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Abstract

As continuous wearable physiological monitoring systems become more ubiquitous in health-

care, there is an increasing need for power sources that can sustainably power wireless

sensors and electronics for long durations. Wearable energy harvesting with thermoelectric

devices (TEDs), in which body heat is converted to electrical energy through the Seebeck ef-

fect, presents a promising way to prolong wireless operation and address battery life concerns.

To accomplish this, wearable energy harvesting devices will need to be made conformable

and stretchable to operate on the human body and not impede comfort or movement. This

requires advances in high-performance soft composite materials to keep power output high

and not sacrifice bio-compatibility. In this dissertation, I introduce stretchable TEDs as a

solution to both wearable health monitoring and soft robotic energy harvesting and ther-

moregulation needs. Liquid metal (LM) material architectures are introduced to replace

traditionally rigid components such as coppers and ceramics. I focus this dissertation on

(i) introducing TEDs that replace rigid components with LM composites, elastomers, and

3D printing, (ii) developing a novel approach to soft robotic actuation using liquid crystal

elastomer (LCE) shape memory polymers combined with 3D printed TEDs, (iii) developing

high power density TEDs and integrating them to power a PPG monitoring system, and (iv)

exploring 2D MXene sheets in LM composites to effect the properties of thermal interface

materials (TIM). (v) Lastly, I discuss future work on direct ink-writing of thermoelectric inks.
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Chapter 1

Introduction

• M. Zadan, C. Chiew, C. Majidi, and M. H. Malakooti, “Liquid Metal Architectures for

Soft and Wearable Energy Harvesting Devices”, Multifunctional Materials, vol. 4, no.

1, p. 012001, 2021.

1.1 Background and Motivation

1.1.1 Progress in Wearable Energy Harvesting

As wearable electronics become more readily available and implemented for more complex

and diverse tasks, the power requirements of wearable computing have also increased.

Onboard human body-generated power supplies have come alongside them to generate

energy from biomechanical motion and heat generated from the body[1, 2, 3]. Each of these

types of wearable energy harvesting devices can harness energy from the human body using

different energy conversion mechanisms (figure 1.1a). For instance, wearable thermoelectric

generators (TEGs) convert thermal energy from body heat to electrical energy through the

Seebeck effect in which temperature differentials between the skin and the environment

across positively and negatively doped semiconductors create a potential difference[4, 5].

Separately, thermoelectric devices (TED) can also act as solid state coolers through the Peltier

1



Chapter 1. Introduction

effect when current is applied across the semiconductors [6].

Other methods for wearable energy harvesting include wearable triboelectric nanogen-

erators (TENGs) and electromechanical energy harvesters—including dielectric elastomer

generators (DEGs) and piezoelectric generators (PEGs). In contrast to TEGs, these methods

generally convert biomechanical kinetic energy to electrical energy. They can scavenge energy

from various modes of biomechanical motion on many points of the body such as the knee,

hip, shoulder, elbow joint motion, and heel strike[7]. In particular, TENGs harness these

biomechanical motions by electrostatic induction from the contact separation mechanism

between materials with different intrinsic tendencies for gaining or losing electrons[8, 9].

DEGs generate energy from capacitive changes of charged electrodes sandwiching a dielectric

elastomer sheet as it stretches and relaxes with biomechanical movement[10, 11]. This

human motion, such as bending the knee or arm, forces the charges to reconfigure on the

elastomer as it is stretched, generating varying voltages. PEGs use active materials with high

electromechanical coupling coefficients, which intrinsically converts mechanical deformations

(i.e. pressure, vibration, body movement) into electrical signal or vice versa[12]. They are

widely used among commercial sensors and actuators[13, 14] but increasingly utilized for

wearable, flexible and wireless energy harvesting[15, 16, 17].

1.1.2 Thermoelectric Seebeck Energy Harvesting

Among the various approaches to wearable energy harvesting, TEGs, have stood out for

their ability to generate power continuously without the requirement of movement. The

effectiveness of these semiconductors is captured by the semiconductors figure of merit (ZT),

which is described as ZT = α2σ
λ

T where α is the Seebeck coefficient, σ is the electrical conduc-

tivity, λ is the thermal conductivity, and T is the temperature[18]. The TEG output power

PTEG = (α∆T)2σ depends on semiconductor Seebeck coefficient α, local thermal gradient

(∆T), and the electrical conductivity (σ)[18]. For operation on the body, TEGs must be made

flexible for both comfort and improved contact with the skin. Commercially available TEGs
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Figure 1.1: Liquid metals in wearable energy harvesting devices. a, image highlighting the applica-
tions and locations of LM based wearable electronics. Inset top left: liquid metal embedded elastomer
based TEG [20]. Inset bottom left: LM foam based shoe insert TENG [21]. Inset top right: LM
microfluidic and composite elastomer based wrist worn TEG [22]. Inset bottom right: LMEE based
joint worn TENG [23]. b, Liquid metal embedded elastomer under deformation [24]. c, Liquid metal
being poured. d, Example of LM microfluidics [25].

do not meet this need.

1.1.3 Thermoelectric Peltier Coolers

Separate from the energy harvesting potential of TEDs through the Seebeck effect, TEDs also

act as solid state cooling devices through the Peltier effect. When operated as Peltier coolers,

a current is applied across the semiconductor junctions inducing a temperature differential

between the two sides. The cooling capacity Qc can be calculated from Qc =Qg −Qd − 1
2Q j

where Qg =αITc is the thermoelectric cooling term, Qd =−K∆T is the conductive heat flow

across the semiconductor junctions, and Q j = RI2 is the joule heat. I is the current across

the semiconductor junctions, K is the thermal conductance, Tc is the temperature of the cold

side, and R which is the electrical resistance of the thermo-elements [19].
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Chapter 1. Introduction

1.1.4 The Need for Soft Materials in Wearables

Compatibility between the device and the body has become an area of research for more

conformable and efficient wearable systems. High elastic mismatch between skin and conven-

tionally rigid electronics, poor breathability, and limited durability under large deformations

are some of the common challenges. To address these issues, soft and stretchable components

are implemented, with special emphasis on the use of elastomers and textiles. While these

soft components provide flexibility at some level, key rigid components are still required.

These include stiff electrodes (e.g. copper for wiring) and thermal interfaces (e.g. ceramics

for thermal management). As soft encapsulating components and rigid components interact

with each other while trying to operate on the ever-changing morphologies of the human

body, issues can occur. These issues include loss of contact between the device and body

from the rigid components, short device lifetime due to the weak bonding and high stress

concentration at the soft and rigid interface, and a lack of comfort for wearers. The more

components of wearable energy harvesters that can be made soft and compliant to human

movement, the more efficient, robust, and comfortable these devices will become.

