDMS/ Bi2Te3 composites, several interconnect methods 

were investigated. Traditional interconnects are often made of metals like copper which are 

then sandwiched between rigid heat spreading layers comprised of thermally conductive 

ceramic materials. Since flexibility is expected to be needed for our final application, printed 

interconnects were of great interest as they are becoming a leading option for printed 

electronics and e-textile applications. However, it is known that the contact resistance 

between the TE legs and the interconnects can have a significant impact on the cooling 

performance of a TEC [43]. Thus, electrical resistance of the interconnects should be 

minimized to avoid introducing outside effects. Conductive inks and pastes can be used to 

create electrical connections which are flexible and easy to pattern via screen printing, ink jet 

printing, or direct-jet printing. Many commercially available inks report low resistivity 

values (<0.01ohms/square) although these still fall below bulk metals. For the initial 

prototyping stage, screen printing was selected as the printing method due to its ease of use 

and ability to quickly develop new patterns. The feasibility of screen printing interconnects 

directly onto PDMS samples was evaluated since it was chosen to serve as the flexible 

substrate supporting the TE elements. Using a sample block of PDMS, 40 mm long lines 

with 1 mm, 2 mm, and 3 mm widths were printed using a screen-printable silver conductive 

ink on a 110 mesh count screen from Tex Source. Upon curing in an oven at 90˚C for 10 

minutes, the lines showed resistance measurements in the range of 2-7 Ω from end to end. 
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However, the ink was observed to wrinkle and crack when flexing the PDMS sample. 

Additionally, the ink did not bond well with the PDMS and began to peel away after being 

subjected to 200˚F for 1 minute in a heat press. The heat pressing treatment was tested as it is 

often used to bond multiple printing layers together should a thermoplastic film be used later 

on. It has also been observed that screen-printed conductive traces exhibit lower electrical 

resistance after heat pressing treatment as it can cause re-flow of the ink allowing the 

suspended particles to initiate better contact. The printing results described can be seen in 

Figure 38. To overcome the de-bonding issues observed, new PDMS samples were plasma-

treated and re-printed. The printed samples appeared to show greater resolution and bonding 

Figure 38: (A) Screen printed silver lines on PDMS sample, (B) wrinkles in printed lines when flexed, and (C) 

printed line de-bonding after heat pressing. 

Figure 39: (A) Screen printed silver lines on PDMS without plasma treatment (left) and with plasma treatment (right). (B) 

example interconnect lines on PDMS without plasma treatment (left) and with plasma treatment (right). 
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especially for thinner lines (see Figure 39). For further prototypes, it was suggested that this 

method could be used to print the interconnects directly onto the samples or a multi-layer 

approach could be used wherein the printed interconnects are placed onto separate film layers 

and then bonded to a middle layer containing the thermoelements. For evaluation purposes, 

the proposed printed interconnects were temporarily abandoned and replaced with small 

electrical wires. The wires were hand-soldered to the legs in an alternating pattern to achieve 

a functional TEC with thermocouples in series (see Figure 40). This prototype consisted of a 

PDMS matrix surrounding 16 total TE legs in a 4 x 4 pattern yielding 8 total thermocouples. 

The legs were space at a center-to-center distance of 8 mm. The soldered interconnects 

provided a good electrical contact between the legs although there was a noticeable reduction 

in the ability of the device to be bended or flexed. 

 

In order to address the heat spreading concerns after initial testing (shown in the next 

section), non-traditional heat spreading materials were discussed as the standard rigid 

Figure 40: Final PDMS/Bi2Te3 TEC prototype with soldered wires. 
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ceramic materials for TECs could not be used. A graphitic material sold by Panasonic was 

purchased from Digikey which reportedly displays in-plane thermal conductivity between 

700–1950W/m-K while remain ing flexible as a thin film. The PGS (Pyrolytic Highly 

Oriented Graphite Sheet) material can be layered with an insulative adhesive layer to bond 

with various substrates. Images showing the device before and after adding the PGS heat 

spreading layers are shown in Fig 41. For this prototype, PGS EYGA091205M type material 

was used. 

 

4.2.2 Fabrication of Pyralux-based TECs 

Following the development of the PDMS-based TECs, several new interconnect methods 

were proposed to alleviate various processing challenges, primarily the time required to 

solder the individual wire interconnects. Hand soldering each interconnect limits the in-lab 

scalability of these devices and overall, does not provide a robust design. As a result, two 

alternate routes were considered along with several new materials. First, a new interconnect 

material, Pyralux®, was proposed. Pyralux is a polyimide copper clad laminate sold by 

DuPont and used for flexible printed circuit board (PCB) applications. Pyralux AC354500R 

Figure 41: (A) fabricated PDMS-based TEC device, (B) and (C) with PGS heat spreading material. 
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was readily available in the NEXT research lab and was chosen for further prototyping as it 

was capable of being patterned on the lab’s die cutter or through a chemical etching process 

(as is traditionally done in the PCB industry). With this new interconnect material, it was 

believed that a grid-pattern of interconnects could be created and soldered to all of the TE 

legs using a solder paste and a reflow oven rather than by hand-soldering methods. Then, the 

unwanted interconnects, which would create a short circuit, could be severed to create the 

serpentine series pattern required for a functional TEC. Two alternative fabrication 

processes, depicted in Fig 42, were discussed. The Pyralux material could be patterned on a 

die cutter and then soldered to (1) a PDMS/Bi2Te3 matrix or (2) a lattice of legs held in a 

mold followed by subsequent placement into PDMS to cure and form a complete structure. 

In both methods, the final device would then require the unnecessary interconnects to be 

severed or removed as noted before.  

 

Figure 42: Fabrication process for developing PDMS-based TECs using patterned Pyralux film. Route I: 

Pattern Pyralux into single piece which can be soldered to a PDMS/leg scaffold followed by the removal 

of unwanted interconnects. Route II: Solder Pyralux stencils to legs and then place into PDMS followed 

by severing unwanted interconnects. 
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Unfortunately, both of the proposed fabrication routes proved to be challenging and 

inefficient. When soldering the legs to the patterned Pyralux, the solder connection was 

found to be too fragile and often resulted in legs breaking off from the film. Further, severing 

the unwanted interconnects was also difficult and often caused the two sides of interconnects 

to become detached. Finally, individual Pyralux interonnects were also attempted but were 

difficult to solder and lay flat on top of the legs . Figure 43 shows several images 

summarizing the challenges described above. These challenges resulted in the development 

of an entirely new set of fabrication steps so that viable TECs could be created, evaluated, 

and iterated. At this point, PDMS was also abandoned as a flexible matrix material for the 

custom TECs as its formulation added extra processing time while being deemed an 

impractical material for bedding applications since PDMS has little compressibility or 

breathability. It was also concluded that PDMS would be a difficult material to incorporate 

into a material supply chain for most mattress companies who rely on foam, rolled goods, 

and textile materials.  

 

Figure 43: Challenges in using single Pyralux pattern: poor leg adhesion (left), unstable structure when 

soldering two sides of Pyralux together (middle), individually patterned Pyralux interconnects (right). 
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Often times, custom PCBs designed on materials like Pyralux, are patterned using a chemical 

etching process. The process involves masking the parts of the copper laminate that need to 

remain, after which the material can be placed in an etchant such as ferric chloride to remove 

the unwanted copper. The final PCB can then be used after removing the masking material 

and cleaning the surface. Since this method of patterning is established within industry, the 

process was adapted to our custom TEC design to produce devices that could be tested and 

evaluated. The process flow chart in Figure 44 describes the steps used to pattern the new 

interconnects on the Pyralux and solder the TE legs (only one side shown). In step 1, a 

vinyl/adhesive material was placed on a cleaned Pyralux sheet. The vinyl material was 

purchsed from Silhouette America and is often used by the NEXT research lab for screen 

printing masks during prototyping. In step 2, the resulting stack up was then stenciled using 

the Silhouette Cameo 1 die cutter with an interconnect design created on the Silhouette 

Figure 44: Processing steps for fabricating Pyralux TEC using chemical etching and reflow soldering. 
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Studio software. A separate top and bottom mask must be designed with alternating 

interconnects to create the series connections between legs. Figure 45 shows an example of a 

mask pattern created in Silhouette Studio software. The die cutter settings were adjusted so 

as to cut only through the vinyl layer creating the interconnect pattern without damaging the 

Pyralux film (separate cut settings were used for outer border to remove the cutout). This 

allows for the vinyl to be removed around the interconnect pattern exposing the copper to be 

etched. After being placed in an etching solution of ferric chloride for 15-20 minutes, the 

final vinyl masking pieces were removed exposing the interconnect patterns to be cleaned 

with isopropyl alcohol or acetone (steps 3 and 4). Finally in step 5, solder paste (not pictured) 

was applied and the TE legs were soldered to the top and bottom interconnects to form a 

complete device. Soldering was initially performed in a reflow oven at the recommended 

conditions provided by the solder paste manufacturer (Chipquik). However, due to 

complications with attaching the second side of interconnects, devices were later soldered on 

a hot plate at the reflow temperature of the paste with a weighted aluminum block on top to 

ensure proper contact was made. It was also proposed that later prototypes could then be 

filled with a flexible material such as a foam or other polymer. Figure 46 shows several 

Figure 45: Example top and bottom mask patterns created in Silhouette Studio for a 6 x 6 leg pattern. 
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images at the various processing stages along with photos of early materials used to test the 

fabrication steps. 

