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ABSTRACT OF DESERTATION

Measuring and Controlling Metabolic Heat in Biological Systems

by

Sahngki Hong

Doctor of Philosophy in Materials Science and Engineering

University of California San Diego, 2018

Professor Renkun Chen, Chair

Heat is one of the most important aspects of living organisms. Metabolic heat
production and evaporative heat dissipation protect warm-blooded animals from adverse
weather conditions. Heat management devices provide thermal comfort to human by climate
control or thermal camouflage effect by blocking heat emission from the human body. Further,
metabolism in living organisms can be investigated by monitoring heat signature because the
metabolic heat production represents the overall enthalpy change during metabolic reactions

in organisms. This dissertation presents two state-of-the-art devices and demonstrates their

xii



applications: 1) a wearable thermoelectric device (TED) for personal thermoregulation and
camouflage, and 2) high-resolution calorimeter for measurement of single-cell metabolic
heat generation.

Personalized cooling/heating by TEDs can drastically reduce energy consumption
with small cooling volume, meet individual cooling needs and camouflage heat emission
from the human body. However, a TED with sufficient flexibility and temperature regulation
performance has yet to be realized because of lack of optimization of the thermal and
mechanical design. In the first part of the dissertation, we demonstrated a wearable TED that
can deliver over 10 °C cooling effect with a high coefficient of performance (COP>1.5). Our
TED is the first to achieve long-term active cooling with high flexibility, thanks to a novel
design of double elastomer layers embedding an air gap insulation and high-ZT rigid TE
pillars. The TED was also applied to thermal camouflage using the large temperature
regulation window, which enables to match the heat signature of human body with
background temperature.

The last part of the dissertation focuses on fundamental study of cellular metabolism
using direct calorimetry techique. We developed high-resolution calorimeter sufficient to
measure heat generation from a single cell for investigation of heterogeneous metabolic
activities. This non-invasive and label-free calorimetry technic is optimized to study the cell
metabolic heat production without alter the nature of cells. Our single-cell calorimeter
achieved the power resolution as low as 0.6 nW using the innovative one-dimensional
microfluidic tube design. Single-cell measurements using the calorimeter revealed that the
relationship between metabolic rate and cell size of individual Zetrahymena follows the

allometric scaling relationship.
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Chapter 1

Fundamentals of Heat in Living Organisms

1.1 Introduction

Living organisms produce heat as a biproduct of metabolism and manage the body
temperature by thermoregulation. Failure of heat management such as fever, hyperthermia,
or hypothermia causes serious damages on living organisms; therefore, understanding of heat
in living organisms is imperative'. Cellular metabolic heat generation represents the overall
enthalpy change of metabolic reactions and contains useful information that cannot be
provided by other metabolic products such as oxygen or carbon dioxide®>. Direct calorimetry
technique can measure this metabolic heat generation using thermally insulative reaction
chamber and sensitive thermometer; however, the caloritmery platform that can measure
heterogenous metabolic heat generation by individual cells has not been demonstrated yet
because of the large parasitic heat loss and small heat generation from a single cell.

While this basal heat production is mainly caused by cellular metabolism, muscle
activity, nonshivering thermogenesis, and thermogenic effect of food also result heat
generation in organisms®. Most of the metabolic heat is generated in the deep organs,
transferred to the skin, and eventually dissipated to surroundings. The thermal management
system in human body can control this heat transfer/dissipation process using blood

circulation or sweating to maintain the body core temperature®. However, although the human



body can manage the thermal condition in a wide range of ambient temperature, the thermal
load for cooling or heating make human unpleasant. Thus, it is not surprising that the climate
control such as heating, ventilation, and air conditioning account for more than 10% of
overall energy consumed in US, which is equivalent to per capita energy consumption of
~1.5 kW’. Personalized climate control system may unlock the new possibility of saving
tremendous amount of energy and meet the individuals’ thermal needs; however, wearable
thermal management system with sufficient cooling performance has yet to be developed.
This chapter describes the fundamental background of heat in living organisms in
many aspects including cellular metabolism, metabolic heat production, thermoregulation of
the human body, indoor climate control, and personal thermoregulation. The goal of this
chapter is to provide a brief introduction of the motivations of my research in the wearable
thermoelectric devices for personal thermoregulation and single-cell calorimeter for

investigation of cellular metabolic heat generation.

1.2 Metabolic Heat Production of Living Organisms

In cellular metabolism, various metabolic pathways produce energy and materials
which are essential for living organisms. When oragnisms ingest foods, glycolysis
metabolizes glucose to pyruvate, and the pyruvate is completely oxidized to CO> in the
presence of oxygen or converted to lactate when oxygen is limited. These two metabolic
pathways called aerobic and anaerobic metabolism and play an important role in living
organisms. Aerobic metabolism involves oxidative phosphorelation in mitochondria. During

the oxidative phosphorelation, electrons are harvested from the oxidizable substrates and



transported through the electron transport chain, and this process eventually pump protons
from mitichondiral matrix to the intermembrane space to generate proton gradient across the
inner membrane. This proton gradient operates various cellular processes including ATP
synthesis®. On the other hand, when oxygen is limited, the oxidative phosphorylation cannot
take place. However, even under the condition, energy can still be produced by glycolysis
because the metabolic reactions for the breakdown of glucose to pyruvate do not require
oxygen. When the quantities of pyruvate and NADH (reduced nicotinamide adenine
dinucleotide), another end product of the glycolytic reaction, begin to be excessive, these two
products react with each other to form lactate, and the major portion of the pyruvate is
converted to lactate under anaerobic conditions. This anaerobic metabolism is extremely
inefficient; only 2 molecules of ATPs can be produced by one molecule of glucose in
anaerobic metabolism while aerobic oxidative phosphorylation generates up to 36 molecules
of ATPs with complete oxidation of one glucose molecule’.

These metabolic reactions involve enthanlpy changes, which cause heat production;
for example, the oxidation of glucose to CO; produces the heat of -2,803 kJ mol™! °. Especially,
mitochondrial respiration including the oxidative phosphorylation and proton leak through
the inner membrane of mitochondria generation considerable amount of heat. The enthalpy
caused by NADH combustion for proton pumping is approximately -250 kJ molO™!, potential
heat generation the proton gradient is about 150 k] molO™!, and the enthalpy of hydrolysis of
synthesized ATP through the proton gradient is -40 kJ molO™'. All the enthalpy changes
during the reactions is dissipated as heat. ~80% of heat production in living organisms is
estimated by these proton-related metabolic reactions including pump and transport. This

heat production process related to the mitochondrial activity dominates the overall metabolic



rate when oragnisms are under resting conditions, and it called basal metabolic rate. In
humans, the basal metabolic rate is about 58 W m. The metabolic heat generation largely
depends on the physical and thermal conditions of organisms; the heat production while the
subject carries out normal daily activities may be 1.5-2.1 times higher than the basal
metabolic rate!?,

The majority of this enhanced metabolic rate is caused by the activity of muscles,
nonshivering thermogenesis, and the thermogenic effect of food. The muscle activity can
increase the metabolic rate by 10 times compared to the basal metabolic rate during exercise.
During this metabolism, the muscles consume extra oxygen to meet the large energy needs
for contractions and generate more heat. In addition to the heat generation by metabolic
reaction, the muscle activity causes the heat by frictions itself, and this friction also used by
shivering thermogenesis to increase body temperature under cold environment. After the long
period of the cold exposure, this shivering thermogenesis is gradually reduced and replaced
by nonshivering thermogenesis. The nonshivering thermogenesis mainly occurs in brown fat
cells. These cells untilize uncoupling protein to generate proton leak on the inner membrane
of mitochondria, which uncouples the proton transport from ATP synthesis, and enhanced
oxidative phosphorelation process to recover the reduced proton gradient causes maximal
metabolic heat generation'!. Lastly, feeding can stimulate the metabolic heat generation by
~25%. The mechanism of this heat generation include the stimulated ATP synthesis using the

ingested food, hormonal changes, and temporal synthesis of storage compounds”.



1.3 Characterizaiton of Cellular Heat Production by Calorimetry

The heat production by cellular metabolism represents the overall enthalpy change of
all metabolic reactions while oxygen uptake or carbon dioxide emission only represent
specific metabolism such as aerobic respiration. Thus, it provides valuable information that
other techniques do not; for instance, anaerobic metabolism that does not consume oxygen
can be characterized by comparing oxygen consumption rate and heat production. This
oxycaloric equivalent (ratio of oxygen consumption rate and heat production) has
theoretically -430 — -480 kJ molO, ™! based on the assumption that anaerobic metabolism is
negligible?, and provide the anaerobic contribution to the overall metabolic rate.

The heat generation by cellular metabolism can be directly measured by calorimetry
technique, which measures temperature change of thermally isolated reaction chamber by
metabolic heat generation of cells. The energy balance equation of a calorimeter can be

defined as

dc dAT
— —GAT = C— (1.1)

VAH )
dt dt

where V' is chamber volume, 4H is enthalpy of reaction, c is concentration of the reactant, ¢
is time, G is thermal conductance between the chamber and a thermal reservoir, A7 is
temperature change due to the reaction, and C is heat capacity. For a steady-state condition
with metabolic heat from a single cell (Qcen), the energy balance equation can be simplified
to

Qceu = GAT. (1.2)



To measure the metabolic rate of cells, the sensitivity of the calorimeter (Q,) must be smaller
than Qce, which is in the range from a few picowatts to a few nanowatts. Qs is dependant on
the device conductance G and the minimum detectable temperature change (47 min):
Qs = GAT i (1.3)
Therefore, minimizing both G and 47, is imperative to achieve better sensitivity.
Reduction of the thermal conductance involves minimization of three heat transfer
modes: conduction (Gcona), convection (Geonv), and radiation (G.q) heat losses. Assuming that
there is a microflulidics-based calorimeter, from the point of view of heat conduction alone,
conduction heat loss of the device can be minimized by using a suspended microfluidic tube
structure because the structure maximized the cross-sectional area (4.) to half tube length (L)
ratio. The fluids and cells to transport put constraints on the cross-sectional area of the
microfluidic tubes; hence restricted optimization to mainly material selection of the device.
However, the longer microfluidic length increases the surface area of the devices and resulted
in higher heat loss due to convection and radiation heat transfer. Such competing heat transfer
modes put limitation on the parasitic heat loss that can be minimized. On the basis of
suspended microfluidic structures under high vacuum assuming cells act as a point heat
source, the heat loss from the biocalorimeter can be simplified using fin equation as followed:

(see Chapter 4 for details)

emL + e—mL
where m = h—P, k is the effective thermal conductivity, P is the parameter of the

kAc

microfluidic tube, and  is the effective radiation heat transfer coefficient (4 = 4e0 T, where



¢ 1s the effective emissivity). The calometer is then can be optimized to minimize parasitic
heat loss based on the relationships between dimensions (length and cross-sectional area),
emissivity, and thermal conductivity of the device shown in Eq. 1.4.

On the other hand, the 47, relies on sensitivity of the thermometer, electrical noise,
and temperature drift. The most sensitive and widely used thermometer is a thermopile that
uses Seebeck effect to convert temperature signal to voltage signal. The high sensitivity of
the thermopile can be achieved by using the materials with high Seebeck coefficient (S) and
increasing number of junctions (n). However, it is worth to note that there is an optimum »
for the best Qs since exploiting more junctions will increase not only the sensitivity of the
thermopile but also the conduction heat loss through the thermopile. In addition, the many
junctions inevitably increase the electrical resistance of the thermopile that results large
electrical noise. The electrical noise (V) composed of Johnson noise (V5 jonnson), flicker noise
(Vn iicker), and amplifier noise (Vp,amp):

Vi = Vi jornson + Vi slicker + Vaamp- )

The Johnson noise, which is thermal agitation of electrons, is proportional to the
square root of the electrical resistance (Vi jonnson = +/4ksTRAf, where kg is Boltzmann

constant, 7' is temperature, R is electrical resistance, and Af'is bandwidth). The flicker noise
(1/f noise) in resistors is known as originating from charge trapping/detrapping or carrier
mobility fluctuation and proportional to the electrical resistance!?. The flicker noise increases
at low frequency and is inevitable for DC measurement. The amplifier noise is generated by

the amplifier during amplifying the voltage signal from the thermopile. Since the three noises



are a function of Af, low-pass filter which filters high frequency noise and truncates the

bandwidth can reduce the noise as well as eliminates the 60 Hz noise from the power sources.

1.4 Thermoregulation of Human Body

Human body has beautifully designed temperature control system, which allow a
naked person to maintain the body core temperature within 3638 °C at ambient temperature
ranging from 13 °C to 54 °C. In principal, heat production in human body is a by-product of
metabolism, and majority of heat is produced from the organs deep inside of human body
and transferred to the skin. Hence, the heat loss of human body can be determined by heat
conduction rate from the body core to the skin as well as heat dissipation rate from the skin
to the ambient. The heat conduction rate from the body core to the skin is mainly controlled
by blood circulation through blood vessels. As a result of the blood flow rate control, the heat
conductance through skin can be changed by ~8 times from vasoconstricted to vasodilated
condition'. The effective thermal conductivity of human tissue including the blood
circulation has a maximum value of 2.8 W m! K-! at hot condition and minimum value of
0.3 W m™ K at cold condition'®. On the other hand, the heat dissipation from the skin to
ambient including radiation heat loss (54—60%), convection heat loss (~25%), evaporation
of sweat (~7%), and breathing (~14%). Among the heat loss mechanism, human body can
control the evporation by regulating sweat rate in the range from 0.3 to 12.0 mL min™'. This
evaporation heat loss dissipates 0.58 kcal for each gram of evaporated sweat. While the

human skin and breathing evaporate 600-700 mL of sweat per day, which is equivalent to



~10 W m of heat loss, under a typical resting condition, the heat loss by evaporation of
sweat can be increased up to ~250 W m during very heavy activity.

These blood flow and sweat rate is controlled by nervous feedback mechanisms and
temperature-regulating centers placed in the hypothalamus to maintain body temperature
constant. The hypothalamic preoptic area detects temperature by large numbers of heat- and
cold-sensitive neurons; also, temperature receptors in the skin detects temperature. The
hypothalamic temperature centers regulate the body temperature using these temperature
signals. When the hypothalamic temperature centers perceive high temperature, the human
body increase blood flow and sweat rate and decrease heat production. When the control
system detects low temperature, on the other hand, the human body response opposite way:
suppress the blood flow and sweat rate and increase heat production by shivering and
nonshivering thermogenesis.