Overview of Liquid Metal based Soft Materials

To address the materials challenges, room temperature liquid metal (LM) alloys have increas-

ingly been explored as a potential replacement for circuit interconnects and thermal interfaces

in electronic devices. For wearable applications, LM can be used to replace wiring[26, 27],

thermal interfaces[20, 24, 28], and dielectric materials[29]. LM alloys of gallium (Ga) such

as EGaIn are liquid at room temperature, have low viscosities, high thermal conductivities

(20−30Wm−1K−1)[30, 31, 32], high electrical conductivities (1−4×106 Sm−1)[33] and low

toxicities[34, 35]. To harness these properties in wearable electronics, LMs can be packaged as

microfluidics[36, 37], and LM embedded elastomer (LMEE) composites[24, 38, 39, 40, 41, 42]

(figures 1.1b-d). Design constraints for wearable energy harvesters are conformability with

a user’s skin, biocompatibility, structural integrity, and stable functionality (i.e. thermal
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1.1. Background and Motivation

and electrical properties), [43, 44, 45]. LM fluidics and LMEE are two current LM material

architectures that have the potential to meet the needs of materials in wearable energy

harvesting if improvements can be made.

1.1.5 Stimulation Methods for Thermally Responsive Liquid Crystal

Elastomer Actuators

Liquid crystal elastomers (LCEs) are a class of shape memory polymer (SMP) composed of

loosely crosslinked polymer networks that exhibit reversible shape change during transitions

from nematic to isotropic phases[46]. They have become increasingly popular as actuators for

use in soft robotics[47, 48, 49], wearable computing and haptics[50, 51], and shape morphing

matter [52, 53, 54] on account of their muscle-like work density and contraction strain[55, 56,

57, 58, 59] and ability to be printed or patterned into a wide range of geometries[60, 61]. In

most robotics and engineering applications, LCE-based actuators are stimulated thermally

using an external heat source or electrically through Joule heating using an integrated wire

or embedded network of percolating particles. Previous work has focused on heating LCEs

primarily through Joule heating[51, 57, 58, 62, 63], with many of these applications using

LM [64, 65, 66] and wavy electronics[57, 58, 67, 68] as a heating element.

However, a key limitation of these approaches is their reliance on open-loop heating and

passive cooling. This results in slow changes in temperature and a limited ability to control

the speed and profile of the LCE actuator response. In particular, actuation speeds can be

slow due to the LCE’s low thermal conductivity of 0.3 Wm−1K−1[65] and cooling speed is

greatly limited due to heat transfer by convection rather than conduction. The latter results

in cooling times that can take five times[57, 69], 10 times[58],or even up to 50 times[70]

the activation time in order for the LCE to cool under ambient conditions and return to its

original state. Moreover, faster actuation speeds have been shown to require longer cool

down times due to the greater increase in temperature[70]. To decrease heating times, soft

fillers such as LM droplets have been embedded to increase the thermal conductivity of these
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architectures[51]. Issues with cooling times still persist, with these differences in heating and

cooling times being functions of the difference in the rate of heat transfer between conduction

(heating) and convection (cooling); smarter approaches are needed to address this issue. One

potential solution is to introduce TED Peltier coolers into these systems.

The Need for Soft Actuation Methods

Current robotic systems use rigid components such as servomotors, clutches, and hydraulics

to navigate through the environment and interact with individuals and objects. These

rigid robotic systems are modular, and often times task specific being non-multifunctional.

These drawbacks develop from the constraints imposed by manufacturing and design. These

traditional robotic systems oftentimes contain separate segments for computation, energy

storage, sensing, and actuation [71]. The field of soft robotic systems has begun to address

this by replacing rigid components with soft and deformable replacements [72]. This has

included soft tactile sensing skins [73], soft grippers [74], along with actuators enabled

by pneumatics, shape memory alloys (SMA), particle jamming, and dielectric elastomer

actuators [75, 76, 77, 55]. Liquid crystal elastomer (LCE) has recently emerged as a thermally

responsive shape memory polymer (SMP) that has applications in soft robotics [78].

1.2 Objectives and Dissertation Overview

My dissertation focuses on (i) designing and fabricating soft and deformable TEDs and

exploring TED design parameters for improved performance, (ii) integrating soft TEDs into

thermal responsive polymers to develop actively heated and cooled soft robotic limbs for

actuation along with energy recovery, (iii) developing TEDs to power a photoplethysmography

(PPG) wearable health monitoring systems, (iv) introducing Ti3C2Tx MXene 2D materials

into soft LM composites to improve thermal and electrical properties, and (v) discussing

future research directions to move away from rigid Bi2Te3 semiconductors to direct ink
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written (DIW) thermoelectric-LM ink composites.

The research questions of this dissertation are:

1. Can soft LM based multi-functional elastomers be introduced to replaced the rigid

components in TEDs to create stretchable wearable energy harvesting devices?

2. Can soft TEDs be combined with soft thermally responsive materials (LCE) and provide

active heating/cooling without impairing their mechanics or natural response to thermal

stimulation?

3. Can stretchable TED performance be improved using novel soft thermal and electrical

materials to power wearable battery-free PPG health sensing wearables from body heat?

4. How can 2D materials such as Ti3C2TX MXenes effect the performance of soft LM

based elastomeric thermal interface materials (TIM)?

The dissertation is presented in the following structure.

In Chapter 2, I introduce a stretchable TEG that replaces two of the main rigid com-

ponents in TEGs: copper interconnects between the semiconductors and a ceramic TIM.

LMEE composites, which consist of LM inclusions embedded within a silicone elastomer,

are introduced to function as both the thermal interface and electrical interconnects. I

characterize the electromechanical performance under a host of wearable conditions.

In Chapter 3, I present a novel soft robotic limb made of an improved 3D printed soft

TEDs placed between two LCE SMP layers. This transducer functions as an actuator that

bends in response to thermal input from the TED. During actuation, one LCE layer heats

and the opposing layer cools inducing reversible actuation. I also introduce these limbs as

energy harvesters capable of recycling energy during intra-cycle cool downs and generating

energy from the surrounding environment. These actuators are extensively characterized.

In Chapter 4, I demonstrate material and design improvements to greatly increase TED

performance to a point where the TEDs fully power a PPG monitoring systems. To enable

this performance improvement, I introduce a conductive LM-Ag-SIS ink for interconnects
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and a novel LM-epoxy TIM. I also explore the design choices of semiconductor density, aspect

ratio, and TIM thermal conductivity on performance. Lastly, I demonstrate these TEGs

powering the "TEGsense" PPG monitoring wearable.

In Chapter 5, I develop MXene-LM composites, and explore the influence that 2D MXene

sheets have on LM droplets. MXenes are wrapped around micron scale LM droplets which

makes them electrically conductive along with functionalizng the surface. These coated

droplets when added to a matrix material aggregate into larger clusters. These clusters

increase thermal and electrical performance at low bond line thickness (BLT). I conduct

microCT imaging to better understand MXenes as an aggregation mechanism for soft LM

composites.

In Chapter 6, I conclude this dissertation by summarizing the key outcomes and contribu-

tions. I also discuss limitations and potential next steps including future research directions

on DIW-printable thermoelectric inks. Even with the bulk of the materials in TEDs being

soft and stretchable, the semiconductors themselves are still rigid. This can cause stress

concentrations at the rigid-soft interface. Thermoelectric semiconductors are often fabricated

through high temperature annealing making them rigid and brittle. To mitigate this, I will

discuss leveraging the advantages of LM composites to explore 3D printing of thermoelectric

composites with LM potentially as a binder embedded in an elastomer matrix.
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Chapter 2

Liquid Metal Embedded Elastomers for

Soft and Stretchable Thermoelectrics

• M. Zadan*, M. H. Malakooti*, and C. Majidi, “Soft and Stretchable Thermoelectric

Generators Enabled by Liquid Metal Elastomer Composites”, ACS Applied Materials &

Interfaces, vol. 12, no. 15, p. 17921-17928, 2020.