 

After proving that the new fabrication process could reliably produce electrically resistive 

TECs with multiple legs, two devices were created for evaluation: two small TECs using a 4 

x 4 leg pattern with dimensions of approximately 2 cm x 2 cm. The interconnect patterns 

were designed with a 1 mm line width, 5 mm center-to-center leg spacing, 2 mm offset from 

the edges of the device, and a  6 mm interconnect lenth giving a 0.5 mm offset from the 

Figure 46: Processing steps for fabricating Pyralux TEC. (1) Mask Pyralux with vinyl film and remove vinyl exposing 

copper to be etched. (2) Clean etched Pyralux, apply solder paste, and solder legs to bottom side. (3) Repeat soldering 

with opposite interconnect pattern for top side. (4) Fill device with polymer/foam material support (concept). 

Figure 47: Three Pyralux TECs: two 4 x 4 devices (one with PGS heat 

spreading film) ~2 cm x 2 cm and one 6 x 6 device ~3 cm x 3 cm. 
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edges of the legs. The input/ouput lines for the bottom side were extended to 10 mm so as to 

access them for powering or attaching wires. A slightly larger TEC with a 6 x 6  leg pattern 

measuring approximately 3 cm x 3 cm was also created with the same interconnect 

dimensions. The devices are shown in Figure 47. To compare the effects of the heat 

spreading material, one of the 4 x 4 TECs had PGS applied to both sides of the Pyralux films. 

The Silhouette Studio designs for the 4 x 4 devices and the described dimensions are also 

shown in Figure 48. 

 

4.2.3 Fabrication of Foam-based TECs 

In order to address some of the challenges faced during the fabrication of the PDMS and 

Pyralux-based TECs, a third fabrication method was developed. There was also a desire from 

the sponsor company to provide a solution using materials that aligned more closely with 

their current supply chain (i.e. foam and textile materials). One such design was a 

Pyralux/foam hybrid device which could be created by adding perforations to the etched 

interconnect patterns (see Figure 49). Foam materials or other flexible polymers could then 

be introduced by inserting these materials through the perforations to create a sandwich 

structure with greater compressive properties for mattress applications. The perforations 

Figure 48: Silhouette Studio mask design for 4 x 4 TEC with defined dimensions. 
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could also provide additional flexibility to the Pyralux film making the devices more 

compliant. Additionally, to remove all soldering, etching, and use of the Pyralux material, 

another design concept was proposed using only soft or compressible materials as well as a 

low temperature option for creating the leg-to-leg connections. In this prototype fabrication 

process (shown in Fig 50) the TE legs could be inserted into a foam base with cutouts for 

each element. Then, the foam/TE composite could be sandwiched by two TPU membranes 

having screen-printed conductive traces capable of serving as interconnects. TPU materials 

are a commonly used carrier for conductive traces in printed sensor and wearable technology 

Figure 50: Illustration of proposed fabrication process for foam-based TECs. Foam can be laser cut to dimensions with 

holes for TE legs to be inserted. TPU films with screen printed interconnects can then be heat pressed to foam/leg 

composite forming sandwich structure. 

Figure 49: Illustration of etched Pyralux film showing perforated holes. 
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research and are widely used in the textile industry for seam tapes, heat pressed logos, or 

other accents on clothing. These membranes/films are also capable of being transferred to 

textile materials via heat pressing which typically occurs at lower temperature ranges (around 

100-150˚C) when compared to soldering methods. To test the viability of attaching the TE 

legs to a printed trace, two legs were soldered to a screen printed silver trace on Kapton (a 

polyimide film similar to the one used in Pyralux) and found to be electrically conductive 

between legs.  

 

Several test TECs were developed using the second method described above to determine 

adequate annealing conditions. These devices, which will be referred to as foam TECs, were 

constructed using readily available foam (~2 mm thick), TPU membranes, and conductive 

silver-based (Ag) screen printable ink. Two available TPU films were considered: an 

optically opaque white film (TL644) and a transparent film (ET315) marketed for superior 

stretchability. Screen-printable ECM CI-1036 silver ink was chosen as the interconnect 

material along with a Tex Source 110 mesh count screen. The holes for each leg were 

patterned using an Epilog Mini Helix 18 laser cutter. Hole size was adjusted so that the legs 

would fit snugly within the foam so as not to fall out during processing (approximately 0.6 

mm x 0.6 mm). The screen printed interconnect pattern was developed using the previously 

mentioned vinyl film from Silhouette America and a similar interconnect pattern having a 

line width of 1.5 mm and a 5 mm leg-to-leg spacing. Printing was originally conducted only 

on the TPU membrane using one pass of ink. The TPU was allowed to  cure in an oven for 8-

10 minutes at ~80-100˚C. Following oven curing, each TPU layer was aligned with a 
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foam/TE leg composite and heat pressed at approximately 260˚F (~125˚C) for 30 seconds at 

moderate pressure. Heat pressing was conducted between two layers of Teflon fabric on a 

Power Heat Press clamshell press. An original device having a 4 x 4 leg pattern was created 

and can be seen in Figure 51. The devices originally showed little to no electrical resistance 

although it was observed that some of the TE legs appeared to have burned through the TPU 

layer. As a result, new heat pressing conditions were explored, using less time and a lower 

temperature. Additionally, it was proposed that screen printing on both the foam/TE leg 

matrix and the TPU membranes would allow for a better electrical connection to take place 

by adding more ink layers. As a result, the foam device length was extended so that an 

additional TPU tab could be added prior to sandwiching the top and bottom TPU layers 

providing a smooth surface for the I/O lines to be printed on. Thus, the top TPU film would 

be made slightly shorter than the foam length to allow for the printed lines to be exposed. 

Figure 52 shows the addition of the TPU tab in the processing cycle along with images of 

each step. New samples using this method showed lower resistances around 2-5 Ω which was 

highly encouraging. Two additional samples (shown in Figure 53) were also made using 2 

mm-wide printed interconnects and a slightly increased outer dimension of 26 mm x 26 mm 

Figure 51: Initial foam-based TEC device (left) using black foam and screen-printed interconnects on TPU (right). 
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(26 mm x 36 mm for entire foam length). Leg-to-leg spacing of 5 mm was maintained. The 

devices made showed resistances of approximately 5.9 Ω and 10.8 Ω. 

 

Figure 52: New process schematic (top) with added step for TPU tab to be placed prior to 

printing on foam/leg composite. Images showing processing steps (bottom) for a foam TEC. 

Figure 53: Custom foam TECs. 
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Optimization of the printing and annealing conditions for the foam TECs was considered but 

this was challenging due to the small number of samples capable of being produced in a short 

time. Additionally, providing a proof of concept was a priority for this work which limited 

the ability to focus on one fabrication process at this stage. To further explore the new 

processing conditions, 4 foam TECs with identical dimensions were prepared two having 2 

screen printing passes of Ag ink on both the leg/foam matrix and TPU film and the others 

only having one pass of ink on each component. The optically transparent ET315 TPU was 

used for easier alignment when registering film layers with the foam/leg composite. 

Dimensions were maintained at the same settings as previous prototypes. Each component 

was allowed to cure in an oven at ~100˚C for 10 minutes after a printing layer was added. 

The devices were then heat pressed under a temperature of 230˚F or 250˚F (within the 

recommended range for the TPU material) for 8 seconds/side twice on each side. Resistance 

measurements were taken between heat pressing treatments but there were largely 

inconsistent results. For example, the device with 1 pass of ink pressed at 250˚F showed a 

resistance of ~22 Ω after the first heat press but then increased to ~30 Ω following the second 

heat treatment. At the same temperature the device with 2 passes of ink showed a lower 

resistance around 17 Ω after the initial heat press but then jumped to ~80 Ω after the second 

Table 9. Processing parameters for 4 foam TECs to assess annealing 

conditions and measured device resistance. 
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press indicating that some of the legs may have melted the TPU film. The devices heat 

pressed at 230˚F showed resistances in the 5-10 Ω range between heat pressing treatments 

but increased after the second heat treatment. Interestingly, the devices were later tested 

several months later and displayed lower resistance values than the initial findings indicating 

that the resistance may continue to decrease with time. The new resistance measurements are 

shown in Table 9. Images of two of the described foam TECs are shown in Figure 54.  