Despite of this self-thermoregulation system in human body, there is a range of
environmental conditions that human feel comfortable. The comfortable air temperature for
anaked human ranging from 2629 °C and the corresponding skin temperature is around 32—
34 °C'*15 depending on metabolic rate, humidity and body parts. The thermal sensation and
comfortness of human body can be estimated with predicted mean vote index (PMV) and
predicted percentage dissatisfied index (PPD), respectively. The PMV index can predicts the
response of a people to a certain environment condition using the seven points ASHRAE
(American Society of Heating, Refrigerating and Air conditioning Engineers) thermal
sensation scale, which scales the thermal sensation from a level -3 to +3, representing from
cold to hot respectively. Similarly, PPD predics thermal comfort of a people and is largely

related to PMV; the most people feel comfortable at neutral ambient temperature. The



thermally neutral and comfortable ambient temperature window is only +1 °C'*!3 and
individual body parts have their own local comfort temperatures'*!®>. For instance, the
thermal comfort temperature for head (~21 °C) is much lower than that for foot (~29°C).
Therefore, it is challenging to maintain human body thermally comfortable without external

thermoregulation system.

1.5 Indoor Climate Control and Personal Thermoregulation

Thermal sensation is one of the most important aspects of our daily lives; however,
the range of ambient temperature that human feel comfortable is very narrow as previously
discussed. Therefore, thermoregulation of a human body largely relies on climate control of
buildings or vehicles, and the indoor temperature is set to satisfy occupants. However, various
needs of the indoor temperature depending on outdoor weather conditions or individual
preferences suggest the difficulty of indoor climate control. For instance, the indoor thermal
comfort temperature varies from 21 °C to 28 °C depending on outdoor temperature'®, and
occupants have various thermal sensation even at the optimized indoor temperature!’. Since
current indoor climate control systems heat and cool entire space, it is difficult to meet all the
thermal needs.

In addition to the aspect of thermal comfort, the traditional climate control systems
waste huge energy by heating and cooling almost empty spaces in buildings or vehicles
whereas peoples occupy only small space. It is thus not surprising that the traditional systems
consume more than 10% of primary energy usage in developed countries. In addition, the

energy demand is expected to grow rapidly in the coming decades in developing economies,

10



such as India and China, where the air conditioning system are being increasingly deployed.
The rising demand on climate control not only poses a grand challenge on energy supply but
also raises severe environmental concerns, as illustrated by the recent Kigali Amendment to
Montreal protocol aiming to curb the emission of hydrofluorocarbons from air conditioners,
which have global warming potentials over 1,000.

Personalized climate control presents an attractive, paradigm-shifting cooling
technology, as it could reduce the cooling volume and the associated energy demand by
orders of magnitude compared to the centralized space cooling technologies. As such,
personalized thermo-regulation has become an intensively pursued research subject in recent
years, as evidenced by recent publications in this area, such as IR transparent textiles!®!?,
radiative cooling polymers?’, and electrocaloric device?!. However, none of these strategies
can achieve large and active cooling in a controllable manner under ubiquitous environments.
For instance, the textiles can only work for passive cooling or heating; radiative cooling
requires a large view factor to the sky; and the electrocaloric effect only achieved small
cooling (temperature difference < 2 °C) and required several kilovolts of voltage, making it
unsuitable for wearable applications. Therefore, personalized air conditioning technology

have plenty of room for improvement and great opportunity for substantial energy saving and

personal thermal comfort.

1.6 Thesis Structure

In this thesis, I will first discuss about a wearable thermoelectric device (TED) for

personal thermoregulation (Chapter 2). In the chapter, I will demonstrate a wearable TED

11



that can deliver over 10 °C cooling effect with a high coefficient of performance (COP>1.5).
The TED achieved long-term active cooling with high flexibility, thanks to a novel design of
double elastomer layers embedding an air gap insulation and high-ZT rigid TE pillars. The
TED can be integrated into a wearable garment and exhibited excellent personal
thermoregulation performance on human skin in the large ambient temperature range of
22 °C to 36 °C. The low power consumption of the TED, which is a few orders of magnitude
lower than the conventional climate control system (~1.5 kW per capita), will be also
discussed in detail.

Using this wearable TED and the thermoelectric cooling/heating effect, I will further
discuss about personal thermal camouflage technique (Chapter 3). Although majority of IR
camouflage techinic relies on IR emissivity manipulation, which performance can be easily
degraded by contamination of the surface or reflection of hot/cold spots in nature, direct
temperature control to manipulate IR emission has a unique advantage: wide camouflage
temperature window and high-emissivity property that enables reflection. The direct
temperature control by TED only demonstrated previously for vehicles; however, thermal
management on human skin is much more challenging because of the strict temperature
requirement of a human body. In the chapter, [ will demonstrate a wearable and active thermal
camouflage TED responding to background temperature change on human skin.

Lastly, in Chapter 4, I will present the first demonstration of single-cell metabolic
heat measurement by our novel chip-calorimeter possessing 0.6 nW of high sensitivity. The
innovative one-dimensional design reduced thermal conductance as low as 2.5 uW K! and
enabled to measure a few nanowatts of small heat production by single Zetrahymena

thermophila. Single-cell measurements using our calorimeter revealed that the relationship

12



between metabolic rate and cell size of individual Tetrahymena follows the three-quarter
power allometric law. Finally, a mitochondrial uncoupling agent dosed to single Tetrahymena
through the microfluidic channel, and measurement of spare respiratory capacity (SRC) will

be demonstrated.
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Chapter 2
Wearable Thermoelectrics for Personalized

Thermoregulation

2.1 Introduction

Thermoregulation plays a vital role in human comfort and heath but also contributes
significantly to energy consumption. The heating and cooling of buildings alone currently
accounts for more than 10% of the total energy consumed globally’, and this high level of
energy consumption and the accompanying environmental impact, i.e., the emission of potent
global warming gases, are expected to increase dramatically with the rapid growth of
economies®?. Climate control systems are also used to achieve thermal comfort in electric
vehicles; however, these systems can drain up to 40% of battery power in adverse weather
conditions, presenting a major roadblock to achieving long driving ranges?.

The ongoing effort to reduce the energy consumption of climate control systems has
mainly focused on the development of more efficient thermoregulation technologies®*.
However, a substantial amount of energy is being wasted by traditional climate control
systems, as they heat/cool entire buildings or vehicles even though the occupants only occupy
a small space. The large amount of wasted energy is evident when considering the great

disparity between the human metabolic rate (100-150 W)* and the per capita heating,

14



ventilation, and air conditioning (HVAC) energy consumption rate in the United States (~1.5
kW)’. Moreover, it is difficult to set the temperature of an entire building or vehicle to ensure
the thermal comfort of all the occupants or passengers as thermal comfort conditions can
vary significantly from person to person'’. In addition to the implications for the energy
efficiency of buildings and vehicular thermal envelops, there is also tremendous interest in
achieving optimal thermal comfort for various outdoor application scenarios, such as those
encountered in sports, military, special occupations, and health care®.

Recently, there has been growing interest in personal thermoregulation devices!®?’,
which can deliver a precise thermal dose to target spots on individuals and consequently
reduce the heating or cooling volume by orders of magnitude compared with
building/vehicular-level thermal envelops. These devices are also useful for outdoor heating
or cooling, where centralized heater or AC are not available. Heating garments that exploit
Joule heating, such as metallic nanowire meshes®’, are an example of such devices. However,
the development of active cooling garments is far more challenging and largely unexplored
as most current cooling devices are bulky and difficult to integrate into a garment. For
instance, commercially available cooling vests contain bulky fluidic channels for coolant
circulation or water/ice packs, and their cooling power is not adjustable’. Given these
inherent drawbacks of fluidic-based personal cooling garments, current studies are primarily
focused on solid-state technologies such as electrocaloric?®, magnetocaloric?’, and
thermoelectric cooling systems®®. Nevertheless, despite extensive material-level studies,
wearable devices with high cooling performance have yet to be demonstrated. Active cooling
was recently demonstrated in miniaturized electrocaloric devices®! with a high voltage (~10

kV); however, the temperature drop remained small (1.4 °C).
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Thermoelectric devices (TEDs) are especially attractive for personalized cooling
application as they are solid state with small form factors and the cooling power is readily
adjustable. Although there has been substantial work on flexible TEDs for wearable
applications*?*2, the majority of these devices have only achieved power generation by
harnessing body heat**>? or have shown limited cooling effect with the assistance of bulky
heat sinks (such as water gels or fans)***’. To the best of our knowledge, none of these
wearable TEDs have shown long-term (e.g., > 1 h) active cooling without the use of bulky
heat sinks. Even though various wearable TE power generators can in principle be used for
cooling, the requirement of achieving active cooling, that is, pumping the heat from the cold
to hot side, is substantially more stringent. A wearable TED capable of power generation is
not necessarily suitable for active cooling: the Peltier cooling power on the cold side must
overcome the parasitic heating effects of both the heat conduction from the hot side and Joule
heating; in addition, the heat pumped to the hot side must be efficiently dissipated into the
environment (hence the need for bulky heat sinks). Fundamentally, the devices must possess
high performance (measured by the TE figure of merit, ZT) with a suitable thermal design.
Some previously reported TEDs have only shown power generation capability>#4348-52;
however, none have exhibited sustainable active cooling performance without the aid of a
water heat sink***’, primarily because of the low performance of flexible TE materials (e.g.,
polymers or organic/inorganic hybrids>® with ZT < 0.42) or unoptimized thermal design for
cooling even with high-performance Bi-Te-based TE materials®**3.

Herein, we designed and demonstrated the first flexible and wearable TED with long-

term (> 8 h) and large (> 10 °C) active cooling effect by addressing the aforementioned

challenges. Our TED design utilizes an innovative fabrication scheme of sandwiching rigid
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inorganic high-ZT TE pillars between stretchable elastomer sheets and, by virtue of the novel
thermal design, demonstrates a large cooling effect of more than 10 °C to the skin without
the use of any heat sinks. Although active cooling data is not available for previously reported
wearable TEDs, our flexible TED exhibits higher power output when used as a power
generator from body heat than previous TEDs (up to 4.5-25.1 pW c¢cm 2 in our TED vs. 1073
to 2.28 uW cm 2 in previous TEDs>>**}). We also integrated the TED into a wearable garment
with long-term, energy-efficient cooling and heating effects on human skin: the garment kept
the skin at the thermal comfort temperature of 32 °C while the ambient temperature varied
within the large range of 22 °C to 36 °C. Finally, an all-flexible personalized
thermoregulation package was demonstrated by integrating a flexible battery pack into the
TED garment. Our flexible and high-performance TED design may pave the way for
personalized cooling with the benefits of substantial energy savings and improved thermal

comfort.

2.2 Design, Fabrication, and Characterization of Flexible TED

We utilized a novel concept of double elastomer layer design embedding an air gap
insulation layer between two stretchable sheets and high-ZT inorganic TE pillars with
optimized aspect ratio and spatial density. This design minimized the thermal leakage through
the TED, eventually resulting in the high cooling performance, and maximized the device
flexibility. A schematic illustration and photograph of our TED are presented in Fig. 2.1, A
to C. To achieve mechanical flexibility and high cooling performance, we utilized the double

elastomer layers design, sandwiching rigid TE pillars (1x1 mm? in cross section and 5 mm
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in height, with a 3-mm gap between pillars) between two 1-mm-thick stretchable Ecoflex
sheets separated by a 4-mm air gap (Fig. 2.1C). The top and bottom 0.5-mm-long segments
of the TE pillars were embedded in the Ecoflex sheets. This double-layer design provides
sufficient flexibility despite the rigidity and high aspect ratio of the TE pillars and greatly
enhances the cooling effect. As shown in Fig. 2.1D, when the TED with the double-layer
design is bent, the top stretchable sheet expands while the bottom sheet contracts, and our
finite element simulation showed that the bending stiffness of the double-layer design is only
30% of the conventional single elastomer layer design (Fig. 2.1E), which can be found in
majority of previous flexible TEDs****>. The fabrication process of our TED is presented in
Fig. 2.1F and described in detail in Materials and Methods. Photographs of the devices during
the intermediate fabrication steps are shown in Fig. 2.2, A to D. Including all the components,
the TED remains thin (6 mm) and light (0.56 g cm™?) (see Fig. 2.2, E and F) compared to
conventional cooling garments®® or TEDs with bulky heat sinks*%47,

The salient features of the thermal design in our TED include the high aspect ratio
(height: width = 5:1) of the pillars with low spatial density (6.25%) and the large air gap
between the stretchable sheets (4 mm), which result in small thermal conductance between
the cold and hot sides of the TED. The finite element simulation also showed that the overall
conductance of our TED design (Grep) is ~ 30 W m 2K ™!, which is 50% lower than that of
the conventional single-layer design (Fig. 2.1E). This low Grep is comparable to the heat
transfer coefficient between the TED and air (/.- ~ 10-20 W m 2 K™!) resulting from natural
convection and radiation>*. This thermal resistance matching ensures that the heat pumped
from the cold (skin) side as well as the Joule heating will dissipate into the air rather than

flowing back to the skin (Fig. 2.1C). If Grep were substantially higher, an efficient heat sink
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would be needed to match /. with Grep, such as that used in prior wearable TEDs**7.

However, there is also a limit to the continuous reduction of Grep by applying taller and
smaller pillars, as excessively taller and smaller pillars would result in larger electrical
resistance and Joule heating and compromise the device flexibility and mechanical strength
(Fig. 2.3 and Fig. 2.1E). In addition, the large distance between adjacent TE pillars requires
efficient lateral heat spreading to ensure that a uniform temperature is maintained within each
of the Ecoflex layers; this heat spreading was achieved by embedding AIN microparticles
into the Ecoflex to increase its lateral thermal conductivity.

Our main strategy is to match thermal impedance between the TED and the
environment. This is illustrated by the thermal balance of the TED for active cooling, which
requires Tpqre > T, Where Thare is the bare skin temperature without a TED or garment and
T. 1s the skin (cold side) temperature with TED cooling (Fig. 2.1C).

On the bare skin without the TED or garment:

Qskin = hair (Tpare — Tair) 2.1)
where Quin 1s the metabolic heat from the skin, /- 1s the heat transfer coefficient to the, air
and 7y, is the temperature of the air.