2.1 Introduction

Thermoelectric generators (TEGs) are a simple and effective way to harvest excess (and

otherwise wasted) energy from body heat in order to power wearable sensors and circuitry

[79, 80, 81, 82]. These devices have been shown to have the potential to power a myriad of

electronic devices including implantable medical devices, internet of things (IoT) technologies,

wireless body area networks, and wearable devices for applications ranging from glucose

sensing to global positioning system tracking [83, 84, 85, 86, 45, 87, 88]. While promis-

ing for some use cases, existing wearable TEG technologies are primarily made of rigid or

inextensible materials that limit their ability to conform to the skin or support repeated

mechanical deformation[2]. For wearable applications, reliable heat absorption is greatly

improved through the use of flexible materials to fabricate TEGs that can conform to the skin
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and accommodate natural human motion. Previous studies have incorporated polydimethyl-

siloxane (PDMS) and polymers in order to replace more rigid materials, resulting in flexible

TEGs that are more compatible with the body[89, 90, 91]. One such study used PDMS

as a matrix material along with rigid semiconductors that were connected using copper

interconnects[92]. This resulted in a flexible and bendable TEG, although performance was

limited to an electrical power output of 2.1 µW when exposed to a temperature difference of

∆T = 19 °C. A more recent study on thermoelectric devices (TEDs) for limb cooling aligned

semiconductors between two elastomer sheets in the open air, thereby mitigating the thermal

conductivity between the top and bottom elastomer pieces[93]. A separate study introduced

a flexible PDMS TEG composed of an array of 144 bismuth telluride semiconductor chips

wired together using thin, flexible, and yet inextensible copper interconnects. This TEG was

combined with a boost converter in order to power a device capable of electrocardiography,

thereby showing the potential of flexible TEGs for wearable biomonitoring and electronics

applications[94, 95].

The drawbacks in these and other previous elastomer-based soft TEGs follow from

the use of PDMS as an encapsulating material. PDMS is a thermal insulator with a low

thermal conductivity of 0.18 W m–1K–1 that has the potential to interfere with the flow

of heat to and from the thermoelectric modules[83]. Moreover, wiring the thermoelectric

components with rigid or inextensible electrical interconnects results in a device that cannot

stretch and fully conform to the body. Since rigid interconnects cannot deform with the

surrounding elastomer, they can induce high stress concentrations that can lead to fracture

or delamination and consequently mechanical or electrical failure of the device. Progress

toward the development of mechanically robust TEGs for wearable computing depends on

the use of soft and stretchable materials for thermally conductive encapsulation and internal

electrical wiring.

Gallium-based liquid metal (LM) alloys such as eutectic gallium–indium (EGaIn) and

gallium–indium–tin (Galinstan) are a promising class of materials for addressing existing
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challenges in creating soft and stretchable TEGs. The high electrical conductivity and

ability of EGaIn to deform and move with the surrounding materials makes it an excellent

candidate as a conductive material for stretchable electronic devices[96, 97, 98, 99, 100].

This unique ability of EGaIn has been incorporated in simple applications for TEGs to aid

as the interconnects between semiconductors[101, 102]. In one such study, EGaIn channels

were embedded within PDMS and functioned as electrical interconnects connecting the TEG

semiconductors[103]. Besides the complex fabrication process, the resulting TEG exhibited

limited voltage and power generation (8.22 mV and 46.28 µW, respectively, for a ∆30 °C

temperature difference) but demonstrated that EGaIn is a promising material for electrical

interconnects in such applications. Similar to previously reported flexible TEGs, the major

drawback was the poor thermal management in the device because of the low thermal

conductivity of the encapsulating elastomer. More recently, the design of TEGs with EGaIn

channels was improved by enhancing the thermal conductivity of pure PDMS[22].

Alternatively, LM alloys have been incorporated into flexible and stretchable devices

by suspending LM micro/nanodroplets within an elastomeric matrix. Such LM-embedded

elastomers (LMEEs) have been shown to exhibit exceptional electrical and thermal properties

with a wide range of applications[38]. LMEEs have also been shown to operate effectively

under extreme cold weather conditions because of the supercooling effects that suppress the

freezing temperature of LM alloys encased in this elastomer composite from -5.9 to -84.1 °C.

This freezing point suppression addresses operating challenges in LM alloy based TEGs in

cold weather environments[28]. Particularly for TEG applications, it was recently shown

that utilizing LMEE thermal interfaces rather than insulating elastomers significantly

improves the energy harvesting performance of TEGs[28]. Here, I show that stretchable high

performance TEGs can be simply designed and fabricated by utilizing LMEE composites both

as a stretchable circuit wiring and a thermally-conductive elastomer for more efficient heat

management.

In this chapter, I introduce a soft and stretchable TEG for cold weather conditions
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Figure 2.1: Stretchable TEGs with a LM embedded elastomer (LMEE). a, Schematic of the stretchable
TEG with a thermally conductive LMEE as the material interface on the top and bottom. The LMEE
contains a mechanically sintered pattern for providing electrical connections between p-type and
n-type Bi2Te3 semiconductors. b, A photo of the fabricated TEG under deformation (inset: a TEG
device completely bent). The raised bumps on the surface of the TEG are the locations of the LMEE
conforming around the semiconductors. c, Stretchable TEG conforming to the forearm when attached
to a fabric armband.

that utilizes an electrically insulating and conductive LMEE for thermal management and

electrical connectivity between embedded, milli-scale Bi2Te3 components. As shown in

Figure 2.1a, the device is composed of a top and bottom LMEE layer that acts as a heat

spreader and forms electrical interconnects between the Bi2Te3 chips when mechanically

sintered. The LMEE layers are composed of LM droplets dispersed in a soft silicone elastomer

matrix. Their high elastic compliance and thermal conductivity enable the layers to conform
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intimately to the skin and transport heat through the embedded thermoelectric components.

Moreover, the LMEE can be locally “sintered” with mechanical activation in order to create

electrically conductive traces on the normally electrically insulating LMEE that makes

connections between the embedded semiconductor components, thereby eliminating the

need for additional components to individually connect the semiconductors. Specifically,

the electrically conductive LMEE traces eliminate the need for rigid copper interconnects

that would otherwise be required for serial connection of the semiconductors. Because the

LMEE serves two crucial functions in the TEG device and reduces the number of required

components in the device, the fabrication process is significantly simplified. Moreover,

because the device is primarily composed of soft and stretchable elastomers, these TEGs are

highly flexible (Figure 2.1b) and can be strained to over 50% in tension without electrical

or mechanical failure, exceeding the strain limit of previous TEGs and well above the

deformation needed for wearable electronic applications. Furthermore, they exhibit only

a small increase in resistance when stretched and do not permanently deform because of

repeated cyclic loading. Such advantages give the TEGs presented here the ability to remain

functional while bending and stretching in order to conform to the body (Figure 2.1c).