Further work should be conducted which identifies an ideal annealing condition producing 

the lowest resistance with consistent results. As mentioned previously, this type of 

optimization has not been conducted due to time constraints and a focus on developing new 

fabrication processes. Furthermore, new inks and foam materials are still being considered 

which must also factor into the annealing conditions. 

 

4.3 Experimental 

For this work, basic evalutions were conducted to show proof of the TECs’ functionality as a 

Peliter cooler. Throughout the evaluation of these prototypes, a FLIR E50 Thermal Camera 

was used to capture infrared thermography images (and videos). Several Omega SA1XL-K-

Figure 54: Custom TECs using clear ET315 TPU. 
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SRTC adhesive thermocouples were also used to gather more precise local temperature 

measurements when needed. Initially, each device was tested in a limited capacity to see if 

any observed cooling could be seen at the surface of the cold side interconnects using low 

voltages. Based on the performance seen with each prototype, a final fabrication method was 

chosen to conduct further testing and analysis on. 

 

4.3.1 Evaluation of PDMS-based TEC 

In order to determine if cooling could be achieved with the PDMS device, the TEC was 

connected to a Kiethley 2400 SourceMeter power supply from which a small current was 

applied to observe any effects using the FLIR camera. Upon observing a small cooling 

profile around 0.5 – 0.8 A of applied current, the device was set up and recorded for 

approximately 1 minute using the FLIR camera. The device was placed on an aluminum 

block to serve as a heat sink for the hot side. An Omega thermocouple was attached to one of 

the wires on the cold side to ensure an accurate recording of temperature at the interconnects 

was recorded. In order to avoid excess current being applied to the device, a current 

compliance of 0.7 A was selected on the Kiethley power supply. A few seconds after starting 

the recording on the FLIR camera (to capture the initial temperature conditions) the power 
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supply was turned on and the observed cooling profile was recorded for approximately 1 

minute. The device setup can be seen in Figure 55. 

  

When running the device at 0.70 A, the resulting voltage was approximately 0.56 V which 

resulted in a cold side temperature reading of ~16˚C on the thermocouple. Snapshots of the 

video recording showing the thermal profile of the device throughout the test are shown in 

Figure 56. As can be seen, the interconnects were successful in creating a TE element with 

local cooling at the individual legs. Because there is a lack of heat spreading material 

between the interconnects and legs, both the hot and cold side profiles show concentrated 

Figure 56: Thermal images of PDMS TEC before power supply was turned on (left) shortly after turning on voltage of 

0.56V (middle) and approximately 40 seconds after voltage was applied showing thermal leakage (right). 

Figure 55: Setup of PDMS TEC with power 

supply and aluminum heat sink. 
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effects at the legs. It can also be observed that after approximately 40 seconds of running the 

device, there is a degree of thermal leakage on the hot side. This could be caused by the 

thermal conductivity of the PDMS or may also be an effect of the missing heat spreading 

layers which can help with removing the heat from the hot side. 

 

The TEC device was also evaluated after the addition of the PGS heat spreading material 

using thermal imaging and temperature measurements of the cold side. Overall, the device 

showed much more uniform heat distributions with the PGS. With the hot side placed on 

cardboard (poor heat sink) the device was still capable of reaching a minimum cold side 

temperature of ~19˚C with 0.5 V applied. However, when placed on an aluminum block the 

device reached a cold side temperature of ~16˚C with the same voltage and was able to 

maintain this temperature. Several thermal images of the new device can be seen in Figure 

57. 

 

 

 

 

Figure 57: Thermal images of PDMS device with added PGS heat spreading layers (A) before voltage is applied, (B) 

20 seconds after voltage is applied, and (C) several seconds after power is turned off. 
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4.3.2 Evaluation of Pyralux TECs 

All three devices were initial compared by taking electrical resistance measurements and by 

observing their cold side temperature at the same voltage with no heat sink. To avoid using 

excess current, a low voltage of 0.4 V was used on the Keithley 2400 power supply. Next, 

several thermal images and videos were taken of the two smaller devices comparing their 

thermal profiles on an aluminum block acting as a heat sink. Low current compliance levels 

of 0.3 A, 0.5 A and 0.6 A were used. The positive and negative leads were taped down so as 

to allow the device to sit as flat as possible on the heat sink (see Figure 58). No tape was used 

on the device itself to avoid influencing the thermal profile. The larger 6 x 6 device was 

tested on the same heat sink over a range of voltages from 0.25 V to 1.5 V (0.25 V step) to 

observe the effects of increasing power. The temperature at the cold side of the device was 

recorded using the SA1XL-K-SRTC thermocouples from Omega and a Keithly Integra 

Series 2750 Mulitmeter/Switch System. It was noted that the temperature did not 

instantaneously reach a minium and thus the cold side temperature was recorded 45 seconds 

after turning on the Keithley 2400 power supply to allow for a steady state temperature 

Figure 58: Setup of 4 x 4 Pyralux TEC on aluminum heat sink. 
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reading. Two trials were recorded to acertain whether or not the device could produce 

repeatable cooling. Additionally, the current compliance was set to the maximum setting of 

1.05A to ensure each voltage step was being fully applied. The heat sink used in this testing 

was a large aluminum block with approximate dimensions of 10 cm x 7 cm x 1 cm. This 

provided an ideal heat sink for testing as the block should be capable of absorbing all excess 

heat from the hot side of the devices. However, this type of heat sink is not practical for 

bedding applications and should be standardized in future work.  

 

Initial resistance values of 0.80, 0.76, and 1.51 Ω were measured for the 4x4, 4x4 + PGS, and 

6x6 TECs respectively. At 0.4 V, the cold side temperatures ranged between 16-21˚C with 

the 4x4+PGS device having the lowest temperature and the 4x4 device having the highest 

temperature. The data collected is summarized in Table 10. While observing the thermal 

images of the two 4x4 devices, a clear distinction could be made between the thermal 

profiles. The TEC that did not have the PGS heat spreading film showed localized cooling 

around the legs. It was noted that the device without PGS did not sit perfectly flush with the 

flat surface of the heat sink and that the left side of the device made slightly more contact 

than the right. As a result, it appears that the device shows slightly more concentrated cooling 

Table 10. Resistance measurements for Pyralux TEC devices and resulting cold 

side temperature at 0.40V with no heat sink. *Room temperature was 23˚C 
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on the left side (see Fig. 59) which could be contributed to the greater removal of heat 

occurring on the hot side having more contact with the aluminum. The 4x4 device with PGS 

displayed a more uniform cooling profile as can be seen in Figure 59 comparing two images 

taken during the test.  

  

As was expected, a decrease in temperature was seen with increases in voltage, and therefore 

current, when testing the 6x6 device (see Figure 60). The TEC showed significant cooling 

(Tc of 12.5-13.5˚C) even at low voltages of 0.5 V. The minimum cold side temperature 

Figure 60: Graph of cold side temperature vs. voltage for the 6 x 6 Pyralux TEC 

with PGS heat spreading material on an aluminum heat sink. 

Figure 59: Thermal images of Pyralux TECs running at 0.6 A with no PGS heat spreading 

material resulting in ~0.5 V (left) and with heat spreading PGS resulting in ~0.45V (right). 
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recorded was 3.1-3.9˚C at the maximum voltage of 1.5 V (at this voltage the Keithley power 

source reached the maximum current supply of 1.05 A and thus the actual voltage applied 

was only 1.41 V). The temperature data for each voltage level is shown in Table 11. It 

appears that the cold side temperature may level off with increasing voltages above 1.5 V but 

a new power supply would be needed which can supply higher current compliance levels. 

Testing this voltage ramp provided valuable insight as to the lowest temperatures that could 

be generated using the new Gen II device. However, extremely cold temperatures as low as 

3.1˚C may not prove comfortable for bedding applications as noted in the literature review. 

That being said, these temperatures were reached while using an excellent heat sink for the 

hot side which allowed for a best-case-scenario heat pumping mechanism. In a mattress, it 

can be assumed that a rigid metal heat sink would not be practical and thus a flexible heat 

sink will be needed which will most likely have lower heat pumping capabilities.  

 

 

 

 

Table 11. Cold side temperatures for trial 1 and 2 at corresponding voltages. Measured current also 

noted. NOTE: At 1.5V power supply reached maximum allowable current, actually voltage ~1.41V. 