On the cold (skin) and hot sides of the TED:
Qskin = Qpc — Qcona — U (2.2)
Qair = Qpn — Qcona + @ (2.3)
where Op. is the Peltier cooling effect (Qp . = S - I - T, where S is the Seebeck coefficient, /

is the current, and 7. is the temperature of the cold side, i.e. the skin, Qcona 1s the conductive

heat from the hot to the cold sides of the TED (Q.ong = Grgp(Th — T,), where Grep is the
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thermal conductance of the TED and 7} is the temperature of the hot side), Oy is the joule
heating of the TED (Q; = 0.5/ 2R, where R is the resistance), Qi is the heat dissipation to
the air (Qgir = hgir (Ty, — Tqir)), and Qpy is the Peltier heating effect on the hot side (Qp , =
S-1-Ty).
By combining Egs. (2.1) and (2.2),
hair (Tpare — Tair) = Qp,c — Grep (Tn — Tc) — Qy (2.4)
We know Tj > Ty since Quir > 0, and Tpare > T. for the any active cooling, which results in
Tyare — Tqir > T, — Tp.  Then,
Grep(Th = Tp) < hgir (T = Tc) + Qpc — Qy (2.5)
Eq. 2.5 can be summarized to
Grep < hgir + @ (2.6)
where o is a function of Qp¢, QJ, Th, and T.. Eq. 2.6 shows that a small Grep is required
relative to /.- for the active cooling. However, the thermal impedance mismatch between
Grep and hgir of commercial TEDs is large: commercial TEDs has Grep greater than 1000 W
m2 K, and A on the TED without heat sink under a typical indoor condition is 10 — 20 W
m2 K!. Therefore, these devices only work when there is an efficient heat sink (e.g., fin or
fan), but the bulky heat sinks render the TEDs non-wearable.
The basic thermoelectric and mechanical characteristics of the fabricated flexible
TED are shown in Fig. 2.4. As discussed, reducing Grep 1s imperative to achieve active
cooling without resorting to the use of bulky heat sinks. The measured Grep was 32 W m 2
K™! (Fig. 2.4A), which falls within the optimal range for the cooling of human skin at a

typical metabolic rate (50-100 W m2)?. The corresponding average thermal conductivity of
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the TE pillars was determined to be 1.52 W m ™' K™!. The average Seebeck coefficient (S) of
the TED at the device-level was measured to be 196 pV K ! pillar! (Fig. 2.4B). Finally, the
overall electrical resistance of the TED was measured to be 7.9 Q, yielding an average
electrical conductivity (o) of 932 S cm™!. The corresponding device-level ZT was determined
to be 0.71 at room temperature. This ZT value is consistent with that of the constituent n- and

8 indicating the

p-type materials with the same compositions previously studied by us
minimal influence of our device fabrication process on the material properties as well as the
high-quality interfaces for thermal and electrical transport.

The lateral thermal conductivity of the stretchable sheet (k,) with embedded AIN
particles (26 vol.%) was measured to be 0.77 W m ! K™!, which represents an approximately
four-fold enhancement over that of pristine Ecoflex (0.20 W m ' K™!), as shown in Fig. 2.4C.
Incorporating all of these material properties, our finite element simulation indicated that the
flexible TED is expected to provide ~7 °C of maximum cooling with only natural convection
and radiation (Fig. 2.4D and Fig. 2.5 for details). Our simulation also showed that the higher
k, achieved with the addition of the AIN microparticles reduces the peak-to-peak temperature
variation on the stretchable sheets by up to 70% (from 2.7 °C to 0.7 °C) and, eventually, saves
the power consumption by up to 40 % at 6.6 °C of TED cooling effect (Fig. 2.5B and E). In
addition, the simulation results indicate that the thermal conductivity of our Ecoflex/AIN
mixture layer (0.77 W m! K!) is sufficient to achieve minimal power consumption (or
maximal cooling effect) because the temperature variation within the Ecoflex/AIN mixture

layer is already sufficiently uniform (0.7 °C) compared to the temperature difference between

the hot side and ambient (~10 °C) (Fig. 2.5F).
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The flexibility and mechanical robustness of the TED were also demonstrated by
monitoring the electrical resistance in real time under bending conditions using various
bending radii (r). The resistance of the TED was stable when » was reduced to 20 mm (Fig.
2.4E), which represents the largest curvature of a human body. The resistance of the device
was also stable during 1,000 bending cycles for » = 30 mm (Fig. 2.4F). These results
demonstrate the excellent flexibility of the TED enabled by our double elastomer layer design

embedding rigid TE pillars between two thin stretchable Ecoflex sheets.
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Figure 2.1 TED design and fabrication process. (A) Schematic illustration of cooling
garments with wearable TEDs (left). The internal structure of the wearable TED with TE
pillars connected by flexible copper electrodes and sandwiched between two stretchable
sheets (right). (B) Photograph of the fabricated 5x5 cm? flexible TED. (C) Schematic
illustration of TED design. The low thermal conduction inside the TED and high thermal
conduction within the stretchable sheets are the key features of the design used to achieve
the cooling effect. (D) Schematic diagram and photographs showing the flexibility of the
TED. The double-layer design of stretchable sheets enhances the flexibility. During bending,
the top stretchable sheet expands while the bottom stretchable sheet contracts. (E) Finite
element simulation comparison of Grep and the bending stiffness of double- and single-layer
designs of flexible TEDs as a function of TE pillar height. The double-layer design reduces
Grep by 50% and the bending stiftness by 70% compared to those of the single-layer design.
(F) Fabrication process of the TED (see Materials and Methods for details).
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Figure 2.2 Fabrication and characterization of TED. (A) A carrier substrate with an
array of copper electrodes. (B) An array of 142 TE pillars with the fabricated bottom layer
including copper electrodes and AIN particles embedded in an Ecoflex stretchable sheet. (C)
Soldered copper electrodes on the TE pillars. (D) Fabricated flexible TED by curing and
cutting the Ecoflex/AIN mixture sheet. (E) Weight of the TED (14.1 g per device). (F)
Thickness of the TED (~6 mm).
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Figure 2.3 Optimization of the TED. (A) Heat transfer model in COMSOL to optimize
the TED design. The model used various geometric parameters for the optimization including
the height of TE pillars (4 =2, 3.5, 5, 7, and 10 mm) and the gap between TE pillars (g = 2,
3, 4, and 5 mm). (B) Mechanical model in COMSOL used in Fig. 2.1E. Bending stiffness
was simulated by applying a force and monitoring the corresponding deformation. (C)
Maximum cooling effects with various TE pillar height and TE gap (g) values. The cooling
effect was enhanced with increasing 2 up to 10 mm while there was an optimum g to
maximize the cooling effect. However, the /4 also has to be optimized since a large 4 resulted
in poor wearability as shown in (B) and Fig. 2.1E. (D) The thermal resistance of TED with
various /4 and g values. Larger /# and g values led to higher thermal resistance of the TED
impeding heat dissipation and skin thermal comfort at hot environment when the TED is not
operating. Our TED design with # = 5 mm and g = 3 mm showed a thermal resistance of
0.035 m?>K W', which is only ~20% of the resistance of regular clothes (0.155 m> K W),
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Figure 2.4 Characterization of the TED. (A) Measurement of the thermal conductance
of the TED (Grep). A Grep value of 32 W m 2 K'! was determined from the slope of the
temperature differences between the cold and hot sides (A7) vs. the applied powers. (B)
Measurement of device-level Seebeck coefficient (S = 196 uV K ') by comparing 47 and
corresponding open-circuit voltages (Voc). (C) Thermal conductivity of the polymeric
Ecoflex stretchable sheets (k,) for various volume ratios of the Ecoflex and AIN
microparticles. The mixture layer containing 26 vol.% of AIN microparticles exhibited &, =
0.77 W m ' K™, which is four times higher than that of pristine Ecoflex (k, = 0.20 W m!
K™1). (D) Finite element simulation of cooling/heating effect with the measured TED
parameters. More than 7 °C maximum cooling was estimated with only natural convection
and radiation. (E) Electrical resistance (R) stability for various bending radii (») from flat to
20 mm, where Ry is R when the TED is flat, and 4R is the difference between R and Ry. (F)
Electrical resistance stability over 1,000 bending cycles with » = 30 mm.
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Figure 2.5 COMSOL modeling of the TED cooling effect. (A) A unit cell of the TED
with 1-mm thick top and bottom stretchable sheets, a TE pillar (1x1x5 mm), Cu electrodes
(35 um in thickness), and a 4-mm thick air gap. An empirical equation ( h;ppy =
1.32(AT/L)%2%) was applied to model the natural convection heat transfer to the air, where
AT = Ty — Tuir, Tair 1s the ambient temperature, and L is the characteristic length. A heat flux
of 87 W m™ from the bottom of TED was used as the metabolic heat from a human body.
Radiation between the cold and hot sides was also considered in addition to the conduction
through the air gap since the radiation accounts for ~40% of the total heat transfer in the air
gap. (B) Simulation results of temperature distribution in the heat spreading layers, made of
either pristine Ecoflex (left) or an Ecoflex/AIN mixture (right). The pristine Ecoflex showed
up to 2.7 °C temperature variations within the sheet, whereas the Ecoflex/AIN mixture had
~0.7 °C maximum temperature difference. (C) Comparison of experimental results and the
simulation result under a natural convection condition. (D) Comparison of experimental
results and the simulation result under a mild forced convection condition with ~5 km h’!
wind. Three experimental data points at each applied electric current were plot together in
(C) and (D) and showed excellent match with the simulation result. The root mean square
error of the experimental data points was less than 0.3 °C. (E) Simulation results of cooling
effect with Ecoflex and Ecoflex/AIN mixture heat spreading layers. The high thermal
conductivity of Ecoflex/AIN mixture layer reduces the power consumption of the TED by up
to 40% (from 140 mW to 80 mW) at 6.6 °C of TED cooling effect. (F) Simulation results of
power consumption at 6.6 °C of TED cooling effect with various thermal conductivity of the
stretchable sheet (k). The results indicate that the power consumption of the TED with
Ecoflex/AIN mixture layer (k, = 0.77 W m™! K'!) almost reaches the minimum value. It is
worth noting that the power consumption increase with the &, higher than ~1.5 W m™' K!,
which is similar to the thermal conductivity of TE pillars, is because the heat flow through
TE pillars easily dissipates at the interface of TE pillars and the stretchable sheets, and 0.5-
mm-long segment of TE pillars embedded in the stretchable sheets cannot contribute the
thermal insulation between cold and hot sides anymore.
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2.3  Power Generation Performance of Flexible TED

With the use of the air gap insulation layer and the optimal thermal design of high-
ZT TE pillars, our TED surpasses the performance of all previously reported flexible or
wearable TEDs, which is the key reason why our device is capable of delivering the long-
term active cooling effect. As none of the previous devices achieved active cooling effect
without the use of heat sinks, here we demonstrate power generation from human body heat
using our TED and directly compare it to that of previously reported flexible TEDs. During
the measurement, our flexible TED was attached to the wearer’s arm; the voltage, current,
and temperature difference between the cold and hot sides (47) were measured under various
load resistances and thermal conditions. A schematic illustration of the measurement setup
and the results are presented in Fig. 2.6, A to C. When the wearer was sitting stationary in an
indoor environment at 22 °C, the maximum open-circuit voltage (Voc) was 74.5 mV and the
maximum power density of our flexible TED on 32 °C human skin was 4.5 uW cm 2. This
is the highest generated power density ever reported for wearable TE generators on human
skin without heat sinks. Previous wearable TE generators based on a wide variety of materials
and designs without heat sinks*>**-%52 have exhibited maximum power densities of up to
2.28 uW cm 2 on human skin®®, as summarized in Fig. 2.6D. Furthermore, the power density
increased to 10.7 uW cm 2 when the wearer was walking at a speed of 5 km h™! because of
the increase in Zair (19.6 W m 2K 1)°* and to 25.1 pW cm? in a cold indoor environment
(10 °C). The maximum power generation vs. 47 on the skin followed the same trend as that

on the heater setup (Fig. 2.6C).
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The high performance in power generation of our flexible TED originated from the
use of high-ZT inorganic TE materials in a flexible form and our optimal thermal design,
namely, a low Grep that matches human metabolic heat and natural convection conditions,
which are also the two prerequisites to achieve active cooling on human skin without a heat
sink, as discussed earlier. To further illustrate this point, we investigated the relationship
between the power generation (Seebeck effect) and the cooling effect (Peltier effect) as a
function of Grep and ZT through simulation. We set the human metabolic heat (Qsin) to 87
W m 2 and /4 to 10 W m 2K ! with natural convection and radiation. As shown in Fig. 2.6E,
the power generation and cooling effect clearly followed the same increasing trend with
decreasing Grep. When the ZT of the TED was 0.7, the device only provided an appreciable
(> 3 °C) cooling effect when Grep was less than 120 W m 2 K™!, which corresponds to a
power generation density higher than 4 uW c¢cm 2. The required Grep would be even lower if
the device had a lower ZT. Because of the low power generation of most previous flexible
TE generators without heat sinks (< 2.28 uW cm?), it was challenging to achieve an

appreciable cooling effect on human skin.
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Figure 2.6 Power generation of the TED and its impact on active cooling. (A)
Schematic diagram of the measurement setup used to monitor power generation on human
skin. The voltage and current were measured with various load resistors while the TED was
attached to the wearer’s arm. (B) Power generation as a function of output voltage under
various thermal conditions. (C) Summary of the maximum power generation from our TED
on a heater or human skin. The maximum power generation on human skin was 4.5 uW cm 2
and the open-circuit voltage (Voc) was 74.5 mV at room temperature (74 = 22 °C) with
natural convection (sitting). The power generation increased up to 10.7 pW cm 2 with mild
forced convection (walking) and up to 25.1 pW cm 2 under cold condition (sitting, Ty =
10 °C). (D) Summary of power generation and Voc of wearable TEDs from the literature. All
the measurements were performed on human skin without heat sinks at room temperature.
(E) Simulation results comparing cooling (Peltier effect, black) and power generation
(Seebeck effect, blue) performance as functions of Grep and ZT (right) and schematic
illustration of the geometry and thermal conditions used in the simulation (left).
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2.4 Cooling and Heating Performance of Flexible TED on

Simulated Heater

We characterized the cooling and heating effect of the TED using a laboratory setup
(Fig. 2.7A). The thin-film heater in the setup generated a heat flux of 87 W m2 to simulate
the typical metabolic rate from a human in an indoor environment 2°. The cooling and heating
performance were evaluated by monitoring the temperature at the bottom of the TED (7¢)
while a current (/) ranging from —60 to 140 mA was applied to the TED. The negative and
positive current resulted in heating and cooling effects, respectively, as expected from the
TED configuration. At each applied current, 7. began changing instantaneously and reached
a plateau within a few minutes (Fig. 2.7B). When / = 140 mA, a large steady-state
temperature reduction of 7.3 °C was achieved with only natural convection and radiation.
This cooling effect could be maintained for an extended period (~8 h) (Fig. 2.7C).

The stabilized temperature change as a function of the applied current is displayed in
Fig. 2.7D. As expected from our finite element model (Fig. 2.7D), 7. could be
deterministically decreased or increased by applying positive or negative current,
respectively, because of the Peltier and Joule heating effects. The cooling effect (7. reduction)
was eventually saturated and then diminished with increasing positive current because of the
excessive Joule heating. Because of the flexibility of the TED, the cooling and heating effects
did not change on a curved substrate with bending radii of 40 and 30 mm (Fig. 2.7E). We
also determined the coefficient of performance (COP) of the devices (right axis in Fig. 2.7D),
which is the ratio between the heat removed from the skin (87 W m™2) and the applied electric

power (see Materials and Methods for details). The COP values were measured to be 1.7 and
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7.6 for 7 °C cooling and heating, respectively. The high COP values indicate a low power
consumption of ~90 W for cooling and ~20 W for heating per person assuming total
metabolic heat of ~150 W for a human body area of 1.8 m>.