2.2 Thermoelectric Generator Design and Fabrication

Figure 2.2a,b illustrate the steps of the fabrication process. The overall structure of this

device consists of three main components: a top and bottom layer of the LMEE and an

insulating PDMS center layer embedded with an array of semiconductors. LMEE’s excellent

thermal conductivity and electrical properties lend itself well for this device since the material

can act as a conformable area of contact for heat absorption and also as an array of electrical

interconnects between the semiconductors. In particular, LMEE composites with a 50% LM

volume fraction have a thermal conductivity of 1.6 m–1K–1 in their unstretched state, which

makes them excellent for thermal absorption[24]. A 50% fill percentage was selected for these
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devices because the thermal conductivity of the LMEE is a function of the fill percentages of

the LM alloy, with an increase in the fill percentage corresponding to an increase in thermal

conductivity[24]. Specifically, 50% has been shown to work well for not only thermal but

also electrical applications[104]. This fill percentage is high enough to create percolating

networks when sintered with an excellent conductivity of σ = 1.37 ×105 S m–1 but low enough

to be electrically insulating when not activated as shown in a previous work[104, 40]. The

LMEE was fabricated using a mixture of eutectic gallium indium (EGaIn; 75% gallium and

25% indium by mass) at a 50% fill ratio with a PDMS (Sylgard 184; Dow Chemicals) matrix

and cured for 1 h at 100 °C.

These bismuth telluride semiconductors were selected for their high efficiency and fig-

ure of merit (ZT) of ≥ 1.1 at 300 K. High efficiency is a relative term—for example, high

performance Bi2Te3 semiconductors with a ZT = 1 at ∆T 50 °C have an efficiency of only

around 3.5%. This indicates the importance of selecting appropriate thermal materials when

developing a TEG device[5]. Comparing these semiconductor’s figure of merit with those

reported in the literature for Bi2Te3 semiconductors, the figure of merit of these devices at

300 K is in line and comparable to those of other semiconductors making them an excellent

choice for thermoelectric energy harvesting[18, 105, 106]. Referring to Figure 2.2c,d, P

and N-type semiconductors (Wuhan Xinrong New Materials Co., Ltd.) were placed in the

alternating order in one hundred square holes that were patterned within a layer of PDMS

(Sylgard 184, Dow Chemicals). For this layer, I cured Sylgard 184 with a 10:1 elastomer to

curing agent ratio (by mass) in a 50 × 50 × 1.3 mm mold. The PDMS center layer was cut

from the cured PDMS molds using a CO2 laser cutter (VLS 3.50, Universal Laser Systems)

and one hundred square holes for the semiconductors were cut with a dimension of 1.1 ×
1.1 mm. The semiconductor "legs" have a dimension of 1.4 × 1.4 × 1.6 mm with a height

to width aspect ratio of 1.14. To decrease contact resistance caused by the semiconductors

and interconnects, EGaIn was sputtered onto the top and bottom of the semiconductors. To

selectively deposit the EGaIn, a flexible stencil was placed on both sides of the center PDMS
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structure with cutouts for the semiconductors. EGaIn was airbrushed on the top and bottom

and the stencil was removed leaving EGaIn only on the ends of the semiconductors.

To achieve electrical connection between the embedded semiconductors, internal intercon-

nects were created by mechanically activating the LMEE composite. By applying constant

force, the suspended EGaIn droplets are ruptured internally to create conductive pathways

for electrical circuitry[40]. When activated, these pathways can have a volumetric conductiv-

ity as high as σ = 1.37 × 105Sm–1, therefore being conductive enough to replace copper or

other rigid conductors and thereby greatly cutting down on the complexity of fabrication[104].

In this application, pressure from a pen was used to activate the LMEE and create elec-

trical interconnects between the adjacent semiconductor legs. This mechanical patterning

was performed on the top and bottom LMEE layers in order to support the array of 100

semiconductors (Figure 2.2a,e).

After interconnect patterning, the elastomer pieces were bonded together with the aid of

oxygen plasma treatment (SPI Plasma Prep II) in order to activate the surfaces and allow for

strong adhesion[107, 108]. Following the plasma treatment, the three pieces were manually

aligned and bonded together. Glass slides were placed on the top and bottom of the device

and a clamp held the device together. It was finally cured in an oven for 1 h at 100 °C.

Figure 2.2f gives a view of the cured TEG with a final dimension of 41.0 × 47.3 × 3.0 mm

in which the raised dots and darkened lines on the surface highlight the semiconductor

placement and sintered interconnect pathways, respectively. The embedded semiconductors

and interconnects, deforming along with this TEG, can move and operate reliably under

extreme strain such as the positions in Figure 2.2g,h in which the semiconductors are

highlighted along the side view (Figure 2.2g). Figure 2.2h highlights the lack of damage,

hysteresis, or tearing after 1000 cycles of 30% for these TEGs.
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Figure 2.2: Fabrication process of the stretchable TEG with LM composites. a, Fabrication schematic
highlighting the creation of the semiconductor interconnects through LMEE mechanical activation
along with EGaIn sputtering onto the semiconductor array. b, Schematic of TEG assembly once the
internal side of LMEE layers is oxygen plasma treated. c, The laser cut PDMS center layer with
cutouts for the semiconductors. d, Insulating center layer of PDMS with one hundred Bi2Te3 semi-
conductors in P and N alternating alignment. e, Patterned top (left) and bottom (right) LMEE pieces,
the patterns will serve as electrical connections between individual semiconductors. f, Assembled 42
× 48 mm stretchable TEG with raised bumps indicating alignment and position of semiconductors. g,
Side view of the TEG bending 180° with semiconductors visible and deforming with the device. h,
Photograph of a TEG post 1000 loading cycles with no damage or hysteresis.

2.3 Seebeck Characterization

In order to understand the thermoelectric performance of these stretchable TEGs, the open-

circuit voltage was measured as a function of the temperature difference between the two
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sides of the stretchable TEG devices. Figure 2.3a shows the increase of the open circuit

voltage as the temperature gradient increases. Voltage was measured by placing the TEG on a

hot plate at varying discrete temperatures from 35 to 105 °C with increments of 10 °C. Longer

exposure of the TEG on the hotplate amounted to a loss in voltage. This occurred much more

quickly at higher temperatures, as the heat transferred from the bottom of the TEG to the

top more quickly lowering the temperature gradient. The reported open-circuit voltage for

each sample was measured as the peak voltage value obtained using an oscilloscope (Rigol

DS1054Z). To ensure consistency in the measurements providing intimate contact with the

hot plate and absorbing heat, a 440 g aluminum block was placed on top of the TEG.