Voltage (V) Current (A) Trial 1 (˚C) Trial 2 (˚C)

0.25 0.18 20.1 19.0

0.50 0.37 12.5 13.5

0.75 0.55 7.1 8.9

1.00 0.75 6.8 6.8

1.25 0.93 3.3 4.9

1.50 1.05 3.1 3.9
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4.3.3 Evaluation of Foam TECs 

After fabricating several foam TECs described above, thermal imaging was again used to 

observe the cooling profiles for the devices. As mentioned, electrical resistance 

measurements were also taken to observe the change from soldered interconnects to the 

printed pathways. The electrical resistance measurements were made using the Keithley 2400 

Source Meter. Once the devices were found to be electrically conductive, the foam TEC 

using the clear TPU and having the lowest final electrical resistance (~10 Ω) was chosen for 

thermal imaging. It should be noted that this was still significantly higher than the 

comparable Pyralux TECs.  Due to the higher resistances, a DC power supply (Agilent 

E3631A) with a higher voltage range and current compliance was used in order to view the 

cooling profiles. The same FLIR camera was used to record several videos of the foam TEC 

at both 1.5 V and 2.5 V while placing the hot side on the aluminum block heat sink described 

previously. After recording two videos of the foam TEC at 1.5 V and 2.5 V, significant 

thermal leakage issues were observed even with the TEC having been placed on a large 

aluminum heat sink to operate at ideal conditions. A localized cooling profile can be seen on 

the FLIR images immediately after the power was turned on however, a gradual heating 

Figure 61: Thermal images of foam TEC at X V. Localized cooling visible around each TE leg 

immediately after turning on power (left) with gradual thermal leakage several seconds later (right). 
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profile is then observed several seconds later (see Figure 61). Due to this issue, no further 

thermal evaluations were conducted on these TECs.  

 

4.4 Conclusions and Discussion of Device Challenges 

After developing the prototypes for each of the three methods described above, challenges 

and accomplishments in terms of construction and performance were considered. In order to 

continue further testing and performance evaluations, the tradeoffs between device 

performance and the ability to scale up the prototypes in-lab were discussed.  

 

4.4.1 PDMS-based TECs 

The PDMS TEC prototype displayed a proof of concept for further research into developing 

a flexible TEC but the device suffered from several flaws which would limit its commercial 

use, especially in a bedding application. One problem that was not observed initially, was the 

gradual de-bonding of the PGS from the PDMS/Bi2Te3 substrate (see Figure 62). Further, the 

hand-soldered wires provided sharp points at the ends of the interconnects which could 

puncture the thin PGS film thus creating an electrical short in the TEC. Similar to the 

Figure 62: Visible de-bonding of PGS film at corner of PDMS TEC. 
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conductive screen printing on PDMS, adhesion between the PGS film and substrate appeared 

that it could be enhanced by plasma treatment of the PDMS. After plasma treatment of 

several samples, the PGS was applied and found to be more complaint when the PDMS was 

bent or flexed as shown in Figure 63. However, the plasma chamber available was quite 

small and could limit its use for larger prototypes. Furthermore, the flexibility of the PDMS 

TEC was already limited by the soldered interconnects as mentioned before (see Figure 64). 

Soldering the interconnects also proved to be very time-consuming in a lab setting and would 

not be practical for producing larger prototypes which were expected to be made. As a result 

of these challenges, the new construction methods using the Pyralux patterns were 

developed. The original plan to use the Pyralux with the PDMS was created out of the need 

Figure 63: Plasma treated PDMS with PGS (left) 

shown being flexed (right). 

Figure 64: PDMS/TE leg composite being flexed before soldered interconnects (left). Example 

soldered joint in PDMS/leg composite showing reduced compliance between interconnect. 
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for thin and flat interconnects. This would allow them to lay flat on the surface of the TE legs 

reducing the possibility of puncturing the PGS or reducing the overall flexibility. Patterned 

interconnects would also allow them to be soldered as a single piece creating a time savings 

over hand soldering. 

 

4.4.2 Pyralux TECs 

While the PDMS-based TEC posed significant challenges in terms of construction, 

performance, and long-term scalability, the Pyralux devices appeared to show strong cooling 

performance and in general, decent construction. However, the ability to scale up these 

devices using high leg densities would prove difficult in a lab setting without the aid of pick-

and-place technology to assist with leg placement and soldering. Furthermore, these devices 

required high temperatures for soldering (up to 240˚C) which would not be attractive to a 

mattress manufacturer that would be required to take on the cost of adding new machinery 

and training workers around a new process. The Pyralux-based TECs also utilize materials 

that are not common to a mattress company’s material supply chain nor do they appear to 

have the mechanical properties required of traditional foam or spring mattress components. 

Another drawback of flexile PCB materials is that the polyimide film used as the carrier for 

the copper is a relatively strong thermal insulator. This creates a poor pathway for heat to be 

pulled or released from the the copper interconnects and the device as a whole. As a result, a 

new prototype construction which alieviates some or all of these concerns would be 

desireable. 
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4.4.3 Foam TECs 

The Foam TECs proved to have the most challenges with regard to cooling performance as 

noted above. The thermal leakage can most likely be attributed to the higher resistance that is 

incurred when using printed inks rather than soldered metallic traces. Additionally, the ink 

may not be forming a strong electrical connection with the end of the TE legs. Together, 

these effects may result in resistive heating which outweighs the Peltier cooling that is 

occurring at each leg. Furthermore, the foam material itself may pose an additional challenge. 

Although foams are relatively good insulators, their thermal conductivity will inherently 

exceed that of air. This increase in thermal conductivity of the surrounding matrix material 

around each leg can lead to a thermal shunting effect which was described by Suarez et al. in 

their effort to model the performance of TEDs for energy harvesting purposes. In their work, 

they developed a three-dimensional model describing various parasitic resistances around a 

TE leg. When plotting the TEG power output versus the fill factor of legs, it was found that 

the output was significantly less for a TEG using PDMS instead of air as a the filler material 

Figure 65: Graph of output power for four different materials: vacuum, air, 

PDMS, and half air/PDMS (purple). All powers converge to a similar power 

level at fill factors above 20% [60]. 



 

91 

[60]. However, the authors note that device performance drops to a similar level for all filler 

materials at fill factors above 20% (see Figure 65). Therefore, flexible TEGs using fillers 

with higher thermal conductivities could still be a viable option at low fill factors where these 

devices outperform standard TEGs [60]. Lower fill factors are also beneficial from a 

manufacturing perspective as it would reduce the amount of material required and thus lower 

overall cost. Although the work described is focused on a power output parameter, TEGs 

operate on the same physical effects as TECs and thus cooling performance should follow a 

similar trend. 

 

 

 While the foam TECs currently have low cooling performance, these devices are seen as the 

ideal form factor for a final active cooling mattress due to their integration within a foam 

layer and relative ease of fabrication. These devices would also present the best route for in-

lab prototyping as they are easier to scale-up due to the placement of legs within the. 

However, there are still some fabrication challenges which need to be addressed. For 

example, the device-to-device variability in terms of resistance was very poor. This can 

mostly be explained by the manual application of the ink through screen printing as well as 

variable pressure that was applied during heat pressing due to the lack of a pressure control 

mechanism on the clamshell press. It was also discovered that some of the TE legs in certain 

devices had burned through or melted the TPU which would lead to an unstable electrical 

contact with the ink. This “burn out” was seen more commonly at the legs around the edges 

or corners of the device as shown in Figure 66. It is possible that as the legs heat up during 

pressing, the outer elements have a lesser ability to distribute the heat leading to melting of 
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the TPU. There is also a possibility of uneven distribution of heat on the heat press although 

no major differences were seen when the devices were placed on different sections of the 

press. As a result, ideal annealing conditions need further investigation. For future 

prototypes, a wider border around the outside of TEC could also be used to allow some of the 

heat from the outer legs to spread during pressing. New materials, such as thicker TPU 

should also be considered to avoid this effect but this would increase the thermal resistance at 

the hot and cold sides in addition to reducing the breathability of the TEC layer which has 

not been discussed up to this point. Finally, new foam materials will also need to be 

investigated as the foam currently used showed noticeable shrinkage during heat pressing 

which could affect alignment of the various layers. 

 

4.4.4 Next Steps 

In order to continue investigating the cooling properties of a flexible TEC, a final prototype 

design was proposed. Due to the superior cooling performance observed in the Pyralux TEC, 

this method was chosen as the primary method for larger prototypes. However, the concept 

Figure 66: “Burn out” of Bi2Te3 leg through TPU membrane. 
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for the final prototype included the ability to combine, in some fashion, a compressible foam 

element allowing the prototype to mirror the foam mechanical properties. Furthermore, a 

design with larger surface area was proposed to allow for more performance variables to be 

evaluated as most thermal testing equipment available required a larger test surface. 