The operation of the TED was also tested under a mild convection condition with a
wind speed of 5 km h™!. This wind speed can be expected in certain indoor > and outdoor
environments (e.g., walking) 3* and will lead to a moderate increase of /4. As shown in Fig.
2.7F, the maximum cooling was greater than 13 °C, approximately twice that under the
natural convection condition because of the more efficient heat dissipation to the air. Using
COMSOL modeling, we determined that this temperature reduction corresponds to /- of
~20 W m2K! (Fig. 2.5D), which is expected for the 5 km h™! wind speed.

As previously discussed, the high performance of the TED can be attributed to the
unique thermal design: thermal insulation between the cold and hot sides and lateral heat
spreading within the Ecoflex/AIN layers. The TE pillars with a small height-to-width ratio in
traditional TEDs result in large thermal leakage (large Grep), which diminishes the cooling
performance. To verify the thermal design concept, the cooling/heating performance of a
commercial TED (430857-500, Laird Technologies) and three flexible TEDs with various
pillar designs were characterized for comparison (Fig. 2.8A). A clear trend of enhanced
cooling/heating effect was observed with increasing height-to-width ratios of the TE pillars,
as shown in Fig. 2.8B. Similar trends were also observed with increasing gap between pillars
and increasing lateral thermal conductivity of the elastomer sheets.

We further demonstrated thermoregulation performance of the TED, namely
maintaining human skin temperature constant in the wide range of ambient temperature, with

a realistic human skin setup (Fig. 2.7G). The setup simulated 37 °C of constant body core
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temperature (7o) using a feedback-controlled heater and heat transfer within human skin
using a 1.2-cm thick PDMS layer, which has similar thermal conductance as that of the skin
(Gskin = 11 — 17 W m™ K! at comfortable conditions) '°. A temperature-controlled chamber
enveloped the setup and changed the ambient temperature during the demonstration. The
TED and a PID controller were programed to maintain surface temperature of the PDMS
layer (Tsin) constant while the ambient temperature was increased from 19 °C to 33 °C under
the natural convection condition and from 15 °C to 36 °C under the mild forced convection
condition (5 km h™! wind).

As shown in Fig. 2.7H, within the entire ambient temperature range, the TED could
maintain Ty, at its setpoint, the neutral skin temperature at the neutral ambient temperature
(26 °C), by cooling and heating. The negative currents for TED heating or the positive
currents for TED cooling were applied by the PID controller to compensate the lower or
higher ambient temperature than the neutral ambient temperature, respectively. The results
indicate that the TED thermoregulation can provide thermally comfortable condition to a
human body in the 14 °C (19°C — 33 °C) of large ambient temperature window and the
window can even broaden up to 21 °C (15°C — 36 °C) with the mild forced convection. The
hottest ambient temperature (33 °C) under the natural convection condition was 7 °C higher
than the neutral ambient temperature, and the TED cooling successfully maintained 7, with
140 mA of applied current. This suggests 7 °C cooling effect of the TED, which matches with
the maximum temperature drop shown in Fig. 2.7D. Under the mild forced convection
condition, the cooling effect was even larger; the TED could maintain ZTsin with 160 mA of
applied current at the ambient temperature as high as 36 °C, which is 10 °C higher than the

neutral ambient temperature. Considering the TED showed extra cooling effect when the
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current was larger than 160 mA (Fig. 2.7F), the cooling effect of the TED under the mild

forced convection condition can be greater than 10 °C.
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Figure 2.7 Cooling and heating performance. (A) Laboratory cooling/heating
measurement setup. The heating power of a heater (Qskin) Was fixed at 87 W m2 (measured
by a heat flux sensor) to simulate the typical metabolic rate from a human. (B) Time-
dependent cooling/heating eftects from the TED. (C) Sustainable cooling effect for a long
period (8 h) with an electrical current of 140 mA. (D) Summary of temperature changes
(black) and COP (blue) during TED operation with natural convection. The maximum
temperature decrease was 7.3 °C. (E) Summary of temperature changes (black) and COP
(blue) during TED operation with mild forced convection (5 km h™! wind). The maximum
temperature decrease was more than 13.6 °C. (F) Cooling/heating effects for bending radii
(r) of 30 and 40 mm, showing no change compared with those on the flat setup. The inset
shows the measurement setup to test the cooling/heating effect of the TED under bending.
(G) Schematic of a human skin setup to demonstrate TED thermoregulation. (H)
Thermoregulation measurement results. The surface temperature of the PDMS layer (7iin)
was maintained by TED cooling and heating within the entire range of ambient temperature.
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Figure 2.8 Comparison of TEDs. (A) Four TEDs with various TE pillar designs and
thermal conductivity values of the stretchable polymer sheets (k). The four devices included
three flexible TEDs and a commercial TED made of the same TE materials. The geometric
and thermal parameters of the TEDs are summarized in the schematics. (B) Summary of
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2.5 Thermoregulation on Human Skin using Flexible TED

The flexibility of our TED makes it well suited for personalized thermoregulation as
a wearable device. To demonstrate personalized thermoregulation on human skin under
realistic conditions, we integrated the flexible TED into a garment and attached it onto the
arm of a human subject. As shown in Fig. 2.9A, a thin porous mesh fabric was used to cover
the TED without impeding the heat dissipation while an elastic nylon fabric was used to wrap
the TED around the arm. A thermocouple was used to monitor the temperature of the skin
covered by the TED (7in) while the subject was exposed to a controlled thermal environment
within a wide temperature span of 22 °C to 36 °C. A PID controller was used to adjust the
current applied to the TED to maintain T, at the comfort temperature (32 °C) regardless of
the ambient temperature. At each ambient temperature set point (namely, 22 °C, 26 °C, 29 °C,
31 °C, 34 °C, and 36 °C), the current to the TED was initially turned off (TED OFF) during
the first 5 min, and the corresponding 7skin Was monitored, as shown in Fig. 2.9B. As expected,
the Tsin largely followed the ambient temperature: T, varied from 28.5 °C to 34.3 °C as 7,
was changed from 22 °C to 36 °C. After the first 5 min, the TED was turned on with its
applied current automatically adjusted by the PID controller with a temperature set point of
32 °C. As shown in Fig. 2.9B, the measured skin temperature reached the set point within 2
min and then remained at the set temperature thereafter regardless of whether the ambient
temperature was lower (heating from TED) or higher (cooling from TED). This fast thermal
response from the TED followed the same behavior as the laboratory setup (Fig. 2.7B). The

precise and adjustable skin temperature control offered by the TED highlights the unique
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advantages of TE thermoregulation compared with other approaches, such as water or ice
packs, which are not controllable.

We also used an infrared camera (E60, FLIR) to image the skin and TED to visualize
the active heat pumping effect. Fig. 2.9C shows the TED hot-side temperature of
approximately 42 °C for the maximum cooling condition, which illustrates the active heat
pumping from the cold (skin) side to the hot side. The hot-side temperature is also consistent
with %4 (~11 W m 2 K1) and the heat dissipation to the environment (skin metabolic heat
plus TED power consumption, see note S2). Fig. 2.9D presents an IR image of the residual
cooling effect on the skin immediately after removing the TED. The IR image clearly shows
~2.5 °C cooling on the skin under the area originally covered by the TED compared with the
rest of the skin.

The achievement of precisely controllable thermoregulation using the flexible TED
has significant implications, which can be best illustrated by the distinctly different skin
temperature responses to ambient temperature variation with and without TED operation (Fig.
2.9E). The typical comfort temperature range of human skin is 31.5 °C to 32.5 °C, which
corresponds to an ambient temperature range of 28 °C to 30 °C without the TED!**, When
the TED is operating, however, the skin temperature can be maintained at a constant comfort
temperature of 32 °C even within the wider ambient temperature range of 22 °C — 36 °C, thus
simultaneously broadening the comfortable ambient temperature zone from 2 °C (74ir =28 °C
—30 °C) to 14 °C (Tuir = 22 °C =36 °C) and enhancing the wearer’s thermal comfort. This
14 °C of comfortable ambient temperature zone with the TED operation matches with the
results obtained by our human skin setup (Fig. 2.7H). The broadening of the ambient

temperature set points could lead to substantial energy savings for indoor centralized HVAC
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systems, by as much as ~0.8 kW per person or 20% for a typical building, according to energy
analysis’>’. Notably, this building-level energy savings is achieved with negligible energy
consumption by the TED, as expected from the measured high COP of our TEDs (Fig. 2.7,
D and 4F). We also directly measured the power consumption of the TED when cooling the
skin, which was determined to be only about tens of watts per person, depending on the
ambient temperature (see details in Fig. 2.10). Therefore, our results directly point to the
tremendous energy savings potential offered by individualized thermoregulation using our

flexible TEDs.
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Figure 2.9 Demonstration of thermoregulation on human skin. (A) Photograph and
schematic diagram of the TED armband. The wearer’s arm was encompassed by a controlled
thermal environment. (B) Change in 7, under various 7, conditions before and after TED
operation. Without TED operation, T, varied from 28.5 °C to 34.3 °C while 74;- changed
from 22 °C to 36 °C. With active thermoregulation of the TED, T, converged to the preset
comfort temperature (32 °C) under all the T, conditions. (C) Infrared image of the TED
armband (hot side) during cooling (/ = 160 mA) on the subject’s arm. (D) Infrared image of
the skin after removing the TED armband, showing residual cooling effect. (E) Summary of
Tskin as a function of 7y, with and without TED operation. The cooling and heating of the
TED broadened the comfortable ambient temperature zone from 2 °C (74 =28 °C — 30 °C)
to 14 °C (Twr = 22 °C — 36 °C). (F) Schematic of the TED armband integrated with the
flexible battery pack (photograph). (G) Skin temperature change by TED cooling under three
conditions: (1) sitting indoors, (2) walking indoors, and (3) walking outdoors under mild
wind conditions. The maximum skin cooling effect was 6 °C.
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Figure 2.10 Power consumption during the thermo-regulation of human skin. (A)
Power consumption of the TED during thermoregulation at various air temperatures 7air. (B)
Summary of the power consumption as a function of 7.
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2.6 Integration of TED with Flexible Batteries for Mobile

Thermoregulation

We also demonstrated the mobility of our wearable TED by integrating it with a
flexible battery pack to produce an all-flexible personalized thermoregulation device. The
power pack was fabricated by embedding ten coin-cell batteries into an Ecoflex matrix and
connecting them to each other with serpentine copper electrodes such that their flexibility
matched that of the TED (see Materials and Methods for details)*®. Fig. 2.9F shows an
integrated cooling armband with the flexible battery pack. The device was tested under three
realistic conditions to investigate the effect of various convection and metabolic conditions,
as shown in Fig. 2.9G and Fig. 2.11: 1) sitting in an indoor environment without wind to
represent typical office conditions; 2) walking indoors at a speed of ~5 km h™! to test the
cooling effect under enhanced metabolic rate and convection conditions; and 3) walking
outdoors at a speed of ~5 km h™! under mild wind conditions to verify the feasibility of the
TED for outdoor usage (see Materials and Methods for details).

When the TED was initially turned on with the flexible battery pack (/ = 120 mA),
the skin temperature decreased rapidly by up to 2.5 °C, which matches well with the
temperature drop shown in Fig. 2.9B and E. This temperature drop was stable as long as the
wearer was sitting still (condition 1). When the wearer started walking under the second
condition, the temperature drop doubled, up to ~5 °C, because of the forced convection effect
during walking, which is consistent with the trend observed in the laboratory setup under the
mild forced convection condition (Fig. 2.7F). The last condition additionally increased the

temperature drop to up to 6 °C because of the even higher convection effect from the synergy
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of walking and the wind outside. This 6 °C skin cooling effect of the 5x5 cm? TED consumed
only ~180 mW of power, or 1.8 Wh of energy for 10-h operation, which can be supplied by
~9 g of batteries (assuming a battery energy density of ~200 Wh kg™!)*°. Considering a
cooling vest made of 144 of such TEDs to cover the hotspots of on the skin (e.g., back, chest,
and abdomen) with an area of ~3600 cm? (~20% of the total body area), the power
consumption is calculated to be ~26 W. Moreover, under the mild forced convection, the
power consumption of the cooling vest is expected to be reduced by ~45%, to ~14.3 W, based
on the results from the laboratory setup (Fig. 2.7F). This energy consumption can be readily

supplied by a battery pack with a weight of ~430 grams for approximately 6 hours of

operation.
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2.7 Materials and Methods

2.7.1 Fabrication of Flexible TED

The processes used to fabricate the flexible TED are schematically illustrated in Fig.
2.1F. First, commercial TE alloys were cut into pillars that were 1x1 mm? in area and 5 mm
in height. The TE pillars were aligned into a 12x12 array with 3-mm spacing between
adjacent pillars. The array was attached to a carrier substrate using a thermal responsive
adhesive as the first step. A Cu film (35 pum in thickness) with a solvent-soluble adhesive was
attached to another carrier substrate for the fabrication of the top electrodes. The Cu film on
the carrier substrate was cut into individual electrodes (1.5 mm in width and 5.5 mm in length)
for each pair of TE pillars, and the residual Cu film was removed from the carrier substrate
(Fig. 2.2A). A polyimide tape was attached to the electrodes as a solder mask opening only
the parts that contact with the TE pillars. The Cu electrodes on the carrier substrate were
soldered to the TE pillar array using a soldering paste (Fig. 2.2C). After detaching the carrier
substrate and solder mask from the Cu electrodes by soaking the device in acetone, a SiO»
layer (200 nm) was deposited onto the electrodes to improve the adhesion with the stretchable
polymer sheet. Next, 1-mm-thick Ecoflex 00-30A/B (Smooth-on) containing 26 vol.% of
AIN powder (10 um in diameter, Sigma-Aldrich) was cured, embedding the electrodes and
the small segment (0.5 mm) of TE pillars. The Ecoflex and AIN powder mixture film with
the electrodes and TE pillars was cut to dimensions of 5x5 cm?, and the carrier substrate for
the TE pillars was detached by applying heat to melt the heat-responsive adhesive. The

aforementioned process was repeated for the bottom layer fabrication.
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2.7.2 Thermoelectric Characterization of TED

The thermal conductance of the TED (Grep) was measured by applying heating power
(Q) to the TED and measuring the temperature difference between the hot and cold sides
(AT =Ty, — T,, where Ty is the hot-side temperature and 7. is the cold-side temperature.).
Grep was calculated using Grgp = d(Q)/d(AT). The Seebeck coefficient (S) was also
measured using the same setup by additionally measuring Voc of the TED for various
temperature differences. The device-level average Seebeck coefficient was calculated from
the slope of Voc vs. AT, namely, S = d(Vyc)/d(AT). The thermal conductivity of the
stretchable Ecoflex sheets (k,) was measured using the same method as that used for the Grep
measurement, and the measurement was calibrated with standard polymer samples, including

pristine Ecoflex (k, = 0.20 Wm ' K™).