Figure 2.3a shows the data for four cycles of heating starting at ∆T = 10 °C and increasing

to a temperature difference of 80 °C. The top side of the TEG was kept at room temperature

(approximately 25 °C) for each test and the TEG surface temperature was tested using an

infrared camera (FLIR C2, FLIR Systems Inc.) in between tests. The results indicated high

voltage outputs that are well within the range needed for wearable electronics, even at lower

temperature gradients. For example, the average voltage output for a 10 °C temperature

difference was 59.96 mV. As shown in Figure 2.3a, increasing the temperature gradient

between two sides of the soft TEG increases the output voltage. The generated voltage can

reach more than 400 mV for temperature gradients in the range of 80 °C, which was the

highest temperature gradient tested. Comparing this with other previous studies on flexible

TEGs, this stretchable TEG exhibits much more robust voltage output at lower and higher

temperature gradients, thereby expanding the applications for this technology. Relative to a

previous work, our TEG exceeds these voltage outputs significantly with values of 0.6 mV at

∆T = 10 °C (ref [89]), 51.3 mV at ∆T = 19 °C (ref [91]), 19 mV at ∆T = 10 °C (ref [101]), 3 mV

at ∆T = 20 °C (ref [102]), and 8.22 mV at ∆T = 30 °C (ref [103]). Moreover, the stretchable

TEG presented here can be elastically strained, as described below.

In order to characterize the power generation capabilities of the LMEE TEG, the output

voltage was measured across a varying external load resistor (Rext = 1 to 100 Ω) for an
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applied temperature gradient of 60 °C (Figure 2.3b). In this way, the current passing through

the load resistor can be calculated and used for estimating the TEG power output in the

impedance matching circuit[93, 109]. As shown in Figure 2.3b, the increase in external

resistance corresponds to a sharp increase in voltage that began to level off as resistance

increased well above 20 Ω. I observed that the increasing voltage soon converged with an

open circuit voltage of 320 mV, that is circuits with high load resistance behave like an open

circuit, as has been observed before[110]. As expected, the increase in resistance to 500 Ω

corresponds to a high output voltage of 315 mV. Using these voltages and external resistances,

Rext, the power output is calculated as: P = V 2

Rext
. Referring to Figure 2.3c, the curve of this

graph increases quickly and peaks at an external load of 11.5 Ω followed by a sharp drop

in power as the resistance continues to increase. The TEG’s maximum power for a 60 °C

temperature gradient was 1.68 mW or 86.6 µWcm−2 at the peak of 11 Ω, which corresponds

to a voltage of 139 mV. Power per cm2 of just the surface area of the semiconductors at

this resistance was 0.857 mWcm−2. The maximum power is predicted to correspond to the

resistance when the internal resistance and the external load match [91, 28]. This is in

reasonable agreement with the experimental measurement of the internal resistance of ∼13.5

Ω at room temperature.

The internal resistance of these devices is controlled by three factors; the semiconduc-

tor resistance, the LMEE interconnect resistance, and the contact resistance between the

semiconductors and interconnects. The device interconnect length was 5.48 mm with an

average resistance of ∼0.12 Ω. For 101 interconnects, this gives a total value of 11.8 Ω.

This average measured interconnect resistance of ∼0.12 Ω is comparable to the expected

resistance value of 0.126 Ω for the same length based on the data from a previous work on

LMEE electrical conductivity[104]. Likewise, ∼7 mΩ was found to be the semiconductor

resistance for one semiconductor, giving ∼0.7 Ω for the 100 semiconductor array. Based on

current semiconductor dimensions, the conductivity of these semiconductors is around 1.2

×105Sm−1. These two values for resistance along with the overall resistance for the TEG of
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Figure 2.3: Energy harvesting and electromechanical characterization of stretchable TEGs.a, The
open circuit voltage as a function of the temperature gradient on the top and bottom of the TEGs.
b, The output voltage as a function of external resistor load for a temperature gradient of 60 °C. c,
Estimated power and power density across the varying external resistor load for the 60 °C temperature
difference. d, Change in relative resistance as a function of tensile strain for three representative
stretchable TEG devices e, Hysteresis behavior of the soft-matter TEG under cyclic loading up to 1000
cycles. f, Measured electrical resistance of the stretchable TEG subjected to uniaxial cyclic loading
with maximum strain of 30% for 1000 cycles; (inset: zoomed-in view for the last 10 cycles).

∼13.5 Ω give enough information to determine an expected total contact resistance of ∼1 Ω.

While the resistances of commercially available TEGs are much lower, our value for device

resistance is far less than or in the range with those reported in previous studies on flexible

TEGs, with some research reporting resistances in the KΩ range[89, 90, 91, 92, 93, 101]. The

value of contact resistance is observed to be less than a tenth of the interconnect resistance.

This is because of the low contact resistance between EGaIn-sputtered semiconductors and

EGaIn traces, considering EGaIn is often used to mitigate contact resistances and serve as

an interconnect in electronic devices[111].
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2.4 Electromechanical Characterization

2.4.1 Strain at Yield

To show that these devices can remain functional under mechanical deformation, I performed

tensile tests using a universal load frame (Instron 5969). Tensile tests above 50% strain

along with cyclic loading tests to 30% strain were conducted. The TEGs used for the tensile

measurements share the same design architecture and fabrication process described above

but consisted of two rows of nine semiconductors with electrically conductive fabric connectors

coming out of each end instead of the previously described 100 semiconductor units (Figure

2.2h). With the Instron grips in place, these slender stretchable TEGs had a gauge length

of 40 mm and a width and thickness of 12.6 and 2.8 mm, respectively. In the first set of

tests, the tensile specimens of the TEG devices were strained until electrical failure (Figure

2.3d). Failure occurred at strains between 50 and 70%, highlighting the stretchability of the

soft TEG and its ability to support significant deformation without electrical or mechanical

failure. In particular, the patterned sections of the LMEE acting as the interconnects deform

with the movement of the semiconductors and maintain their connection. It should be noted

that the increase of the internal resistance in these TEG devices remains below 20%, which

implies a stable electrical circuit for power generation.

As shown in Appendix A.1 and Figure A.1, using a simplified circuit model, we predict

a power loss of less than 4% for stretchable TEGs when the deviation from initial internal

resistance (matched with an external resistance) remains below 35%. This level of increase

or decrease of internal resistance is an equivalent to ∆R = ± 5 Ω for the fabricated TEGs with

100 semiconductors. Under the assumption of a fixed optimal load resistor, the generated

power will decrease with the overall internal resistance changes because of the increase or

decrease of resistance in the interconnects. The resistance change is attributed to a potential

weakening/strengthening of the electrical contacts between the semiconductors and LMEE

interconnects when the devices are bent, stretched, or compressed. While a variable external
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load resistor can address this issue by matching to the new impedance, a 30% change in

internal resistance will have only modest impact on the voltage and power output. This

is highly advantageous for devices that may operate under harsh conditions and under

strenuous mechanical loads.