Increasing the device dimensions would also provide a proof of concept for the large area 

cooling that would be required in a final mattress pad or layer. While conducting further 

evaluations, there is still a desire to continue to improve the performance of the foam TECs 

through the use of new construction materials and processing conditions. Once the 

appropriate method is established, new large-scale foam devices will be fabricated and tested.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

94 

CHAPTER 5: Scale-Up and Evaluation of Flexible TECs 

5.1 Introduction 

The final design proposed for the larger scale TECs is described in Figure 67. In this case, 

the Pyralux interconnects can be used as before with the additon of perforated holes cut 

through the film on each layer. These perforations would allow for the insertion of foam 

materials to create a sandwich structure with compressible properties. Following this design, 

perforated Pyralux TECs were fabricated using the original etching process with additional 

use of the Epilog Mini Helix 18 laser cutter to create the grid of perforations between each 

leg. An example perforated device is shown in Fig 68 at each stage of fabrication. The sizing 

Figure 67: Schematic of final Pyralux TEC design. Pyralux films with laser perforations (top) can be soldered as done 

previously. Using perforated holes, foam inserts/heat spreading materials can be cut and inserted through device to for 

sandwich structure with compressible properties. 
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of the perforated Pyralux TEC devices was primarily influenced by the sponsor company’s 

need for a larger demonstration prototype which was requested to be 12 in x 12 in for testing 

requirements. Since most of the proposed devices had been developed on a smaller scale, it 

was determined that the larger prototype should consist of multiple smaller TEC modules 

embedded into a larger foam platform using the perforations. To achieve the 12 in x 12 in 

design, it was decided that 9 modules laid out in a 3 x 3 grid would be used. Each individual 

module would be 3 in x 3 in allowing for 0.5 inches between modules and an outer border of 

1 inch. In order to produce the devices in the lab within the given time constraints a 6 x 6 leg 

pattern was chosen with a 0.5 inch (12.7 mm) leg-to-leg spacing as fabricating the devices 

with more than 36 legs had not been consistently performed at this stage. The Pyralux design 

as drawn in Silhouette Studio and the dimensions are shown in Figure 69. The squares 

representing the perforations are shown but it should be noted that these were not patterned 

Figure 68: Example of perforated Pyralux layers throughout fabrication process. Device is patterned and masked on 

Cameo die cutter followed by etching in ferric chloride leaving behind copper interconnects (top). Resulting Pyralux 

sheets are then perforated with laser cutter (bottom left) and soldered to TE legs on each side (bottom right). 
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on the Cameo 1 die cutter but rather on the laser cutter after the etching process. The 

perforations were 8 mm x 8 mm. Additionally, the interconnect pattern was re-designed to 

form a dogbone shape with 2 mm x 2 mm squares and a thinner 1 mm thick line. The total 

interconnect length was 14.7 mm to allow for a 0.5 mm offest around each leg at the square 

pads. Although guidelines were given in inches (ex. 12 in x 12 in final prototype) all 

designing was conducted in metric units since the TE legs have a 1 mm x 1 mm footprint. 

Originally, 16 Pyralux TECs were planned for fabrication but due to time constraints and 

availability of mateirals, only 9 devices were made. The Pyralux TECs measured between 

1.6-1.9 Ω on average. The increases in device resistance can most likely be attributed to the 

increase in the number of legs and longer interconnect lengths.  

 

 

 

 

 

Figure 69: Silhouette Studio design files of Pyralux mask. Perforation designs are 

shown but were not performed on die cutter. 
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5.2 Experimental 

Fabrication of Large-Scale Demonstration Prototype 

As previously mentioned, a larger modular prototype was developed for the project sponsor. 

Due to reduced number of fabricated devices, the prototype’s size was reduced to having 4 

Pyralux TECs in a 2 x 2 pattern. The final device measured 11 in x 11 in using a 1 inch 

spacing between modules and a 2 inch outer border. The foam insert was created using the 

Epilog laser cutter to etch a negative pattern for the Pyralux TECs could be inlayed. A 

readily available PU foam with an approximate thickness of 3 mm was used. The foam 

etching was conducted so that an approximate depth of 2 mm was reached to allow the 

Pyralux TECs to sit flush with the foam surface. Etched channels were also created to allow 

for wire connections to be made between all 4 modules. The modules were set to be wired 

electrically in parallel. Images of the insert and final device are shown in Figure 70. The 

demonstration prototype also incorporated two additional layers of PGS film over each 

module to improve heat spreading as well as a TPU layer create a sealed-in package as 

shown in Fig. 70c. Prior to adding the PGS and TPU film, the prototype was attached to a 

power source and operated at 0.5 V, 0.8 V, 1.0 V, and 1.5 V to confirm the trending decrease 

(a) (b) (c) 

Figure 70: Images of demonstration prototype: (a) patterned foam with insert regions for TEC modules and wiring, (b) 

Pyralux modules placed into foam package, and (c) final prototype with PGS and TPU encapsulation over TEC 

modules electrically in parallel.  
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in cold side temperature with increasing voltage. Images were taken of a single device in the 

prototype functioning with minimum temperatures ranging from 71.8-67.5˚F at the legs as 

the voltage increased (see Figure 71).  

 

Qmax and Guarded Hot Plate Testing 

 In order to try and characterize the cooling performance provided by the TECs, several new 

test methods were investigated which can provide measurements on heat flux rather than 

surface temperatures alone. While surface temperature is important for these devices, heat 

flux is also of primary concern as it more clearly describes the quantity of heat that can be 

removed from a body. Since it was reported in the literature that the human body heat flux is 

approximately 40W/m2 during sleep, it is hypothesized that the cool side heat flux (Qc) of our 

device should fall within a similar range or match this value to provide adequate cooling 

during use. As a result, the Thermolab II KES – F7 (Qmax tester), Sweating Guarded Hot 

Plate, and ST-2XL system (“inverted sweating hot plate”) were considered for use since each 

of these devices can be used to record objective thermal comfort measurements. These test 

methods were performed with the help of several members in the College of Textiles’ 

Thermal Protection and Comfort Center (TPACC) lab. 

Figure 71: Thermal images of a Pyralux TEC module within larger demonstration prototype prior to applying heat spreading 

material at voltage range from 0.5 V (left) to 1.5 V (right) with 0.5 V step. Minimum temperature shows a decrease with 

increasing voltage. 
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Briefly, the Qmax tester is a heat flux sensor that is part of a suite of tests in the Kawabata 

Evaluation System (KES). The KES is a set of tests developed to describe the mechanical 

properties of a fabric which can objectively measure the variables associated with a fabric’s 

hand or feeling. Within the KES test suite, Qmax is often used as a standalone test since it 

describes the transient heat transfer properties of a fabric and thus, the “cool” feeling that one 

experiences when touching a fabric. Traditionally, the Qmax sensor is placed on a heating 

block and warmed to 31˚C. After reaching steady state, the sensor is then placed on top of a 

fabric sample and allowed to record for a short time (chosen by the user). The Qmax value is 

recorded as the peak heat flux (in W/cm2) which normally occurs about 0.2 seconds after 

contact with the fabric. A higher Qmax value denotes a more rapid heat transfer from the 

body to the fabric and therefore, a cooler feeling of the fabric. While this test provides a 

unique measure of the instantaneous cool feeling that one experiences when contact is made, 

a cooling mattress would need to provide long term cooling. Therefore, a long term heat flux 

measurement is also required and cannot be provided by the Qmax tester since the sensor’s 

temperature changes over time. In order to obtain longer measures of the heat flux or heat 

pumping abilities of the custom TECs, the Sweating Guarded Hot Plate test was proposed. 

The guarded hot plate apparatus consists of a hot plate with heat flux and temperature sensors 

insulated on all sides so that heat is only transferred through the upper surface of the plate. 

The device can provide measurements of the thermal resistance of fabrics by measuring the 

amount of heat required to maintain a certain temperature (typically set to a value near body 

temperature). Traditionally, the Qmax tester and guarded hot plate are used with thinner 
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fabric samples for apparel or insulation applications. Finally, the ST-2XL, also known as a 

thermal seat tester, closely resembles the guarded hot plate with an inverted setup. The 

advantage of this device is that it can provide additional compression while testing materials 

such as a mattress or seat cushion. However, the ST-2XL uses a thermal plate of at least 10 in 

x 10 in which was larger than the new perforated Pyralux devices and as such could not be 

used for their testing. It should be noted however that the ST-2XL system was used by a 

previous student at NC State to establish an objective test method for evaluating the thermal 

comfort of mattresses [61]. In his work, surface temperature, heat flux, and thermal 

resistance measurements were taken on three full-sized mattresses. Should larger flexible 

TEC prototypes be developed, this work would provide a valuable starting point for thermal 

comfort testing as well as a benchmarking point of comparison for traditional mattress 

materials to the proposed flexible TEC devices. 