2.7.3 Measurement of Cooling/heating Performance of TED

For the laboratory setup shown in Fig. 2.7A, a thin film heater and a heat flux sensor
(PHFS-01, FluxTeq) were used to simulate metabolic heat from a human body. During the
measurement, the heater power was PID controlled to maintain a constant heat flux (Fig.
2.12). A polystyrene foam insulation layer was placed underneath the heater to prevent
parasitic heat loss. A thermocouple was placed under the TED to measure 7., and the other
thermocouple was located ~20-cm away from the TED to monitor the ambient temperature
(Tuir)- The cooling and heating effect at each electrical current was measured for 60 min: 20
min for pre-stabilization of the temperature without an electrical current, 20 min of TED

operation with the current ranging from —80 mA to 160 mA (—80 mA to 200 mA for the
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forced convection condition), and 20 min of post-stabilization of temperature after switching
off the electrical current. The temperature change in the summary results (e.g., Fig. 2.7D)
was defined by the temperature difference of 7. shortly before switching on and off the TED.
The cooling/heating measurements were repeated three times (Fig. 2.9C and D), and the root
mean square error was less than 0.3 °C. The temperature increased when a negative current
was applied to the TED and decreased when a positive current was applied. For cooling, with
increasing current, the temperature decreased almost linearly because of the Peltier effect and
then began to saturate and eventually increased because of the excessive Joule heating.
However, when a negative current was applied for heating, the temperature continued rising
without saturation as the electrical current decreased because of the combined Peltier and
Joule heating effects.
The COP was determined using

stin stin
COP = = ,
w SIAT + I%R

(2.7)

where Ouin is the metabolic heat from a human body (Qgin = 87 W m™2 X A), A is the area
of the TED, W is the supplied power, [ is the applied electrical current, and R is the internal

electrical resistance of the TED.
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Figure 2.12 PID control of the heat flux from the heater. (A) Measured heat flux applied
to the heater during cooling/heating measurement. The heating power was maintained at a
constant 87 W m value using a PID controller, with the feedback from the heat flux sensor.
(B) An example of heat flux recovery graph with the PID controller after switching on/off
the TED. When the TED was switched on at the electrical current of 140 mA, the cooling of
the Txin increased the heat flux from the insulation layer to the TED bottom. On the contrary,
switching off the TED decreased the heat flux. The PID controller recovered the heat flux
within two minutes.
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2.7.4 Measurement of TED Performance on Human Subject

The armband was fabricated by attaching a piece of mesh fabric (90% nylon and 10%
spandex) onto a square hole (~6x6 cm?) of a nylon elastic fabric strip with fabric adhesive.
The TED was sandwiched between the mesh fabric and skin during the measurement. A
healthy male subject with normal body mass index was recruited, and the cooling/heating
effect of the TED armband was measured on the wearer’s arm, as shown in Fig. 2.9A. A
temperature-controlled chamber was designed to locally regulate the ambient temperature
(T4ir) near the arm considering the small areal density of the TED relative to the surface of a
human body. 7. in the chamber was controlled by a heater with thermally insulating fabric
covering the chamber to prevent heat loss. A small hole in the chamber was prepared to place
the subject’s arm. Before the measurement, the subject sat and relaxed under a thermal
comfort condition while placing an arm in the chamber and waited for more than 1 h for
stabilization of the metabolic condition and 74; in the chamber. There were no sources of
forced airflow such as movement of the subject or ventilation during the measurement. The
current applied to the TED was PID controlled to maintain 7, at the comfort temperature
of 32 °C (Fig. 2.9B). After T reached steady state, Tsin and T were recorded for 10 min,

and the TED was switched after 5 min.

2.7.5 Fabrication of Flexible Battery Pack

A piece of copper sheet (20-um thick, Oak-Mitsui, Inc.) was first spin-coated with
amic acid precursor [poly(pyromellitic dianhydride-co-4,40-oxydianiline), HD-P12545, HD

MicroSystems] followed by soft baking at 110 °C for 3 min and at 150 °C for 1 min to fully
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remove the solvents. The thickness of the polyimide (PI) film after baking was 2 um, which
was determined from the spin-coating parameters (4000 rpm, 1 min). Hard baking of the PI
film was performed at 300 °C for 1 h in a nitrogen gas oven to achieve complete crosslinking
and curing of the PI. The copper/PI sheet was then laminated on a piece of glass slide coated
with polydimethylsiloxane (PDMS, Sylgard 184 silicone elastomer, 15:1) with the PI layer
contacting the PDMS. Before lamination, both the PI and PDMS surfaces were activated with
ultraviolet (UV) light (PSD series Digital UV Ozone System, Novascan) for 2 min. The
island-bridge serpentine structure was designed with AutoCAD software and then patterned
using pulsed laser ablation (Laser Mark’s) on the copper sheets. The laser parameters (central
wavelength of 1059—-1065 nm, power of 0.228 mJ, frequency of 35 kHz, speed of 300 mm s
!, and pulse width of 500 ns) were optimized for the copper sheet ablation. In a coin-cell
battery array, two such electrodes, a cathode (+) and an anode (—), are needed. The patterned
electrode was then transfer-printed with water-soluble tape (3M) to a silicone
superstrate/substrate (300 um, Ecoflex, Smooth-On Inc.) with the PI layer contacting the
silicone layer. The Ecoflex superstrate was prepared by mixing two parts of its precursor
components (1:1 volume ratio), spin coating at 100 rpm for 1 min, and crosslinking on a
hotplate at 60 °C for 30 min. To improve the bonding strength between PI and the Ecoflex
layer, UV activation was applied followed by baking at 80 °C for 10 min in a convection
oven. The water-soluble tape was rinsed off with deionized water.

For these tests, we adopted coin-cell batteries operated by an aqueous-based
electrolyte (XR48, ZPower LLC.). These batteries provide a stable and non-flammable

electrochemistry, which is suitable for wearable applications. The coin cells were connected
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in parallel and bonded to the first copper electrode with a silver-epoxy conductive adhesive
(EPO-TEK H20E, Epoxy Technology) at 80 °C for 4 h in a convection oven. The second
electrode was aligned with the pre-bonded coin cells under a stereomicroscope and bonded
with the silver-epoxy adhesive using the same method. Next, two copper wires were soldered
to the specific island pads on both the anodic and cathodic copper electrodes. Then, the gap
between the sandwiched device was filled with Ecoflex and cured at room temperature for 4
h. Finally, a free-standing stretchable coin-cell battery array was obtained after removing the

two pieces of glass slides.

2.7.6 Demonstration of Mobile Application of TED with Flexible Battery

Pack

Two identical TED armbands were prepared for this demonstration. The TED
armbands were attached to both of the subject’s arms; one of the TEDs was operated using
the flexible battery pack during the demonstration while the other was not operated (Fig.
2.11A). Along with the skin temperature under the TED with operation (Zn), the skin
temperature under the TED without operation (Zsinref) Was monitored as a reference to
compensate for the passive cooling/heating effects by thermal condition changes (e.g., wind,
ambient temperature, or metabolic heat generation). The relative temperature change (47e)
from the active TED cooling was calculated using ATro; = (Tskinrer — Tskin) —
(Tskinrer — Tskin)t=0- The similar Tskin and Tskin rer values before and after measurement (Fig.
2.11B) indicate that both arms and TEDs were exposed to identical thermal conditions (e.g.,

thermal insulation and metabolic heat generation).
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2.8 Conclusions

In summary, we developed, for the first time, a flexible and wearable TED with large,
sustainable, controllable cooling and heating effect with a high COP for personalized
thermoregulation. The TED is sufficiently thin, flexible, light, and readily embeddable into a
garment. The wearability of the TED is uniquely achieved by eliminating the need for the
large heat sinks (e.g., fin or fan) typically employed in traditional devices and by exploiting
high-aspect-ratio TE pillars with an air gap to achieve low thermal conductance in the TED.
We achieved a large cooling effect of up to 13 °C in the TED without the use of a heat sink,
which will provide sufficient thermoregulation for human thermal comfort. We also
integrated the thermoelectric devices into a wearable garment and demonstrated the long-
term, energy-efficient cooling and heating effects on human skin: the garment maintained the
skin at the comfort temperature of 32 °C while the ambient temperature varied from 22 °C to
36 °C. The high COP of the TED and the localized cooling capability offer tremendous
energy savings potential for personalized cooling compared with traditional centralized space
cooling approaches. Thus, wearable garments based on the TED developed in this work may
revolutionize the century-old cooling technology for climate control in buildings and vehicles.

Chapter 2, in full, has been submitted for publication of the material, Sahngki Hong,
Yue Gu, Joon Kyo Seo, Joseph Wang, Ping Liu, Y. Shirley Meng, Sheng Xu and Renkun

Chen. The dissertation author was the primary investigator and the first author of this paper.
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Chapter 3
Wearable Thermoelectrics for Thermal

Camouflage

3.1 Introduction

60-63

Camouflage is an essential skill commonly seen in nature and technical/scientific

6465 matching the intensity and patterns of a certain spectrum range (e.g., visible,

applications
infrared (IR), radar radiations) with surroundings. While visual camouflage has exploited for
a few million years of human history and achieved success®**®®, thermal camouflage suddenly
attracted great attention for a recent century owing to the development of IR surveillance
technology®’-"°. However, the thermal camouflage technology is still primarily limited by the
intrinsic difficulty of handling IR radiation, intimately connecting with temperature and
emissivity (&) by Stefan-Boltzmann law. The objects desired to be hidden (e.g., a human body
or a vehicle) emit IR rays by themselves unlike visible light, and control of the IR radiation
and the consequent temperature change of the objects affect their functions, for instance,
blocking the heat from the vehicles causes overheating or cooling the surface of a human

body leads hypothermia®.

Due to the given inherent limitations, past studies have been focused on cheating IR

71-80 81-85

detectors by manipulating emissivity or conduction® °, avoiding the direct temperature
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control. Notably, the emissivity manipulation has been served as a golden standard with both

7176 whereas the manipulation of

pre-controlled’’®® or adjustable emissivity coatings
conduction is still investigated in a fundamental level under only precisely controlled
conditions such as conductive medium with a uniform temperature profile. Although many
studies showed thermal camouflage effect with the emissivity manipulation, the camouflage
effect can be largely interrupted by surrounding conditions due to inherent high reflectance
(low emissivity) for mitigating the IR radiation from the objects to be hidden. For instance,
a reflection of hot/cold spots in nature (e.g., the sun or sky) or contamination with high
emissivity materials (e.g., raindrops or dust)*®*” possibly ruins the camouflage effect. Further,
the temperature range that can cheat IR detectors with the emissivity manipulation are limited;
the maximum temperature cannot be higher than the temperature of heat sources when the
IR emission is 100% (¢ = 1), and minimum temperature cannot be lower than the ambient
temperature when the IR reflection is 100% (¢ = 0).

Recently, some studies suggested possibilities of non-reflective and active IR
camouflage by direct manipulation of the surface temperature of the objects such as injecting

6 or utilizing

hot or cold liquid through microfluidic channels on a soft robot’s skin
thermoelectric devices (TEDs) on vehicles®® or blankets®. However, although those technics
were successfully demonstrated on machines, active IR camouflage on a human body
remains a great challenge due to the poor wearability and portability of the previous
approaches; they need bulky fluidic channels with a pump system or rigid TEDs with large

heat sinks that are not suitable for a wearable application. In contrast, the flexible TED that

we previously demonstrated have shown sufficient wearability, portability, and temperature-
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regulation performance without bulky heat sinks, which is suitable for a personal thermal
camouflage by controlling the surface temperature of the flexible TED.

Here, we demonstrated personal thermal camouflage based on the flexible TED
which is adaptable to the background temperature changes. The TED is sufficiently thin,
portable, and flexible to be embedded in a garment thanks to the optimized thermal and
mechanical designs. The TED provided active and precise thermal camouflage hiding heat
from a heater setup under various background temperature. The camouflage effect was not
interrupted by the reflection of surroundings since the TED has low IR reflectance. Finally,
we also demonstrated the camouflage effect on human skin with an armband embedding the
TED supported by a flexible phase change material (PCM) heat absorbing layer. This novel
wearable thermal camouflage may pave the way for personalized and environment adaptable

thermal camouflage.

3.2 Design

Thermal camouflage requires to adapt thermal patterns of the object to the
background where the background thermal radiation varies depending on the materials and
thermal conditions (e.g., hot rocks under the sun or cool plants with evaporation). The active
thermal camouflage with the TED can be done by controlling the surface temperature of the
TED (T7ep) and matching it with the background temperature (7sqcx) to hide the metabolic
heat from a human body as illustrated in Fig. 3.1A. In our previous study [ref], we showed
that the flexible TED was able to eliminate heat sinks which hinder the wearability by

reducing thermal conductance between cold and hot sides (Grep) with thin thermoelectric
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pillars (1x1 mm? in area and 5 mm in height) and large air gaps between them (Fig. 3.1C).
The TED was highly durable under bending stress (Fig. 3.1B) because the top and bottom
stretchable polymer sheets (Ecoflex and AIN particles mixture) expand or contract, absorbing
the most of bending stress and protecting the embedding rigid TE pillars from the mechanical
stress. AIN particles in Ecoflex improves lateral heat conduction within the top and bottom
sheets for efficient heat spreading to prevent the heat on the hot side flowing backward to the
cold side that also accounts for the high thermo-regulation performance without heat sinks.
The TED was able to adjust the surface temperature by more than £15 °C (Fig. 3.1D).
When the metabolic rate from a human body with light activity (50 — 100 Wm™) and a mild
convection with the heat transfer coefficient from the TED to the air (hair) of 10 — 20 Wm?2K"
!, the temperature difference between the T7zp and the ambient temperature (74i) is expected
to range from 2.5 °C to 10 °C depending on the thermal conditions. Considering the 15 °C
cooling on the TED surface, the camouflage can be sufficiently operated in the most of
conditions including the case when the Thacr 1s even lower or higher than 74 due to solar

radiation or evaporative cooling.
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Figure 3.1 A concept of thermal camouflage by the flexible TED. (A) Schematics of
thermal camouflage with the low-e coating and flexible TED cloth. While the regular cloth
cannot hide radiation power from a human body and the low-e coating reflects cold and hot
spots of surroundings, the flexible TED cloth can camouflage the human body by Peltier
cooling/heating without reflection. (B) Photograph of the fabricated flexible TED. (C) The
design of our TED. High flexibility and cooling/heating performance were achieved by high
performance (ZT = 0.71) and large height (5 mm) to area (1x1 mm?) ratio TE pillars
sandwiched by two stretchable sheets (Ecoflex and AIN particles mixture) with a large air
gap. Also, the Ecoflex and AIN particles mixture heat spreading layers enable the TED
flexible. (D) Experiment and simulation results of the temperature change on top of the TED
(4Trep) as a function of electrical current. The inset schematic shows the measurement
system. The bottom temperature of the TED was maintained by a heat sink, and electrical
currents were applied to the TED, resulting in Peltier cooling/heating on top of the TED. The
camouflage temperature range was more than £15 °C.
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3.3 Active Thermal Camouflage

We demonstrated the active thermal camouflage performance of our TED compared
with the low emissivity (low-e) film, which has been served as a golden standard of passive
thermal camouflage. As displayed in Fig. 3.2A, both the TED and the low-e film were placed
on a heater maintaining its surface temperature at 28 °C to mimic metabolic heat generation
from a human body in rest. The heater was suspended on a temperature controller (20x20
cm?) covered with high emissivity polymer tape to simulate background temperature change.
IR camera (E40, Flir) recorded the temperatures while 7hqcx changes in the range of 14 —
34 °C at the constant ambient temperature (74 = 20 °C). The details of the measurement
setup and concept are described in Fig. 3.2E and F. While the TED interacted with ambient
with the heat transfer coefficient of /. = 10 Wm™K™! with natural convection and mild
ventilation in the laboratory, low-e film had convection heat transfer (%,4s) without radiation
due to its low emissivity, which results in the surface temperature of 28 °C (Tiow-¢). The
temperature change of the temperature controller did not affect the temperature of the heater
setup due to the air gap between the heater and the temperature controller and an insulation
layer at the bottom of the heater (Fig. 3.2E).