The semiconductor elements are not attributed to the increase in resistance under strain

as these are rigid components. In addition, a previous work has shown that there is a

minimal resistance increase under strain for LMEE traces indicting that the increase in TEG

resistance under strain is not from LMEE interconnects[40]. In addition, under cyclic loading,

LMEE traces have also been shown to have only a small increase in resistance[104]. This

leads to the contact resistance between the traces and semiconductors as the primary source

of increased resistance under strain. As shown previously for our 100-semiconductor TEGs,

there exists an overall internal resistance of ∼13.5 Ω, of which ∼1 Ω is attributed to internal

contact resistance. Assuming a 12% resistance increase at 50% linear strain from Figure

2.3d, the internal resistance will be 15.1 Ω. Considering that the increase in interconnect

and semiconductor resistance is minimal, this 1.6 Ω increase in resistance is attributed to

contact resistance. This indicates that at a 50% strain, there is a 2.6 time increase in contact

resistance. This is most likely coming from the changing morphology of the interconnects

and displacement of rigid semiconductors under strain as the interconnects are thin and

interfaced with semiconductors through a liquid interface. As mentioned previously, this

increase in resistance at extreme strains only contributes to a 4% power loss when the

deviation from the internal resistance stays below 35%.

2.4.2 Cyclical Loading

In order to evaluate long-term performance for applications in wearable electronics, the TEG

was subjected to uniaxial cyclic loading of 30% strain for 1000 cycles. A 30% strain was

selected as it is the maximum typical tensile load for skin, and can be used in this case as an

extreme measure for wearable applications[98]. As shown in Figure 2.3e, there is a slight
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amount of inelastic deformation with the first loading cycle, which I attribute to the Mullins

effect, as has been previously shown for LMEE composites[24]. For subsequent loadings, the

deformation is largely elastic, with only modest hysteresis between loading and unloading.

Resistance increased as the number of cycles increased from a preloading resistance of ∼5.7

to ∼6.9 Ω (21% increase) after the 1000th 30% strain cycle (Figure 2.3f). Prior to loading, the

stretchable TEG with only 18 semiconductors was able to generate ∼30 mV at ∆T = 75 °C. For

each individual cycle, electrical resistance increased as the load increased, following the path

of cyclic loading (Figure 2.3f). In general, the lack of permanent mechanical deformation after

loading, together with the continued electrical functionality of the device under significant

tensile strain, attests to LMEE’s excellent applicability to soft, conformal, and stretchable

TEDs.

The semiconductors in these TEGs take up 10.1% of the total area fraction. However, an

increase in this area fraction, also called the fill factor, has been shown to increase the power

efficiency (Wcm−2K−2)[112]. For commercial TEGs, a fill factor of 30% is common. Based

on the current fabrication techniques, there are no barriers to increase the fill percentages

of semiconductors in these TEGs to reach such an area fraction. Using the current TEG

dimensions, this would require ∼300 semiconductors in a 15 by 15 grid embedded in the

current sized devices. Assuming that the widths of the LMEE patterned interconnects remain

the same, along with knowledge that the current parallel gap between the interconnects

is ∼3.17 mm, these updated devices would have parallel interconnect gaps of 2.11 mm.

This is greater than the minimum of 2 mm previously reported to avoid shorting between

EGaIn traces in the LMEEs[104]. Additionally, the lengths of the interconnect traces can be

shortened to keep the distance between the ends of the interconnects above 2 mm to mitigate

shorting and accommodate increased semiconductors per row.
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2.5 Conclusion

This material architecture has the ability to be expanded far beyond these initial soft TEG

devices, with future opportunities to explore the integration of LMEE-based TEGs into

wearable technologies. I demonstrated that the TEG devices with a LMEE thermal interface

are fully conformable to be wrapped comfortably on the body and deform around the curves

of the arm. To increase power, voltage, and practicality, the size of these devices can be

increased and customized to various parts of the body. In the future, larger version of these

devices or devices with a denser arrangement of semiconductors could be engineered into an

armband-style soft TEG that could self-adhere to the skin and be used to power wearable

sensors and electronic devices. This would be an opportunity to exploit the unique elasticity of

these devices in order to enable on-skin energy harvesting with wearable computing systems.

2.6 Lessons Learned

Stretchable TEGs capable of harvesting electrical energy from body heat under cold weather

conditions have the potential to make wearable electronic and robotic systems more lightweight

and portable by reducing their dependency on onboard batteries. However, progress depends

on the integration of soft conductive materials for robust electrical wiring and thermal

management. The use of thermally conductive soft elastomers is especially important for con-

forming to the body, absorbing body heat, and maintaining a temperature gradient between

the two sides of the TEGs in order to generate power.

In this chapter a soft-matter TEG architecture composed of electrically and thermally

conductive LMEE composites with integrated arrays of n-type and p-type Bi2Te3 semicon-

ductors is introduced. The incorporation of a LMEE as a multifunctional encapsulating

material allows for the seamless integration of 100 thermoelectric semiconductor elements

into a simplified material layup that has a dimension of 41.0 × 47.3 × 3.0 mm. These

stretchable TEDs generate voltages of 59.96 mV at ∆10 °C, 130 mV at ∆30 °C, and 278.6 mV
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and a power of 86.6 µWcm−2 at ∆60 °C. Moreover, they do not electrically or mechanically

fail when stretched to strains above 50%, making them well-suited for energy harvesting in

soft electronics and wearable computing applications.

While this chapter demonstrates a promising approach to soft TEDs, the design presented

here is still limited by relatively low power output. Better thermal management is needed to

decrease heat transfer across the semiconductors to obtain higher temperature differentials.

A new manufacturing process needs to be developed with novel conductive inks to increase

semiconductor density significantly to improve power output. Only by improving these

aspects will TEGs be viable as a power source for wearable healthcare electronics. In the

next chapter, I will show improved thermoelectric performance through 3D printed elastomer

substrates along with integration of these TEDs into thermally responsive polymer actuators.
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Chapter 3

Soft Thermoelectrics for Liquid Crystal

Elastomer Actuation and Energy

Harvesting

• M. Zadan, D. K. Patel, A. P. Sabelhaus, J. Liao, A. Wertz, L. Yao, and C. Majidi, "Liquid

Crystal Elastomer with Integrated Soft Thermoelectrics for Shape Memory Actuation

and Energy Harvesting", Advanced Materials, vol. 34, no. 23, 2200857, 2022.

3.1 Introduction

LCEs are a type of thermally responsive SMP that have both fluid-like and solid-like prop-

erties. These materials are made of rigid molecules, referred to as mesogens, enabling the

liquid crystals to exhibit long range order in their nematic state [46]. As described in Chapter

1 Section 1.1.5, this allows for large shape deformations without mechanical failure. When

heated above the nematic to isotropic transition temperature (TNI ), when a thermal stimulus

is applied, the mesogens re-orient themselves into an isotropic state inducing a macroscopic

contraction of the material as the material becomes an amorphous crystalline solid. Some

advantages of LCEs over other shape memory materials is their large elastomer like stroke
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length as well as their ability to be programmed to complex shape changes [60]. Cooling is

still a major issue in LCE actuators, as passive cooling is slow. Introducing TEDs into LCE

actuators, could enable active Peltier cooling while not impeding the actuation of the LCE.

3.1.1 Background on Liquid Crystal Elastomer Actuation Methods

There have been recent efforts to improve the speed and control of LCE actuators through

novel methods of stimulation[113], though most of these introduce significant mechanical

design challenges for robotics. Compared to external convection heating and Joule acti-

vation, a faster and more controlled LCE response can be achieved by pumping hot and

cold fluid through embedded microfluidic channels[113] or by utilizing compressed air[70].