 

While conducting the testing with the Qmax sensor, the Pyralux TEC was placed on a 

styrofoam backing per standard procedure. The sensor was set to 31˚C per standard 

procedure for the TPACC lab. The TEC was tested at four different voltages from 0.5-2.0 V 

(0.5 V step) using the Agilent E3631A power source. During each trial the following steps 

were performed in a rapid sequential order: power supply for TEC turned on at set voltage, 

Qmax recording started, Qmax sensor placed on to cold side of TEC. Placement of the Qmax 
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sensor must be done in a careful manner so as to set the sensor down completely flat onto the 

surface (see Figure 72). Improper placement of the sensor will result in an inaccurate Qmax 

recording. Figure 73 shows the setup of the Qmax sensor on the warming plate (left) and on 

the Pyralux TEC (right). The Qmax data was recorded for 60 seconds. After the recording, 

the Qmax sensor was placed back on the heating plate and allowed to return to the set 

temperature prior to starting the next trial. A distinct Qmax peak was recorded for each 

voltage as shown in Figure 74. However, increasing the voltage did not necessarily provide a 

higher Qmax value as was expected. In fact, the Qmax values appeared to decrease at higher 

voltages of 1.5 V and 2.0 V (see Table 12). It should be noted that several sources of 

variation between trials may have occurred during this test. For instance, both the TEC 

Figure 72: Diagram showing correct placement of Qmax sensor onto sample. 

 

Figure 73: Setup of Qmax sensor on warming plate (left) and example of placement on Pyralux TEC (right). 



 

102 

device and recording software had to be turned on prior to applying the Qmax sensor. The 

sensor was then immediately placed on top of the device but because this was done manually 

there is a degree of variation in the time taken for each step. Furthermore, placing the sensor 

down perfectly parallel to the surface of the device cannot be guaranteed and thus introduced 

more room for error. Finally, when considering the heat flux measurements recorded by the 

Qmax sensor, the values are in the range of 0.1W/cm2 which equates to 1000W/m2. Thus, it 

is possible that the Pyralux TEC is demonstrating cooling powers that greatly exceed the heat 

flux generated by a human body at rest (40W/m2). Still, these are only presented as transient 

Figure 74: Qmax values vs. time of Pyralux TEC for 0.5 V, 1.0 V, 1.5 V, 2.0 V. 

Table 12. Qmax values for Pyralux TEC at each voltage. The Qmax sensor was 

heated to 31˚C per the standard procedure used by TPACC.  
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heat flux values so the TECs still need to provide evidence that sustainable cooling can be 

achieved. Although there is a heat flux recording after the Qmax peak, the sensor is not 

maintaining a constant temperature and therefore it is difficult to draw any conclusions about 

this value. Finally, it should be noted that this test was used as a preliminary method to 

understand the observed heat flux from the TEC. No such Qmax tests had ever been 

conducted on an active cooling device and further replications should be run to solidify the 

results of these trials. 

 

In order to obtain a new measure of the cooling capacity of the Pyralux TECs, the thermal 

guarded hot plate tester was used. The smallest guarded hot plate available in the TPACC lab 

has a test surface of 10 cm x 10 cm (~4 in x 4 in) which is not ideal as this slightly exceeds 

the size of the perforated Pyralux TECs (~3 in x 3 in). The plate, which is housed in an 

environmental chamber, was set to maintain 35˚C simulating skin temperature. The Pyralux 

TEC was centered on the hot plate with the leads taped to the edge of the environmental 

Figure 75: Test setup for small guarded hot plate (left) with Pyralux TEC placement (middle) and thermocouple on 

hot side (right). 
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chamber so that the TEC could lay as flat as possible as shown in Figure 75. The cold side of 

the TEC was placed face down to provide cooling to the hot plate and an Omgea 

thermocouple was fixed to the hot side of the device using Kapton tape. The thermocouple 

was placed directly over one of the central interconnects of the TEC in order to measure the 

hot side temperature at each trial. Although the envrionmental chamber includes a fan placed 

above the hot plate which can create additional convective flow, this was not used for the test 

Table 13. Baseline data of Pyralux TEC on the guarded hot plate with 

no power applied. Data is shown for each trail using no material on the 

hot side, an aluminum block heat sink, and a PU foam. 
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setup. Prior to powering the TEC device, five baseline recordings of the heat flux from the 

hot plate were recorded. The recordings were taken every 60 seconds for five minutes. The 

output from the guarded hot plate is measured in watts which can then be divided by the 

surface area of the plate to obtain a heat flux measurement. The baseline data was recorded to 

obtain a measure of the heat flux that is provided by the Pyralux TEC alone, without any 

active cooling. This data is shown in Table 13. It was hypothesized before this test that a 

good heat sink will be required on the hot side of the device in order to pull heat away and 

maintain a low temperature differential across the device. In order to observe that effect, the 

device was also tested with two separate material configurations on the hot side: an 

aluminum block heat sink with dimensions of approximately 10 cm x 7.5 cm x 1.5 cm and a 

sample of PU foam from Rubberlite. Using these two materials allowed for an ideal heat 

sinking scenario (the aluminum block) and a setup representative of the materials that would 

be used in a mattress (the PU foam). Because each material setup creates a new thermal 

resistance, baseline heat flow from the hot plate was recorded for each scenario. The average 

baseline output from the hot plate was 1.97 W, 2.42 W, and 1.48 W using no heat sink 

material, the aluminum block, and the PU foam respectively. Temperature of the 

environmental chamber and relative humidity (RH) are normally recorded per the standard 

procedure used by TPACC but these values were not considered to be relevant for our 

testing. However, room temperature recordings were taken each time the material setup 

changed. Following the baseline recordings, the TEC was run at three separate voltages of 

0.5 V, 1.0 V, and 1.5 V with three trials for each voltage. After each trial, the hot side 

temperature was monitored. Each subsequent trial was not started until the temperature had 
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returned to the same starting value that was noted during the baseline recordings. If the hot 

side temperature did not return to this point after 5 minutes, the next trial was started and the 

new starting hot side temperature was noted. A summary of the resulting data from each trial 

can be seen in Table 14 which displays the calculated values for ΔT, heat pulled by the TEC, 

and the correlating heat flux. ΔT was calculated by subtracting the cold side temperature 

(assumed to be the same as surface of the hot plate: 35˚C) from the recorded hot side 

temperature. Heat pulled was calculated as the difference between the output for each trial 

Table 14. Output data from hot plate for trials with no 

insulation, aluminum heat sink, and PU foam on hot side. 
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and the average baseline output. This value should represent the QC term of the TEC at the 

corresponding voltage. Finally, heat flux was calculated using the d erived “heat pull” term 

divided by the surface area of the test plate (100 cm2).  

 

In plotting the heat pull term vs. voltage, it can be seen that it tends to decrease with 

increasing voltage (see Figure 76). Unfortunately, the results also showed a negative heat 

pull term when using foam insulation for all voltages and at 1.0 V and 1.5 V when no hot 

side material was used indicating the TEC was providing no cooling benefit. The temperature 

difference between the hot and cold side shows an increase with voltage indicating that the 

hot side temperature increases with voltage. The aluminum material setup shows the lowest 

ΔT values especially at 0.5 V and 1.0 V where the hot side was mesaured to have a lower 

temperature than the cold side as indicated by the negative values. The ΔT for the other two 

setups were almost identical with the foam insulation having slightly higher values at 0.5 V 

and 1.0 V. While the heat flux values with the aluminum heat sink appear to be quite low, the 

maximum heat flux that occurred during the 1.0 V trial equates to 90 W/m2 which exceeds 

Figure 76: Plot of heat pull vs. voltage (left) and ΔT vs. voltage (right) for the custom TEC using no heat sink 

(black), aluminum (red), and foam insulation (blue) on the hot side. 
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the 40 W/m2 level of the reported human body heat flux during sleep. Thus, there is a 

possibility that these devices could operate at low voltages and still provide adequate cooling 

power should a strong heat sink be achievable within the mattress. The implications of these 

results still requires further investigation and testing. For example, it is not known how the 

size mismatch between the test surface and TEC effected the heat flux measurements. The 

results may also be effected by the poor contact between the two surfaces since little 

compression could be applied. Using the ST-2XL system would alleviate this issue based on 

the inverted setup used to compress the sample. The cooling delivered to the hot plate may 

also have been influenced by the design of the perforated TEC. Although the perforations 

allow for greater air flow, it was noted earlier that the polyimide film is a poor conductor of 

heat. This may prevent the heat at the hot side interconnects from leaving the surface and 

instead create thermal leakage to the cold side through the perforations.  

 

Extended Time Testing 

Based on the results from the guarded hot plate, there was a question as to whether or not the 

Pyralux TEC was heating up over time. Previously, no thermal images or videos were taken 

of the custom devices running at extended periods of time > 1 minute. As a result, an 

experiment was set up to test a the perforated Pyralux device over 5 minutes and observe 

whether or not thermal leakage occurred during the course of the trial. The devices were also 

to be tested at two different voltages to assess whether or not cooling performance 

diminished with increasing voltage as seen in the guraded hot plate testing and the Qmax 

testing (to some degree). Finally, no previous benchmarking against commercial TECs had 
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been conducted up until this point. As such, a Laird CP10,31,08 TEC was also used during 

the testing along with the previously developed 4x4+PGS Pyralux device to observe another 

custom TEC with heat spreading material and no perforations. The Laird device is listed as 

having a Qmax of 5.3 watts at a hot side temperature of 25˚C.  