As displayed in Fig. 3.2B, when 74uir = Thack, the low-e film was camouflaged despite
its higher surface temperature (7jow-) compared to Track since the film reflects the thermal
radiation from surroundings (7%i), instead of emitting its thermal radiation (Fig. 3.2F). The
TED also showed the camouflage effect by controlling 77zp and emitting the thermal
radiation matched with the background (Fig. 3.2E). However, when Tp.cx was changed, the

camouflage effect was not maintained in the case of low-e film while the TED was able to
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camouflage with excellent temperature uniformity (Fig. 3.2C and D). During the camouflage,
the temperature distribution on the TED was +0.4 °C in terms of root mean square error as
displayed with the temperature histogram in the inset graph of Fig. 3.2C. Since the
temperature distribution was originated from the convective heat transfer at the side of the
TED, even more accurate and uniform camouflage effect can be expected with larger TED.
Fig. 3.2G shows the comparison of T7ep, Teack, and Tair as a function of time. As increasing
Track from 14 °C to 34 °C for 5 min, Trep followed Tpuek by controlling the input power to the

TED.
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Figure 3.2 Active thermal camouflage by the TED. (A) Photographs of the TED (top)
and low-e film (bottom) on the measurement setup. (B) IR images of the TED and low-e film
with the same Tpack and T of 20 °C. Both devices showed the camouflage effect. (C and D)
IR images of the TED and low-e film at Tpaex = 14 °C (c) and 34 °C (d). The TED displayed
the camouflage effect while the low-e film did not. (E) Schematic of the measurement setup
with the TED. The heater temperature (7}eaer) maintained at 28 °C to simulate human skin
with clothing, and a temperature controller with high emissivity coating controlled Tpuck to
demonstrate background condition change. The TED matched 77ep with Tpucr by Peltier
cooling or heating. (F) Schematic of the measurement setup with the low-e film. While the
surface temperature of the low-e film (77,w-.) was 28 °C, the IR camera read 74 instead of
Tiow-e due to its high reflectance. (G) Temperature change during the measurement. 77ep
matched well with Tpacx within the background temperature of 14 — 34 °C.
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3.4 Anti-IR Reflection Property

As discussed, one of the issues of the emissivity manipulation technology is that it
needs low emissivity to block the thermal emission from a human body, resulting in
inevitable reflection of surroundings. This high reflectance causes noticeably different
thermal pattern compared to the background when there are hot or cold spots in nature such
as the sun (4000 K) or sky (4 K); the reflection will be even easier to be captured by IR
detector when human moves due to the change of the reflected thermal radiation. We
demonstrated the issue caused by the low emissivity as shown in Fig. 3.3 Since the surface
of'the TED was composed of high emissivity polymer (&po1ymer = 0.93), the TED did not reflect
the thermal radiation from a hand above the TED (Fig. 3.3C) while the low-e film which has
€low-e = 0.04 obviously reflected the radiation from the hand (Fig. 3.3D), which was certainly
detectable by an IR camera. The reflected thermal radiation of the hand showed the exact
skin temperature (34 °C) suggesting the imperfection of the emissivity manipulation

camouflage technic.

62



A Hot or cold object B

‘ ‘ <;\\°°~

(4
&

M ——,

\ Low-e film ‘

Figure 3.3 Anti-reflection property of the TED. (A and B) Schematics of IR reflection
of hot or cold spots in nature that possibly ruins thermal camouflage effect. (C) IR image of
the TED with high-emissivity polymer for anti-reflection. When a hand was placed above the
TED to verify the reflection, the temperature reading of IR camera did not change. (D) IR
image of the low-e film. Obvious IR reflection of the hand was observed.
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3.5 Thermal Camouflage on Human Skin

We demonstrated the camouflage effect of the TED on human skin. The TED
armband was fabricated for the demonstration: a regular fabric was used to wrap the TED
around the wearer’s wrist, and a mesh fabric was covered the TED to attach it on the armband
without impeding the camouflage effect (Fig. 3.4A). Also, the low-e film was attached to the
wrist as a comparison. The TED represented sufficient flexibility to conformally cover the
wrist which has the bending radius of around 20 mm. During the test, the thermal conditions

(i.e., Tuir and h4ir) was maintained similar to the heater setup. As shown in Fig. 3.4D,
Tskin without TED was 34 °C when the wearer in the thermally comfortable condition. After
wearing the TED armband, Tyacx was changed from 16 °C to 38 °C; the TED was controlled
to match Trep with Tpack (Fig. 3.4C). The results on human skin were consistent with the
results on the heater: the TED showed the camouflage effect in the all range of Thack (Fig.
3.4E-G) while the low-e film only displayed the camouflage effect when Tpacx = Tuir sSince
the film reflects the surrounding temperature.

During the thermal camouflage on skin, 7, was maintained at its thermal comfort
temperature of 34 °C despite the Peltier cooling or heating (Fig. 3.4C) without any harmful
effect on skin. This temperature stability underneath the TED was mainly realized by a
flexible phase change layer (PCL) between the TED and the fabric, which absorbed or
emitted the heat to compensate for a temperature change from Peltier effect. The PCL was
fabricated by embedding 2 g of phase change particles (MPCM28D, Microtek) in 3 g of
Ecoflex. Theoretically, this 2 g of phase change particles can absorb ~400 J of energy and

maintain the skin temperature for more than 20 min, however, more importantly, this PCL
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can be replaced by any heat absorbing/emitting layers such as coolant circulation film or

having a ventilation through the gap between the TED and skin.
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Figure 3.4 Thermal camouflage on human skin. (A) Photograph of the TED with phase
change layer (PCL) as a flexible heat sink. (B) Photograph of the TED armband and low-e
film on a wrist. (C) Schematic of the armband. A regular fabric wrapped around the wrist and
the TED was attached on the armband with a mesh fabric. PCL absorbed or emitted energy
to maintain the skin temperature (7). (D) IR image of the wrist of a wearer. (E-G) IR
images of the TED on human skin at Tpuer = 23, 16, and 38 °C respectively. Thermal
camouflage effect was maintained in all the range of Thacr. (H) Temperature changes during
the measurement. 77ep and Tpack matched well in Tpuer range of 16 — 38 °C (-7 °C and +15 °C
compared to 7)) while PCM layer prevented Tsiin change. (I) Long-term camouflage effect
on the skin with PCM layer. The PCM layer containing 2 g of phase change particles
maintained the camouflage effect for more than 30 min without overheating of T¢/oz.
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3.6 Conclusion

In summary, we developed a wearable and temperature adaptable thermal camouflage
device based on thermoelectrics. Our flexible TED showed great temperature-regulation
properties by optimization of thermal design: minimization of Grep and maximization of
lateral heat spreading within cold and hot sides. The TED showed highly accurate thermal
camouflage effect in the Thaer range of 16 — 38 °C (-7 — +15 °C compared to 7,i) on human
skin with the uniform temperature distribution on the TED (£0.4 °C). In addition, the TED
camouflage assisted by PCL had minimal impact on human thermal condition, representing
negligible Ty, change. The camouflage effect was not ruined by reflection due to its anti-
reflection property (high emissivity) while the camouflage with the emissivity manipulated
film (low emissivity) was easily interrupted by surroundings.

Chapter 3, in full, is currently being prepared for submission, Sahngki Hong and
Renkun Chen. The dissertation author was the primary investigator and the first author of

this paper.
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Chapter 4

Single-cell Calorimetry

4.1 Introduction

Many biological reactions are tied inherently to heat generation or absorption, which
can be measured by calorimetric methods®. Metabolic activities of microorganisms also
involve heat generation as a product of adenosine triphosphate (ATP) synthesis and oxidative
phosphorylation®2. Calorimetry is powerful tool to investigate the metabolic activities since
it is a non-invasive and label-free technique, which allow to monitor the metabolic behavior
in real time without altering the nature of microorganisms”~°. Bacteria detection and cancer
analysis are well-studied calorimetric applications. Calorimetry can diagnose bacterial
disease by detecting metabolic heat of bacteria in patient’s blood and even detect antibiotic
resistance through dosage of drug options’®*°. Abnormal metabolic activity of cancer cells
also can be investigated by calorimetry and a large amount of research has been devoted to
comprehending the relationship of metabolic heat and cancer?®!%0-192,

Currently, the metabolic heat of cells is measured by averaging across the entire
population of numerous cells. However, the average cell property does not represent that of

103,104

individual cells since the cells are heterogenous in many aspect such as type and amount

105,106 107 108

of proteins , respiration rate'%’, size and mechanical property'®®, and division time'®,
which are related to cell metabolism. Especially, heterogeneity of mitochondria such as

diverse membrane potential, redox states, and calcium level causes various metabolic
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behaviors of individual cells''’. Calorimetry has a unique advantage to investigate these
metabolic heterogeneities compared to other methods; for instance, calorimetry can provide
the overall metabolic information including anaerobic metabolism which cannot be detected
by oxygen consumption rate analysis**!!!. However, whereas the heterogeneities have been
widely investigated by optical''2, chemical'!®, electrical''* or mechanical'® single-cell
analysis (namely, cytometry), a method that can measure single-cell heat production has yet
to be developed. This is mainly because the sensitivity of classical calorimeters is insufficient
to measure the metabolic heat from a single cell. This poor sensitivity can be attributed to the
inherent difficulty in measuring heat; various parasitic heat loss mechanisms such as
conduction, convection, and radiation easily dissipate the tiny amount of heat from a single
cell.

Hence, efforts to enhance the calorimeter sensitivity (Js) centered on minimizing
thermal conductance (G) to suppress the parasitic heat loss as well as reducing minimum
detectable temperature (7min), where the sensitivity is determined by G and Tin (Os = G %
Tmin). Especially, introduction of microfabrication technology to calorimeter enabled to
integrate high-resolution temperature sensors and microfluidics-based sample transport
system on thermally insulative thin membrane, resulting in significant improvement of the

calorimeter sensitivity!!>-12

. In addition to the high-sensitivity, the chip-calorimeters
fabricated by this microfabrication technology also provide accurate sample handling and
visualization: dosing stimuli onto microorganism or monitoring morphological change and

population of cells in real time without disturbance of measurement!?6-127,
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This chip-calorimeters have evolved for a few decades to measure metabolic heat
production by microorganisms. The most sensitive cell metabolic heat measurement was
demonstrated by Johannessen et al.!? with a chip-calorimeter possessing the sensitivity of as
low as 13 nW. The calorimeter was able to measure 16.3 nW of metabolic heat from ten
brown adipocytes stimulated with noradrenaline. A few years later, the state-of-the-art chip
calorimeter with the sensitivity of 4.2 nW was developed by Lee et al.!'>. They achieved
lowest thermal conductance by virtue of low thermal conductance backbone membrane in
vacuum environment. However, the sensitivity is still larger than heat production by single
cells even in cells with high metabolic rate such as Tetrahymena (~3 nW)!?*13%_ Although
Inomata et al.'3! detected unusually high metabolic heat from a single brown adipocyte more
than 1 uW (a thousand times larger than other calorimetry results)'?®!32 for a decade, no
calorimeter has demonstrated better sensitivity than 4.2 nW!!> and measurement of normal
single-cell metabolic heat ranging from a few picowatts to a few nanowatts.

Here, we present the first chip-calorimeter that can measure single-cell metabolic
heat generation with 0.6 nW of high sensitivity. We achieved an order of magnitude greater
sensitivity through an innovative one-dimensional suspended microfluidics design and a
stable measurement platform with vacuum environment. Our magnetic cell trapping
approach allows for reliable measurement without perturbation by the movement of cells and
with supplement of sufficient amount of nutrients and oxygen to cells. Single-cell
measurements using the calorimeter revealed that the metabolic rate and cell size of
individual Tetrahymena thermophila follows the three-quarter power allometric scaling

relationship. Finally, a mitochondrial uncoupling agent carbonyl cyanide 4-
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(trifluoromethoxy)phenylhydrazone (FCCP) was dosed through the microfluidic channel to
stimulate metabolic heat generation of Tetrahymena and analyze spare respiratory capacity
(SRC). Given the potential to investigate the metabolic rate of each individual single cell, our
single-cell calorimeter will open up a wide range of possible fundamental research to answer

biological questions and provide an excellent platform for future biomedical applications.
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4.2 Development of High-sensitivity Single-cell Calorimeter

Minimization of thermal conductance and minimum detectable temperature is
imperative in development of high-sensitivity calorimeter. Our single-cell calorimeter
achieved ultra-low thermal conductance by virtue of the novel one-dimensional suspended
microfluidic tube design (Fig. 4.1A). This one-dimensional suspended design with small
cross-sectional and surface area and long half tube length (L = 2.5 mm) significantly reduced
conduction and radiation heat loss. In addition, a parylene backbone layer not only provided
high mechanical strength and transparency but also large thermal insulation property because
of'its low thermal conductivity. The parylene backbone layer had the minimal width (120 um)
and thickness (12 um) to form the microfluidic tube and embeds a temperature sensor with a
narrow margin to create the one-dimensional design (Fig. 4.1B). The microfluidic channel
had cross-sectional area of 35x50 um?, which is compatible for most cell sizes (< 35 um in
diameter). The entire tube structure is suspended on the silicon wafer with ~200 pm gap and
surrounded by high vacuum environment (< 0.1 mTorr)'!> to eliminate convection heat loss.