However, this leads to the need for bulky heating units and liquid pumps for actuation. Other

approaches for actuating LCEs have included electromagnetic (EM) radiation, including

visible[114, 115, 116], microwave[117], and infrared light (IR)[118]. However, these methods

are unrealistic for robust autonomous robotic motion since the LCE must be in the range of

directional EM emitters, which typically require a visual line of sight since the wavelengths

in this range cannot penetrate opaque structures. Moreover, the emitted EM radiation does

not usually enable the precision needed for controlled robotic actuation. Approaches with

magnetic actuation have also been tried, but these require large external magnets and are

susceptible to potential interference issues with the environment, such as metal around

where the robot is navigating through[119]. Some of our recent work has focused on 2.4 GHz

beam forming for non-line-of-sight targeted actuation [120, 121]. While promising, these

approaches are still limited in their ability to enable robust and repeatable heating and

cooling for controllable actuation. They also require large setups that would need to be moved

to the location of operation, making them not compatible with lightweight mobile or wearable

robotic devices.

A second challenge with LCE actuators is the low energy efficiencies associated with the

existing methods of stimulation. Heating through Joule activation requires high input power
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(≈1–10 W) over long periods of time (≈10–100 s) to heat LCEs above their nematic-to-isotropic

transition temperatures[63, 70, 122]. Moreover, during intracycle cooling, this energy is lost

through convection cooling. Likewise, although convection heating and EM-based actuation

methods can increase actuation speeds, they are also susceptible to inefficiency on account

of indiscriminately directing energy over large volumes[123]. These prohibitive properties

make it difficult for LCE-based actuators to become viable options when compared to other

actuation modalities. Moreover, such challenges are not limited to LCEs and are also observed

in other thermally activated shape memory materials such as nickel–titanium shape memory

alloys (SMAs), which suffer from low energy efficiencies of 1–2%[124]. A possible solution to

increase the efficiency is recycling some of the otherwise-wasted thermal energy back into the

actuator or host device. One of the future potentials and advantages of soft robotic systems is

the ability to recover energy that is momentarily stored within soft materials and actuators

that would otherwise go unused[72]. In the case of LCEs, the ability to recover energy from

residual heat and thermal gradients could contribute to improved energy efficiency and

longevity of the host electronic device or robotic system.

3.1.2 Thermoelectric Devices for Liquid Crystal Elastomer Actua-

tion

In this chapter, I simultaneously address both challenges by combining LCEs with a thin

thermoelectric layer that is soft, stretchable, and conforms to the LCE during deformation

without impeding actuation. The thermoelectric device (TED) layer is composed of n-type

and p-type bismuth telluride (Bi2Te3) microcubes that are wired together with eutectic

gallium–indium (EGaIn) liquid metal interconnects and embedded within a 3D printed

elastomer matrix (Figure 3.1a). This approach to create TEDs that are soft and elastic

builds on recent research that has focused on combining Bi2Te3 with elastomers and liquid

metals to create thermoelectric generators (TEGs) that are flexible and stretchable for

wearable applications[95, 20, 125, 94, 103, 102, 126, 127]. Previous work has also shown
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Figure 3.1: a, A stretchable 90 semiconductor soft-matter TED under deformation highlighting
conformity of LM traces and 3D printed center layer. b, Images showing the responsiveness of
the LCE shape memory polymer to heat. c, LCE-TED soft limb during actuation with right side
heating and left side cooling. The inset represents a schematic diagram showing LM traces and
semiconductors beneath the LCE layer. d, Images highlighting how the change in the current direction
across semiconductors reverses the direction of actuation using only one input source.

that soft TEDs with integrated wavy-electronic copper interconnects are viable candidates

for thermohaptic feedback in virtual reality[126, 127]. Here, I show that patterned liquid

metal is similarly promising as interconnects within a soft TED architecture. Depending on

the mode of operation, the soft TED functions as a Peltier heating/cooling device to control

the contraction of the LCE layers or as an energy generator that uses the Seebeck effect to

convert thermal gradients into electricity. In the Peltier mode, it can be used as thermal

stimuli for LCEs, which exhibits the shape memory response presented in Figure 3.1b. This

thermoelectric layer is then placed between two pre-strained pieces of LCE (Figure 3.1c). I

term the final device an “LCE-TED.” When current is applied across the leads of the soft

TED, the right side of the LCE-TED transducer contracts as the LCE heats from Peltier

heating that induces uniform bending of the transducer in the counterclockwise (CCW)

direction. Reversing the flow of current causes the right side that was previously heating

to subsequently actively cool and the left side of the device to heat up, resulting in bending

in the clockwise (CW) direction (Figure 3.1d). By incorporating a soft and stretchable TED,

both high and low temperatures can be applied to the LCE layers at the same time with only
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one electrical input. By placing the TED in the center of the actuator, this ensures that heat

is both being delivered effectively to the contracting side of the LCE as well as cooling the

opposite side actively.

Through a series of soft robotics demonstrations, I demonstrate our design’s potential to

significantly improve the adoption of LCEs in practical applications. First, the closed-loop

position control of our LCE-TED shows fast and accurate tracking due to active cooling.

Prior applications of feedback in LCE-based robotic actuators are few and focus on sensing

capabilities[65, 128]. Most are only proof-of-concept, are relatively slow, and either lack full

pose feedback for the robot[58] or are nonspecific about the feedback procedure[70]. In each

case, the lack of cooling (i.e., a negative control input) limits the ability to apply traditional

control analysis techniques. Other types of antagonistic thermoelectric actuators can be

modeled with a bidirectional control input; however, these require either careful techniques

to avoid overheating[129], external cooling hardware[130], or highly advanced constitutive

models[131]. Our device’s tracking control demonstration, using a theoretically-grounded

feedback procedure, overcomes each of these drawbacks.

Second, a soft robot built from two of our actuators shows the LCE-TED locomoting

to a heat source and harvesting energy while stationary. Although simple in design, this

two-limbed walker demonstrates the potential for creating soft robotic systems that can

harvest some of their electrical power from energy in the environment. Lastly, to further

increase voltage harvesting potential, I highlight the “physical intelligence” of this transducer

to autonomously orient itself closer to a heat source, which allows for more electricity to be

generated through the Seebeck effect. This feature is loosely inspired by phototropism, in

which a plant responds and moves toward a light source. Together, these demonstrations

show significant promise for robots built from soft LCE-TED actuators.
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3.2 Liquid Crystal Elastomer Soft Transducer Fabrica-

tion

3.2.1 3D Printed Soft Thermoeletrics Fabrication

I fabricate the TED layer with an array of n- and p-type Bi2Te3 semiconducting chips that

are wired in series using EGaIn liquid metal traces. The chips are embedded inside an

elastomer matrix that is 3D printed using a Digital Light Processing (DLP) method and

sealed with a UV curable ink[132]. As shown later, this soft TED enables the operation of

both the Peltier and Seebeck effect and is mechanically compatible with layers of LCE placed

on the top and bottom surface.