 

Voltages of 0.5 V and 1.0 V were chosen as these were within the range used in all previous 

testing and below the Vmax of the Laird TEC (3.8 V). Two surfaces were chosen for the hot 

side of the TECs: a new aluminum block with dimensions of approximately 10 cm x 7.5 cm x 

1.5 cm (large enough to match the entire 6 x 6 TEC surface area) and a 15 in x 15 in x 0.5 in 

“Air Cool Comfort” foam supplied by the sponsor company (see Figure 77). When testing on 

each surface, all wires were adjusted or taped down so as to allow for the TECs to lay flat 

and maintain good contact. If the TEC could not lay flat without lifting away from the 

surface, a small piece of Kapton tape was used to gently maintain con tact (see Figure 78). 

Kapton tape should not influence the thermal characteristics of the device as it is a poor 

conductor of heat. After setting up each device, a recording was started on the FLIR camera 

to capture the initial thermal conditions. After approximately 5 seconds, the power supply 

Figure 77: Images of aluminum block used as a heat sink next to 6 x 6 Pyralux TEC (left) and 

the ACC foam sample (right). 
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was then turned on at the prescribed voltage of 0.5 V or 1.0 V for the trial. The video was 

continuously recorded for 5 minutes after which the power supply was shut off. During the 

imaging, the “box” tool was used on the FLIR camera along with the minimum and average 

temperature options which allows a user to capture these values only within a certain area of 

the frame. The box was adjusted to the size of each device. (NOTE: the “spot” tool was 

accidentally turned on during the 1.0 V trial of the perforated Pyralux TEC on the aluminum 

heat sink but was not used during any other trial). 

Figure 78: Images showing set up of 6 x 6 TEC on foam (left) and 4 x 4 TEC 

on aluminum heat sink (right). Some devices required Kapton tape to ensure 

contact between hot side and heat sink material as shown with the 4 x 4 TEC. 

Figure 79: Screen shots of thermal image recordings for 6 x 6 TEC on aluminum heat sink at 0.5 V (top) and 1.0 V 

(bottom). Minimum and average temperature within box outline were recorded. Calculated average minimum 

temperature is shown using minimum temperature value from each image*. (*First value was sometimes excluded 

if minimum temperature value had not adjusted on thermal image due to delay in software). 
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Screen shots of the recordings were taken at the initial power on and after 1, 2, 3, 4, and 5 

minutes. An average of the minimum temperature reading was calculated using the 6 images. 

The minimum temperature reading at power on was occasionally excluded from the average 

if the camera value had not adjusted to the proper temperature reading due to a delay in the 

program. Images of the perforated 6 x 6 TEC device on the aluminum heat sink are shown in 

Figure 79 and display a good ability to maintain temperature throughout the trial. The device 

maintained an average minimum temperature of 15.4˚C (range of 15.1-15.6˚C)  and 9.2˚C 

(range of 9.1-9.4˚C ) at 0.5 V and 1.0 V respectively. As seen in earlier testing, the device 

was able to achieve lower temperatures with an increase in voltage from 0.5 V to 1.0 V as 

evidenced by the minimum temperature readings. When comparing heat sink materials, the 

introduction of the ACC foam to the hot side created a higher average minimum temperature 

(see Figure 80). At 1.0 V on foam, the device was only capable of reaching an average 

minimum temperature of 18.0˚C (range of 16.3-18.7˚C), almost twice the minimum 

temperature seen on the aluminum heat sink. The foam images also display a greater deal of 

thermal leakage when compared to the images taken on the aluminum heat sink. Unlike the 

minimum temperature values on the aluminum which seem to fluctuate, there does appear to 

be a gradual increase in the cold side temperature as each reading increased over the time 

Figure 80: Screen shots of thermal image recordings for 6 x 6 TEC on foam at 1.0 V. 
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trial. That being said, the device was still capable of maintaining a lowered temperature over 

the 5 minute time span which is encouraging for future applications. As was expected, the 

commercial TEC from Laird maintained low temperatures on the aluminum heat sink with an 

average minimum temperature of 12.5˚C (range of 12.3-12.8˚C) and 3.3˚C (range of 3.0-

3.9˚C) at 0.5 V and 1.0 V respectively. The previously developed 4x4+PGS Pyralux device 

also showed similar results on the aluminum heat sink maintaining average minimum 

temperatures of 7.8˚C (range of 7.3-9.1˚C) and 5.8˚C (range of 5.3-6.4˚C) at 0.5 V and 1.0 

V respectively. The lowered minimum temperatures achieved by the 4x4 device in 

comparison to the perforated 6x6 device are most likely due to the decreased leg-to-leg 

spacing as well as the PGS film allowing for greater heat spreading which would aid in hot 

side heat loss and reduce thermal leakeage. It does appear that both custom TECs show 

average minimum temperatures within a similar range to that of the Laird device which is 

significant when considering the lower leg density and device construction.  

 

When comparing the perforated Pyralux TEC to the commercial TEC on the foam, the 

custom device shows a lower average minimum temperature. As shown in Figure 81 with the 

devices running at 1 V, the Laird TEC displayed an average minimum temperature of 25.4˚C 

(range of 21.0-27.5˚C). However, the lack of a thermal spreading layer on the Pyralux device 

Figure 81: Screen shots of thermal image recordings of Laird TEC at 1.0 V on foam. 



 

113 

should be taken into consideration here as the thermal images showed a majority of the 

device having a thermal profile at higher temperatures. Still, the reported average 

temperature values from the box area also displayed lower temperatures for the custom 

device. These results are promising for the device’s potential use in personal cooling 

applications as they provide some evidence that the custom design can operate with similar 

performance to a commercial TEC over a larger area. 

 

3-Point Bend Testing 

In order for the custom TECs to be used in a mattress or bedding application, the devices 

must provide enough flexbility to handle the normal compression that takes place when the 

mattress is in use. Currently, mattresses and mattress components are tested under a variety 

of mechanical tests outlined in ASTM F1566 – Standard Test Methods for Evaluation of 

Innersprings, Boxsprings, Mattresses or Mattress sets [62]. This test method includes a 

variety of large-scale durability tests which can apply large loads and a high number of 

cycles to represent years of usage. For example, the Cornell tester applies a curved plunger 

(depicted in Figure 82) at loads of up to 1025 N and cycles as high as 100,000 repetitions. 

Figure 82: Image of Cornell platen used in mattress testing. 
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Currently, these test methods cannot be used to test the durability of the custom TECs as they 

are not sized to a mattress scale and could not sustain such loads. However, an objective 

measurement to establish a baseline of the device’s flexibility is needed. Thus, a three-point 

bend test was chosen as a preliminary method of quantifying one of the Pyralux TECs ability 

to be flexed. 

 

The three-point bend test was carried out with the help of the staff in the Composites Testing 

Lab in the College of Textiles. Due to a limited number of available Pyralux TECs, only one 

device was tested. In order to determine the device’s integrity during bending, the leads were 

attached to the Keithley 2400 Source Meter and electrical resistance was measured 

throughout bending. The device was originally placed on the apparatus with a 40 mm 

separation and set to a 0.5 mm/second deflection rate. The weight of the lead wires caused 

Figure 83: Image of Pyralux TEC during 3-point bend testing. Lead wires 

were taped down to separation bars to avoid moving TEC during test. 
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the TEC device to lift off of the separation bars so they were taped down to allow for the 

device to remain immobile during testing. An image of the set up is shown in Figure 83. 

Initially, the device was manually bent on the tester to ascertain a reasonable range of 

bending. At approximately 14mm of deflection, the trial was stopped as the device appeared 

to sustain a large amount of bending and an effort was made to conservice the device. Prior 

to the deflection, the device’s resistance measured 2.46 Ω while at 14 mm of deflection it 

measured 2.44 Ω which was somewhat unexpected. The most likely explanation for the 

decrease in resistance is due to the device’s temperature dependent properties as a 

thermoelectric. Therefore, future electromechanical testing should be carried out using a 

method to reduce thermal influence of the plunger system on the TEC. In an attempt to 

reduce the temperature effects of the separation and deflection bars, tape was placed over 

their surfaces. The separation point was also increased to 50 mm to achieve a closer width to 

that of the device. The test was then planned to be run to a deflection of 25 mm to achieve 

maximal bending. However, at 17 mm it appeared that the device may have been slipping off 

of the separation bars and was return ed to 0 deflection for repositioning. Recordings of the 

Deflection (mm) Resistance (Ω) Side to Side Spacing (mm)

0 2.472 50

5 2.470 50

10 2.463 50

15 2.460 50

17* 2.452 50

20 2.425 50

~21 2.397 50

0 Device broken 50

Table 15. Resistance of TEC at deflection points with a 

separation of 50 mm. *Device returned to 0 to adjust 

placement. Device reached maximum deflection at ~21mm.  
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device resistance at 5 mm intervals were taken and shown in Table 15. Unforunately, the 

addition of the tape did not remove the temperature influence of the bars as resistance was 

still seen to decrease with increasing deflection. After adjusting the TEC, it was again set to 

be deflected to 25 mm. At approximately 21 mm of deflection the tester could not be run any 

further due limitations by the machine which prevent the bars from a collision. The electrical 

resistance at 20 mm and the final deflection point are also recorded in Table 15. Upon 

removing the load from this trial, the TEC was no longer electrically resistive indicating a 

break in the device. After later examination, it was found that one of the outer legs of the 

TEC had sheared apart (see Figure 84).  