A Bi-Pt thermopile and Pt heater were embedded in the parylene layer underneath the
microfluidic channel as a temperature sensor and to characterize the calorimeter (Fig. 4.1C).
The reference and measuring junctions of the thermopile were placed on Si wafer and the
middle of the suspended tube (Fig. 4.1A), respectively. The thermopile measured the
temperature difference (47) between the measuring junctions (7ye.) and reference junctions
(Trer) while Pt heater measured the average temperature within the suspended tube and
applied heat to the tube for device characterization. The thermopile was designed by

optimizing the conflicting two variables, thermal conductance and temperature sensitivity.
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For instance, thermal conductance rises as increasing the number of thermopile junctions for
better temperature sensitivity, and electrical noise (e.g., Johnson noise or 1/f noise) of the
thermopile, which diminishes temperature sensitivity, increases as reducing the width of
thermopile layers to lower thermal conductance'2. Our optimized thermopile was composed
of four pairs of Bi and Pt thin films (Fig. 4.1C), and the root mean square voltage noise of
the measurement system including the thermopile, an operational amplifier (CS3002, Cirrus
Logic) and a low-pass filter (0.016 Hz of cutoff frequency) was 19 nV.

The overall thermal conductance of our calorimeter including the aforementioned
components and water in the microfluidic channel was estimated as a function of the half

tube length using a fin equation,

(4.1)

emL — e—mL

emL + e—mL
G = kaAc< >

, hP . . ) ) )
where m = P k 1s the thermal conductivity, A. is the cross-sectional area, P is the
c

perimeter of the microfluidic tube, and # is radiation heat transfer coefficient (4 = 4£6Twg’,
where ¢ i1s the Stefan-Boltzmann constant, ¢ is the emissivity, and 7., is the average
temperature). The equation showed that the overall thermal conductance saturates at L =~2.5
mm where radiation heat loss starts to get more dominant than conduction heat loss because
of the large surface area (Fig. 4.2A). The estimated overall thermal conductance with 2.5 mm
of half tube length is expected to be 2.48 uW K!. It is worth noting that our calorimeter
design almost reaches the limit of the optimization because the most dominant factor

contributing the overall thermal conductance is water (48%, Fig. 4.2B).
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The Eq. 4.1 was derived from an energy balance equation for the differential element

(Fig. 4.2A):

Ax = Qx+dx T dqrad (4"2)
where
dT

qx = —kA. dx’ (4.3)
= gt 2 gy = —ka, L d( dT)d 44
Qx+dx = 9x dx X = cdx dx cdx X, ( ' )
dqrqq = hd A, (T —T,), (4.5)

where gy is the heat flux into the differential element, gy+ax is the heat flux out of the
differential element, £ is the effective thermal conductivity of the calorimeter, 4. is the cross-
sectional area of the calorimeter, / is the radiation heat transfer coefficient, dA; is the surface
area of the differential element, 7 is the temperature of the differential element, and 7% is the
ambient temperature. By substitute Eq. 4.3, 4.4 and 4.5 into Eq. 4.2, the new expression can

be written as,

kA ar _ kA ar kd(A dT)d + hdA (T — Ty) 4.6
“dx = Pedax T Tax\“eax) s\l T feds (4.6)
Assuming A, is constant, the d4; = Pdx, where P is the cross-sectional parameter, then the

equation can be simplified and rearranged as

d*T hP

Ozﬁ_kAc(T_ ). (4.7)

Now, let T(x) — T» = O(x). Eq. 4.7 can be rewritten as

) _ 42000
T dx?

—m20(x), (4.8)
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[P . . : : .
where m = - BY solving the linear homogenous second-order differential equation
c

using the boundary conditions,

a) atx=0, 8(0)=0,

_ do(x) q_
b) atx=1L, o A
Eq. 4.8 can be derived as:
1 _ mCe™ —mC,e ™, (4.9)
kA,
where,
c, = q (4.10)
17 kA.m(em™: — e~mL)’ '
c, = q (4.11)

kA m(emL — e~mL)’
Therefore, the analytical solution for the temperature profile of the suspended tube with a

point heat source can be rearranged and expressed as:

0(x) = ( d )(emx _ e_mx). (4.12)

kA.m/) \e™m + e—mL

This analytical equation considers only a half of the suspended tube in actual calorimeter
design. Therefore, the heat generation, ¢, has to be reduced by half to achieve the same
temperature increase in the actual geometry. Then, the temperature in the middle of the tube

18

q/z emL _ e—mL
Omax = (kACm) eml 4 e—mL J’ (4-13)

Finally, the thermal conductance (G = q/60,,4,) can be expressed as:
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eml _ p—mlL
G = 2mkA, (W) (4.1)

The fabricated device was loaded in our measurement platform (Fig. 4.1D and E),

which designed to minimize baseline temperature drift and provide the high vacuum
environment. The baseline drift caused by external temperature agitation have diminished

the sensitivity of previous chip-calorimeters!!-116:122-124

whereas the baseline stability is
imperative to monitor long-term biological phenomena such as cell metabolism, division or
differentiation'*>. We minimized the baseline drift by three-levels of insulation layers,
temperature controllers, and radiation shields as well as stable and leakage-free fluid control
system. With the measurement platform, the baseline temperature of our calorimeter was
stable for a long period of time (10 hours, Fig. 4.3A) and under light irradiation or fluid flow.

The sensitivity of our calorimeter was demonstrated by heating the suspended tube
with the Pt heater and monitoring voltage from the Bi-Pt thermopile. The heating power
absorbed by the measuring junctions (Quss) gradually increased from 0 to 4 uW, and the
voltage output from the thermopile was collected for 5 min at each absorbed power. Voltage
output from the thermopile was converted to temperature signal (47) by Seebeck coefficient
(S = 229 uV K, and average AT and root-mean-square temperature noise of each
measurement was plotted (Fig. 4.3B). The measured thermal conductance of our calorimeter
was 2.51 pW K (G = dQ;s/dAT), and consistent with the analytical estimation by Eq. 4.1
(2.48 uW K!). This thermal conductance is approximately 6 times lower than that of the

state-of-the-art chip-calorimeter (16 uW K™)!!*>. The root-mean-square temperature noise

(Thoise) was approximately 80 pK for 5 min, and the corresponding sensitivity of our single-
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cell calorimeter was 0.6 nW (Qs = G x 3Thoise), considering 3:1 signal to noise ratio. This
sensitivity is an order of magnitude better than that of the state-of-the-art on-chip calorimeters
(5-13 nW)!'>126. As summarized in Fig. 4.3C, our single-cell calorimeter has achieved

sufficient sensitivity to measure metabolic rate of single cells such as protozoa!?813%:134 or

126,132,135

stimulated mammalian cells , which could not be measured by previous

calorimeters!!>127-131,
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Figure. 4.1 Design of the single-cell calorimeter and measurement platform. (A) SEM

image of the calorimeter with a 5-mm long one-dimensional suspended microfluidic tube.

The suspended tube is surrounded by vacuum environment to eliminate convection heat loss.

(B) Cross-sectional schematic of the calorimeter. A parylene tube with inner size of 35x50

um? embeds a Bi-Pt thermopile as a temperature sensor. (C) Photograph of the middle of the

suspended tube, including measuring junctions of the Bi-Pt thermopile and a Pt heater. (D)

Schematic of thermal insulation layers of the measurement platform with three temperature-

controlled layers (an outer chamber, vacuum chamber, and sample stage). (E) Illustration of
components in the vacuum chamber. The sample stage, where the calorimeter (2-inches wafer)
is placed on, provide high-stability of the temperature by thermoelectric controller. The

custom-made microfluidic clamp covers the calorimeter to provide insulation against thermal

radiation and fluid connection between microfluidic channels and external tubes. Vacuum-

tight feedthrough and fittings ensure leakage-free fluid control. Glass viewports on the lid

and microfluidic clamp enables to monitor the calorimeter during measurement.
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Figure. 4.2 Thermal and mechanical modeling of the calorimeter for design
optimization. (A) Estimation of overall thermal conductance (G) of the calorimeter. The fin
equation Eq. 4.1 was used for the design optimization. G saturated to 2.48 pW K™!' at 2.5 mm
of the half tube length (L). COMSOL model reflecting the actual device geometry with a
widened edge design also estimated similar overall thermal conductance (G =2.51 uW K)
at L = 2.5 mm. (B) Components that cause parasitic heat loss in the calorimeter. Radiation
and conduction through water account for about a half of the total heat loss. (C) The
COMSOL model of the calorimeter. The simulation result shows that the temperature
uniformity (the minimum temperature divided by the maximum temperature) within the
cross-section of the suspended tube is more than 98%. This uniformity ensures that the
temperature measured by the measuring junctions of Bi-Pt thermopile represents a cell
temperature regardless of x- and z-axis position of the cell. (D) Mechanical modeling to
optimize interconnection design between the suspended and unsuspended parts. The widened
edge design reduced the mechanical stress of the interconnection by 40%.
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Figure. 4.3 Baseline stability and sensitivity of the calorimeter. (A) Baseline stability
for 10 h. (B) Response of the calorimeter to Joule heating by the Pt heater. Average AT and
root-mean-square temperature noise for 5 min was plotted as a function of absorbed power
by measuring junctions of the thermopile (Qurs). The root-mean-square temperature noise
(Tnoise) was 80 uK, and thermal conductance of the calorimeter (G = dQups/dAT) was 2.51 uW
K!. Corresponding calorimeter sensitivity was 0.6 nW, considering 3:1 signal to noise ratio.
(C) Comparison of previous calorimeters and the single-cell calorimeter in terms of thermal
conductance and sensitivity (Qs).
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4.3 Single-cell Trapping and Nutrient Supply

As a demonstration of our calorimeter and measurement platform, we measured
metabolic heat generation from single Tetrahymena thermophila SB210. Tetrahymena is
widely used as a model cell to study mammalian cells because it has high homology to
mammalian cells not only responding to mammalian hormones but synthesizing the similar

molecules (e.g. insulin)!*¢1*!. Therefore, their metabolism has been studied by monitoring

142-145 t128-130

their oxygen consumption , metabolic hea or size of mitochondria'#® but none of
the existing measurement platforms demonstrated single-cell metabolic rate analysis. Using
our high-sensitivity single-cell calorimeter, we measured a few nanowatts of single
Tetrahymena metabolic rate for the first time.

During the demonstration, Tetrahymena was trapped in the calorimeter for accurate
measurement. Notably, Tetrahymena is difficult to be trapped because they move to find
nutrients using cilia. To trap Tetrahymena, we applied the magnetic cell trapping system as
schematically shown in Fig. 4.4A. As previously shown'*""'% | Tetrahymena can take up iron
oxide nanoparticles, and their movement can then be controlled by an external magnetic field.
The ingested iron oxide nanoparticles were stored in cytoplasm; Fig. 4.4C clearly show the
existence of iron oxide nanoparticles in Tetrahymena while the Tetrahymena without the
particles have clean cytoplasm (Fig. 4.4B). It is worth noting that the iron oxide nanoparticles
are not known to impair any cellular activity!*'°. With an external magnetic field, the
ingested iron oxide nanoparticles produce induced magnetic dipole and are aligned with the

direction of magnetic force as shown in Fig. 4.4D. The Tetrahymena with the particles can

be attracted and eventually trapped in an external magnetic field. Also, the induced magnetic
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dipole in Tetrahymena attracts adjacent nanoparticles, and the particles restrict the movement
of Tetrahymena.

We used two permanent magnets embedded in the sample stage to generate a
magnetic field for cell trapping (Fig. 4.1E); the first magnet was placed the south pole
upwards, and the second magnet placed north pole upwards next to the first magnet. The iron
oxide nanoparticles were mixed with culture media, and Tetrahymena took up the particles
before measurement. The cells containing the iron oxide nanoparticles were trapped at the
interface of the two magnets where the highest magnetic field occurred. By alignment of the
middle of calorimeter and the interface of two magnets (Fig. 4.1E and 4.4A), we were able
to place and trap Tetrahymena on the measuring junctions of the thermopile.

As Tetrahymena was trapped, nutrients and oxygen had to be supplied to maintain
their normal metabolism. Notably, oxygen is limited in the microfluidic channel because of
its small volume and cross-sectional area to contain and diffuse sufficient amount of oxygen
for Tetrahymena. The oxygen consumption of 7etrahymena is known to be 0.1-1.0 nLO; cell”
T'h'! 142, however, our analysis concluded that the amount of oxygen in the channel is not
sufficient for a single Tetrahymena (Fig. 4.5). Furthermore, previous studies showed that the
starved protozoa represent smaller metabolic rate compared to that of the normal
protozoa!?®1341%2_ To supply sufficient nutrient and oxygen, we applied 0.1 mm s’ flow of
the growth medium to trapped Tetrahymena. The oxygen supply by the flow is estimated to
be approximately 3.4 nLO> h™!, which is a few times larger than the oxygen consumption of
a single Tetrahymena. This low flow rate was insufficient to overcome the magnetic force
trapping Tetrahymena, so the trapped Tetrahymena was not moved by the flow during the

measurement. In addition, the flow did not have a major influence on the calorimeter
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sensitivity. We obtained the thermal conductance of the calorimeter with the flow using the
same method as described in Fig. 4.3B. The thermal conductance with the flow was only
increased by ~4% (from 2.51 uW K to 2.62 uW K'') compared to the no flow condition
(Fig. 4.6A).

The procedure and representative result of single-cell metabolic rate measurement are
displayed in Fig. 4.4E and F, respectively. First, a single Tetrahymena was injected and
trapped on the measuring junctions by introduction of a magnetic field. Then, the thermopile
recorded the temperature signal with the cell (7)) while 0.1 mm s flow of growth medium
supplied sufficient amount of nutrient and oxygen. The uncoupling agent FCCP was dosed
to the cell through the microfluidic channel when stimulated metabolic rate was required,
and increased temperature signal with the stimulation (7rccp) was also recorded. After the
measurement, the cell was removed from the calorimeter by a pulsed flow, which was
sufficiently strong to overcome the magnetic force. Then, the temperature signal without the
cell (Thase) was recorded as a baseline. In Fig. 4.4F, the sudden temperature change at 5Sth min

was caused by the pulsed flow for cell removal.
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Figure 4.4 Magnetic cell trapping and single-cell measurement. (A) Illustration of the
magnetic cell trapping. The external magnetic field generated by two magnets trapped a
single cell, which internalized iron oxide nanoparticles, at the interface of the magnets, where
showed highest magnetic field. (B) Tetrahymena before internalizing iron oxide
nanoparticles. (C) Tetrahymena after internalizing iron oxide nanoparticles. (D) Tetrahymena
with the iron oxide nanoparticles under external magnetic field. (E) Procedure of single-cell
metabolic rate measurement: 1) injection of a single Zetrahymena through the microfluidic
channel, 11) trapping of the cell in the middle of the suspended tube by the magnetic field and
measurement of the temperature with the cell (7ces), iii) FCCP injection through the
microfluidic channel to stimulate cell metabolism and measurement of the temperature with
the stimulation (7rccp), and iv) cell removal with a pulsed flow to measure baseline
temperature (7rase). (F) Representative result of the temperature signal during single-cell
measurement. The inset photograph shows Tetrahymena during the measurement.
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Figure 4.5 Oxygen consumption of Zetrahymena in microfluidic channel without flow.
(A) COMSOL model of the oxygen consumption and diffusion, where oxygen solubility in
water is 8 mg L', oxygen consumption of Tetrahymena is 0.1-1.0 nLO, h' and oxygen
diffusion rate in water is 2x10 cm? s”. (B) Oxygen concentration near Tetrahymena as a
function of time. (C) Oxygen depletion time, when oxygen concentration reaches zero, as a
function of oxygen consumption rate of Tetrahymena.
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Figure 4.6 The influence of fluid flow and cell position on the calorimeter sensitivity.
(A) Thermal conductance of the calorimeter with 0.1 mm s of growth medium flow. (B)
Estimation of heat signal change depending on cell position. COMSOL model was used for
the estimation. The result suggests that the measured heat signal by the calorimeter can be
20% lower than actual metabolic heat from a single cell when the cell is located 200 pum apart
from the measuring junctions.
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4.4 Single-cell Metabolic Rate Measurement Results

We successfully measured metabolic rate of single cells. The temperature signal of
thermopile when a cell trapped in the calorimeter (7c./) was higher than the baseline
temperature after removing the cell (7sase). This temperature difference (7ce — Thase) indicates
heat production by cellular metabolic activity of a single Tetrahymena and can be converted
to metabolic rate (Qcerr = G X (Teeit — Thase)). As displayed in the inset graph of Fig. 4.7A, the
average basal metabolic rate of Tetrahymena was 1.9+0.7 nW cell™!, which is consistent with
published values, ranging from 1 nW to 6 nW cell'! 128130, We also measured heat generation
(Q) by two and three live cells and dead cells for the comparison with that by a single cell,
and representative heat signals are displayed in Fig. 4.7B. The results show clear increase of
the heat generation (Q) from ~2 nW (one cell) to ~6 nW (three cells) with injecting more
cells and no heat generation from dead cells, which suggest that the heat signals resulted from
cell metabolism.