CHAPTER 6: Conclusions and Future Work 

6.1 Conclusions and Early Scale-Up of Foam TECs  

Fabrication routes for producing proof-of-concept flexible TECs have been demonstrated and 

evaluated. The Pyralux-based TECs provided superior cooling performance and as such, 

were further evaluated in an attempt to characterize their heat pumping capabilities, ability to 

Figure 84: Image of Pyralux TEC after 3-point bend testing showing broken TE leg. 
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maintain temperature, and baseline flexibility. In considering the reduced cooling 

performance of the foam TECs, it is believed that this can be attributed to the electrical and 

thermal properties of the printed interconnects. As seen in the thermal images, all observed 

cooling tends to occur locally around each leg followed by resistive heating saturation after 

several seonds. Because the conductive inks require the use of a polymer binder/solution, 

their thermal conductivity is assumed to be much lower than that of standard metal 

interconnects which thus inhibits their ability to distribute heat away from the ends of the 

legs. In addition, these inks also have a higher electrical resistivity. Looking back at Equation 

7, it can be seen that cooling capacity, QC, is negatively impacted by the electrical resistance 

term, R. Traiditionally, this resistance term is only a measure of the leg resistance and does 

not incorporate the interconnect resistance since it is normally considered negligible. 

However, when modeling Qc of the devices using printed interconnects, the R-term should 

include the interconnect resistance as it is no longer negligible as evidenced by the higher 

device resistances that were measured.  

Figure 85: Two 6 x 6 foam TECs showing top (left) and bottom (right) printed interconnect patterns. 
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Although the foam-based TECs showed poor ability to generate sustained cooling profiles, 

they are seen as an ideal form factor for final use in a mattress pad or mattress layer. 

Furthermore, they provide an easier route for in-lab scale-up of larger devices with greater 

leg densities. To demonstrate this capability, several larger foam TECs were fabricated 

during testing. For example, two additional foam TECs  were created with the same leg 

spacing and dimensions as the 6 x 6 perforated TECs evaluated in Chapter 5. In this case, an 

simple rectangular interconnect pattern with 2 mm thick lines was used (see Figure 85). The 

foam TECs were created using the same ECM CI-1036 Ag ink with 2 screen printing passes 

on the ET315 TPU films and 3 passes on the foam/leg matrix prior to oven curing and heat 

pressing at 230˚F. New heat pressing times were examined using 12 seconds per side 

followed by an additional 4 seconds per side yielding device resistances of ~22 Ω. Similar 

thermal images of the foam TECs were also taken at 1.0 V, 1.5 V, and 1.8 V (different 

voltage levels were used as compared to the Pyralux TECs due to the increased device 

resistance). Cooling profiles were observed around each leg with a slight decrease in 

temperature from 75-73.6˚F was measured by the FLIR software as shown in Figure 86. 

While these devices still displayed minimal cooling performance as compared to the Pyralux 

Figure 86: Thermal images of a 6 x 6 foam TEC at 1.0 V, 1.5 V, and 1.8 V (from left to right). 
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TECs, it was noted that they appeared to maintain their cooling profile with far less thermal 

leakage than the smaller foam TECs developed initially. For example, the images in Figure 

87 show one of the foam TECs tested at 1.5 V several seconds after power was applied and 

approximately 20 seconds after power was applied. As can be seen, the temperature profile of 

the device remains relatively constant which may infer some degree of temperature 

maintenance in these devices. The images shown were also taken in the absence of a heat 

sink on the hot side which may also support a better construction of these foam TECs was 

achieved under the new processing and annealing conditions. However, due to the continued 

minimal cooling profiles observed in the foam TECs, no further performance testing was 

completed. Finally, an additional foam TEC (shown in Figure 88) was also created with a 16 

x 16 leg pattern to demonstrate the scalability of these devices within the lab setting. This 

device measured approximately 3.5 x 4.0 inches (~8.9 cm x 10.2 cm) which is larger than 

any commercial TEC available but was not evaluated as the electrical resistance was found to 

be too high for practical use. Devices on this scale should continue to be developed for 

flexible large area cooling applications. In order to increase productivity during the design 

Figure 87: Screen shots of thermal images on 6 x 6 foam TEC at 1.5 V taken approximately 1 

second after power is applied (left) and approximately 20 seconds after power is applied (right). 

Images show improved cooling maintenance around TE legs versus early prototypes. 
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process for the foam devices, a SolidWorks file for creating the interconnect print mask was 

developed. Previously, all maks designs were produced in the Silhouette Studio software. 

This program does not have the ability to change designs based on input parameters such as 

interconnect width or length and as a result, a new file was required for each design iteration 

using new dimensions. To minimize the time required to develop a mask using new leg 

spacing or interconnect dimensions, a basic design was created with SolidWorks using 

parametric inputs for the following variables: x-y leg spacing, interconnect length, 

interconnect width, interconnect offset around TE legs, hole size for TE legs, and outer offset 

from interconnects. Using this file, a mask pattern of any size or spacing can be quickly 

developed and imported into the die cutting software. 

 

 

 

 

Figure 88: Large-scale foam TEC prototype with 16 x 16 leg pattern. Device is approximately 3.5 x 4.0 inches. 
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6.2 Future Work 

Foam TECs 

Based on feedback from our sponsor company, future research efforts will focus on the 

development of the foam TECs as the Pyralux TECs do not currently provide a viable route 

for large-scale production. As a reslt of the thermal imaging that has been conducted so far, it 

appears that the printed interconnects present the largest challenge to device performance. As 

discussed, it is believed the increased electrical resistivity and poor thermal conductivity of 

the printed lines produces Joule heating which dominates over the Peltier cooling effect. 

Therefore, new processing methods or interconnect materials will be identified which can 

improve upon the limiting material properties of the inks. Additional efforts to reduce the 

thermal conductivity of the foam matrix wil also be taken as this can create another route for 

parasitic heat losses around the legs. Previously, 8 foam samples from Rubberlite were 

supplied by Simmons as options for future prototyping materials (see list of materials in 

Table 16) but these materials still need to be characterized and assessed for use in new foam 

TECs. Several of the PU foam options are currently in testing using the ST-2XL comfort 

system to better understand the test method and thermal properties of different foams. 

Finally, a design of experiments to identify the material properties or processing conditions 

resulting in the greatest cooling performance will be conducted. During the development of 



 

122 

new foam TECs, it is possible that the perforated Pyralux design may be leveraged as a route 

for evaluating different foam materials using the insert method described previously.  

 

Evaluation and Testing 

New test methods will continue to be explored for quantifying the active cooling capabilities 

of all custom TECs. As larger prototypes with increased surface areas are developed, the ST-

2XL comfort system is seen as an ideal test for measuring these properties. Additionally, a 

standardized test method for evaluating the electromechanical performance of the devices in 

a compressive mode needs further exploration. Finally, a cost analysis will be conducted for 

device fabrication and scale up to a full size mattress to identify opportunities for cost 

reduction through design. 

 

Development of a Use Case Scenario for Cooling Mattress Pad 

In collaboration with the Georgia Tech and Simmons teams, a human use case scenario will 

be established in order to determine the necessary operating parameters for use as an active 

cooling mattress. Preliminary work has been conducted in the form of a value proposition 

canvas to identify the wants, needs, and concerns for the cooling mattress technology. This 

Table 16. Foam sample options acquired from Rubberlite along with density and compression deflection (25%) properties. 



 

123 

tool will help to provide input on the features and design elements that must be addressed for 

future demonstration prototypes moving forward.  

 

TEC Modeling 

The research team at Georgia Tech will continue to develop analytical and finite element 

models in order to predict the expected cooling performance of the custom TECs. Using the 

models, heat generation on the hot side of the TECs can be also be determined which will 

help in establishing the required material properties and design of a flexible heat sink which 

is critical to the device’s performance as a cooler. Finally, the COMSOL model will provide 

the opportunity to evaluate proposed designs and material stack ups which will help 

influence improved prototypes. Such models may also be useful for understanding how to 

optimize heatflow in various mattress layers with or without active cooling elements. Initial 

models replicating the large demonstration prototype are currently in progress as shown in 

Figure 89. 

Figure 89: Image of COMSOL simulated custom TEC developed by Georgia Tech. 
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