This basal metabolic heat is mainly produced by mitochondrial activity such as
oxidative phosphorylation, generating proton gradient across the inner membrane of
mitochondria, and synthesis of ATP using the proton gradient’. Therefore, mitochondria

130 " As this mitochondria

content in cells largely affect the basal metabolic heat generation
content increases as growth of cytoplasm!'#%, the metabolic rate is estimated to be a function
of cell size during their growth phases (G1 to G2 phases before division)'>!. In fact, this
allometric scaling relationship between metabolic rate and body size have been largely

studied in a wide range of organisms from the smallest unicellular microorganism'#? to the

largest mammal'>? and known to follow three-quarter power relationship,
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B = B,V3/* 3)
where, B is the basal metabolic rate, By is the normalization coefficient, and V" is the body
size. This powerful relationship can be also applied to mitochondria, which are the basic units
of metabolism, and even to molecules of the respiratory complex in the mitochondria'2.

The previous studies of cellular allometric scaling relationship have focused on the
relationship between groups of cells'**!>? because conventional metabolic rate measurement
system can only measure the average value of groups of cells. However, the metabolic rate
change of individual cells during growth have yet to be investigated due to the lack of single-
cell measurement system and was only assumed by studying synchronous cultures'° or
optical method!#. Interestingly, during our single-cell measurement, we found that the
metabolic rate of Tetrahymena was correlated with cell size (Fig. 4.7B), and the trend
approximately followed the three-quarter allometric scaling relationship (Fig. 4.7C). As
representative results shown in Fig. 4.7B, a small cell (9x10° pm?) generated the metabolic
heat of 0.9 nW while a large cell (35x10® pm®) produced the heat of as high as 3.3 nW,
showing distinct difference (p < 0.001) in their heat signal. This result suggests that not only
between different species or groups of cells'*? but also individual cells during growth follows
the three-quarter relationship as increasing cell size, which is difficult to be observed by
conventional method.

Further, we stimulated the metabolism of 7etrahymena by the uncoupling agent
FCCP. The magnetic trap enabled to inject FCCP without losing the trapped cell. For initial
few minutes after trapping a single Tetrahymena, the heat signal from the cell showed typical

basal metabolic rate as shown in Fig. 4.7D. However, as injecting FCCP into the calorimeter,
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the heat generation from the cell gradually increased and eventually saturated in 1-2 min. It
is worth noting that the FCCP injection did not affect the device sensitivity, as previously
described (ESIf Fig. S6a), because of the low flow rate (0.1 mm s). This stimulated heat
signal was collected for ~3 min, and then the baseline was measured after removing the cell
with the pulsed flow. As a result of the FCCP stimulation, the basal metabolic rate of
Tetrahymena increased ~1.9-fold.

While the majority of metabolic heat generation coupled to ATP synthesis in a
normal condition of cells’, FCCP can uncouple respiratory chain from ATP synthesis by
direct transport of protons across the inner membrane of mitochondria and eventually
dissipate the proton gradient. This uncoupled respiration can maximize the mitochondrial
metabolic activity, which provides useful information of cellular metabolism®. For instance,
the large SRC (ratio of maximal, Oy, and basal metabolic rate, Qc.;) of more than 5.0, which
can be seen in post-mitotic cells such as adipocytes, myocytes or neurons, means the cells
can appropriately respond to an increased ATP demand and withstand periods of stress (inset
of Fig. 4.7D). In contrast, the most of proliferative cells exhibits lower SRC of less than 3.0
because of the high basal metabolism to meet the energy demands of cell division. In case of
Tetrahymena, although one of the study reported six-fold of large oxygen consumption rate
increase with FCCP treatment'*, other studies showed SRC of about 1.5-3.0'*+!%3_ Also, the
most of proliferative unicellular as well as small multicellular organisms showed SRC of less
than 3.0 as a response to FCCP; for instance, 1.4 for protozoa (e.g. Trypanosoma cruzi)'>,
1.5-3.0 for mammalian cells®, 1.5-2.0 for a warm (Caenorhabditis elegans)'?"'>*. The SRC
of Tetrahymena measured by our calorimeter (1.9) was similar to the typical SRC of other

proliferative cells. This result suggest that the Tetrahymena used in our demonstration were
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in normal growth condition which large amount of metabolic energy already was being used

for their replication.
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Figure 4.7 Metabolic rate measurement results. (A) Basal metabolic rate (Qc.i;) of one,
two, three live cells and a dead cell. Clear increase of heat signal was observed as increasing
number of cells while a dead cell showed no heat signal (***p < 0.001). The inset graph
shows the comparison of Tetrahymena metabolic rate from literature (3.1£1.4 nW)'?%13% and
this work (1.9+0.7 nW). (B) Metabolic rate of single Tetrahymena with various cell size. The
large size cell (35x10° um?), the medium size cell (16x10° um?), and the small size cell
(9x10° pm?) showed metabolic rate of 3.3 nW, 2.1 nW, and 0.9 nW, respectively (***p <
0.001). (C) Summary of single-cell metabolic rate as a function of cell size (V). The inset
shows logarithmic scale of the summary graph. The dotted line in the inset represents the
three-quarter power allometric scaling relationship (Qcer < V **). (D) Spare respiratory
capacity (SRC, ratio of maximal metabolic rate, Qmax, and basal metabolic rate) measurement
by stimulation of cell metabolism by the mitochondrial uncoupling agent FCCP. The cell
metabolic rate was increased with dosing FCCP to the cell at 3th min. The inset shows SRC
of the Tetrahymena used in this study (1.9), general proliferating cells (< 3.0)3127:144.145.153,154
and post-mitotic cells (> 5.0)%.
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4.5 Conclusion

In summary, we developed high-sensitivity chip-calorimeter and demonstrated, for
the first time, calorimetric measurement of heat production by single cells. Our innovative
design with a one-dimensional suspended microfluidic tube enabled to significantly reduce
calorimeter thermal conductance to as low as 2.51 pW K and achieve 0.6 nW of high
sensitivity sufficient for single cell metabolic rate measurement. Our demonstration of basal
metabolic heat measurement of single Tetrahymena clarified the link between metabolic rate
and cell size of individual single cells, which follows an allometric scaling relationship with
the exponent of 0.6. Finally, we stimulated the metabolism by dosing the mitochondrial
uncoupling agent FCCP through the microfluidic channel and analyzed SRC of Tetrahymena.
These various demonstrations of single-cell metabolic rate measurement suggest that our
novel single-cell calorimeter would lend insight into the extent and biological drivers of

cellular heterogeneity.
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4.6 Future Work: Investigation of Brown Adipocytes

Adipose tissues can store nutrient and generate heat. They have played important role
for human survival in limited food supplies and cold ambient temperature. Now, understand
of adipose tissues become a more important issue as they cause obesity, which is connected
to lots of metabolic diseases. Since adipose tissues store excessive energy in the form of lipid,
the imbalance between energy supply and consumption results obesity. Therefore, many
studies tried to find a way to increase the energy consumption by adipocytes to reduce lipid.
Adipose tissues are known to have two types, white adipose tissue (WAT) and brown adipose
tissue (BAT), with different functions. WAT, which causes obesity, has one large lipid droplet
to store vast amount of nutrients while BAT has multiple lipid droplets and can generate heat
by consumption of the lipid. Since BAT is possible to function as a natural anti-obesity and
treat obesity-related metabolic diseases, it is important to understand the differenctiation and
conversion process of WAT and BAT.

Recently, the third type of adipocyte, which called beige adipocyte, was discovered'>.
The beige adipocyte represents the gene expression of uncoupling protein 1 (UCP1), which
is a unique biomarker of BAT!*®; therefore this adipocyte is known to have thermogenic
function as well. The beige adipocyte arises through the transdifferentiation of existing WAT
or differentiation from pre-adipocytes, and notably the transdifferentiation called “browning”
process meaning that conversion of WAT to beige adipocyte with brown-like function.
Extensive studies revealed that the browning process is caused by cold exposure!®’ or B3-
adrenergic activators'*®. However, the mechanism of the browning process and the

appearance of brown-like function in beige adipocytes have not largely understanded yet. For
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159,160

instance, there are unanimous view of the mechanism of browning prcess and actual

thermogenic function of beige adipocyte!®!.
While the thermogenic function of BAT is significantly related to UCP1 gene

62 some studies showed that the induction of UCP1 gene expression during the

expression!
browning process may not directly represent the improvement of thermogentic potential in
beige adipocytes!®!®. The studies suggested that if UCP1 gene expression is used to
measure the thermogenic effect, it can be over-estimated. As an evidence, the respiration rate
measurement of WAT and beige adipocyte by indirect calorimetry showed no significant
difference while UCP1 gene expression represented 150-fold induction after the browning
process'®2. The extremely low UCP1 gene expression in WAT, which cause no much absolute
difference even with 150-fold induction''”, is one possible reason of the discrepancy between
the induction of UCP1 gene expression and actual respiration rate increase. Further
investigation is required whether the induced UCP1 is sufficient for mitochondria in beige
adipocyte and how they are activated. Therefore, intensive calorimetric analysis is necessary
to directly measure thermogenic function of beige adipocyte along with gene expression
analysis.

On the other hand, lineage-tracing of individual cells is also important to monitor the
transdifferentiation or de novo differentiation in adipose tissues. In addition, single-cell level
analysis is required to investigate the cellular origin, molecular identity, and mechanism of

browning process and thermogenesis because of the heterogeneity of adipocytes in adipose

tissue depots'®*. Therefore, many studies used the lineage-tracing by labeling cells with

159,165 164

permanent fluorescence or single-cell level gene and molecular analysis'®*. However,

the current lineage-tracing and single-cell analysis suffer from lack of real-time non-
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destructive method, only providing gene expression or morphological information, which are
not sufficient to show actual thermogenic effect of adipocytes.

Therefore, there is urgent need of alternative method to investigate adipocytes and
their browning process. Our single-cell calorimeter can be one of the unique tools for the
purpose as the calorimeter can grow a single cell in its microfluidic channel and monitor the
heat generation during the transdifferentiation or de novo differentiation of adipocytes. As
shown in our demonstration with Tetrahymena, the calorimeter can supply neutrient or
stimuli during cell culture and measure heat signal with a few hundred picowatts resolution,
which is sufficient to measure activated adipocyte thermogenesis (a few nanowatts). By
analysis of adipocytes with controlled environment and stimuli using the single-cell
calorimeter, the systematical investigation of browning or whitening processes is possible,
which may open up the new possibility to cure obesity and improve human health.

Chapter 4, in full, is currently being prepared for submission, Sahngki Hong, Edward
Dechaumphai, Courtney Green, Ratneshwar Lal, Christian Metallo and Renkun Chen. The

dissertation author was the primary investigator and the first author of this paper.
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Chapter 5

Conclusion

This dissertation presented the investigation of metabolic heat production and thermal
management in organisms using novel thermoelectric and calorimetric devices. The general
overview of heat generation/transfer in organisms and thermoregulation/climate-control for
thermal comfort were introduced in Chapter 1. In a subsequent chapter (Chapter 2), the
wearable TED for personal thermoregulation was developed by exploiting double layers of
elastomer heat spreading layers embedding an air gap insulation layer and high-ZT bulk TE
pillars. We demonstrated more than 10 °C of high cooling effect without harnessing bulk heat
sinks using our wearable TED. The TED was sufficiently flexible to be embedded in a
garment and exhibited high thermoregulation effect, which maintains human in a thermally
comfortable condition in the wide range of ambient temperature (> 14 °C). The power
consumption of the personal thermoregulation by our TED was a few orders of magnitude
lower than the per capita energy consumption is US (~1.5 kW). In Chapter 3, we applied the
wearable TED for personal thermal camouflage. The device delivered precise and sufficient
temperature control for the thermal camouflage effect and was capable of matching the
temperature of human body with background temperature ranging from 16 to 38 °C.

The Chapter 4 focuses on the development of single-cell calorimeter and
measurement of metabolic heat production of individual unicellular organisms. We
demonstrated the finest power resolution of microfluidics-based calorimeter of 0.6 nW using

one-dimensional suspended microfluidic tube in vacuum environment. Metabolic rate of
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single Tetrahymena was measured with assistance of magnetic cell trapping system. The
comparison of the measured metabolic rate by our calorimeter (direct calorimetry) and other
indirect calorimetry suggested the possible existence of anaerobic metabolism in
proliferating Tetrahymena under aerobic conditions. The metabolic rate of individual
Tetrahymena was obviously correlated with cell size, following allometric scaling
relationship with the exponent of 0.6. This trand suggests that the anaerobic metabolic rate
in unicellular organisms increases as cell growth. Our single-cell calorimetry system was able
to inject stimuli into the reaction chamber and monitor the change of heat signal by a single
cell. Maximal metabolic rate of Tetrahymena stimulated by injection of the FCCP uncoupling
agent showed that the Tetrahymena in the calorimeter has SRC of 1.9, which is similar to
SRC of other proliferating cells.

In conclusion, the works presented in this dissertation demonstrated the development
of novel thermoelectric and calorimetric devices with the finest performance and resolution,
which unlocked the applications to personal thermoregulation and single-cell heat production
analysis. The technologies we have developed may pave the way for improvement of human

thermal comfort and broaden the knowledge of heat production in living organisms.
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