Figure B.1 depicts steps for device fabrication. The TEDs are made with a maximum of

90 semiconducting chips (1.4 × 1.4 × 1.6 mm) in six rows of 15 with overall active dimensions

of 43.0 × 14.5 × 3.4 mm and a surface area fill of 28%. The center layer (53 × 14 × 1.6 mm),

which acted as a substrate for the LM channels and semiconductors, was printed using a DLP

3D printer (Figure B.1-i). This 3D printing process was based on previous work by Patel et al.

[132] The center layer consisted of 1 mm wide and 0.4 mm deep channels for LM interconnects

and holes for semiconductors (Figure B.1-ii). The elastomeric resin used for 3D printing

the center layer and sealing the LM traces comprises 49.02 wt% of epoxy aliphatic acrylate

(EAA, Ebecryl 113, Allnex USA), 49.02% of aliphatic urethane acrylate (AUD, Ebecryl 8413,

Allnex, USA) and 1.96% TPO (diphenyl(2,4,6-trimethylbenzoyl)phosphine oxide, Genocure

TPO, RAHN USA Corp.) as the photoinitiator. TPO was dissolved in elastomeric monomers

in a hot water bath at 86 °C. 3D printing was performed using a DLP-based 3D printer

(PicoHD@27, Asiga). This printer was operated by a top-down DLP system with a digital

mirror device (DMD) and a UV–LED light source operating at 385 nm. The printer was

maintained at 40 °C during printing, and each layer was irradiated for 0.5 s, and layer

thickness was 100 µm. The printed structures were sonicated with isopropyl alcohol (IPA)

for 3 min to remove the uncured resin.
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Depending on the desired configuration 44–90 1.4 × 1.4 × 1.6 mm 99.99% purity Bi2Te3

semiconductors (Wuhan Xinrong New Materials Co., Ltd.) were placed into 1 × 1 × 1.6 mm

holes. This was followed by a post-curing in a UV chamber (CL-1000 Ultraviolet Crosslinker,

UVP) for 3 min on each side to ensure a tight seal between substrate and semiconductors,

mitigating LM shorting (Figure B.1-iii). A Stencil (polyester plastic McMaster-Carr) was then

placed on the substrate, and EGaIn was airbrushed (Master G22) into the channels for 30 s

(Figure B.1-iv,v). The device is then placed in a freezer at -30 °C solidifying the EGaIn traces

below their melting temperature of 15.5 °C. The same UV curable ink used for the center

layer was brushed onto the exposed LM traces using a paintbrush, covering them in a thin

layer, and UV cured for 12 min at λ = 365 nm (Warson R838) (Figure B.1-vi). This process

was repeated on the backside with thin copper tape leads being attached before airbrushing

(Figure B.1-vii). More images of completed devices are available in Figure B.2.

Devices with 90 semiconductors were chosen for Peltier and Seebeck testing as this

was the highest density of semiconductors that could be integrated without electrical short-

ing using our fabrication process. Increasing the semiconductor density increased energy-

harvesting performance. Versions with 60 semiconductors that were evenly spaced were

selected for transducer testing as they balanced heating uniformity and performance with

flexural rigidity. Commercially available semiconductor pellets with dimensions of 1.4 ×
1.4 × 1.6 mm were chosen because of their low aspect ratio, which reduced the mechanical

impedance to actuator bending and allowed for a relatively low electrical resistance[133].

However, I do note that the low aspect ratio would result in less ability to maintain a temper-

ature differential due to the flow of heat through the thickness of the device [133]. The overall

footprint of 53 × 14.5 mm was selected for the center layer since this was the maximum

build area that can be achieved with the DLP 3D printer that was used. I used this high

length-to-width ratio in order for direct implementation into soft robotic limbs.
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Figure 3.2: a, Temperature difference across a soft-matter TEG vs open-circuit voltage, confirming
a linear relationship with a small error (n = 3). b, Resistance versus power and power density for
varying temperature differentials. Inset: Circuit diagram for impedance matching. c, Time versus
temperature for varying currents on the heating side of a 90 semiconductor TEG (n = 3). d, Time
versus temperature for varying currents on the cooling side for a 90 semiconductor TEG (n = 3).
e,Graph of change in resistance for 1000 cycles at 25% compression highlighting no mechanical or
electrical failure. Inset: 44 semiconductor TEG at 25% compression in the universal load frame. f,
Strain versus load for 1000 compressive cycles. g, Change in resistance for 10 cycles at 30% axial
strain in the universal load frame. h, Stress–strain curve for ten cycles at 30% axial strain showing
no mechanical failure or damage. The thermal inset shows 44 semiconductor TEG heating properly
after cyclic loading.

3.2.2 Liquid Crystal Elastomer Transducer Fabrication

By placing photoinitiated pre-strained LCE onto each side of the TED, I can create a flexural

actuator in which the opposing LCE layers are simultaneously heated and cooled. LCE

fabrication was based on a process developed by Yakacki et al. [134]. For fabricating

actuators, the LCE was pre-strained to 80%, UV cured, and adhered to each side of the TED

(Figure 3.1c; Figure B.8).

LCE fabrication was based on work by Yakacki et al.[134] RM257 monomer (1,4-bis-

[4-(3-acryloyloxypropyloxy)benzoyloxy]-2-methylbenzene) (10.957 g; Wilshire Technologies;

95%) was dissolved into 3.40 g toluene (Sigma–Aldrich) at 80 °C for 20 min. Once cooled

for 5 min 3.076 g EDDET (2,2’-(ethylenedioxy)diethanethiol) (Sigma–Aldrich), 0.488 g

PETMP (pentaerythritol tetrakis (3-mercaptopropionate)) (Sigma–Aldrich), 0.077 g HHMP
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((2-hydroxyethoxy)-2-methylpropiophenone) (Sigma–Aldrich), and 0.038 g DPA (dipropy-

lamine) (Sigma–Aldrich) were mixed into the monomer solution and vortexed mixed for 1

min [66]. The mixture was then degassed for 1 min and poured into 11 × 2 × 0.2 cm molds,

with each mold creating enough LCE for one actuator. Samples oligomerize for 12 h at room

temperature in a fume hood followed by 12 h in a vacuum oven (Across International) at 80

°C and 508 mm of Hg to evaporate the toluene. The LCE was uniaxially strained to 80%, and

UV light (UVP, UVL-56 handheld UV lamp) was applied to crosslink for 30 min at 365 nm

and 6 W, programming in a reversible prestrain of 39–45%. When pre-strained, the LCE

strips were 1.1 mm thick and a 400 µm thick layer of Sil-poxy (Smooth-On) was then used to

adhere the strips to each side of the TEG.

3.3 Seebeck Characterization

Open-circuit voltage data were collected for three cycles at room temperature with the TEG

placed on a hot plate with a 200g mass ensuring even contact. Thermoelectric testing was

conducted without the LCE layer to better understand the TEDs themselves. Peak voltage

was recorded as temperature differentials can decrease quickly. Power data were recorded by

measuring voltage in parallel to the external resistor from the circuit given in the inset of

Figure 3.2b. The TEG was placed on a hot plate with a 200 g mass ensuring even contact.

Maximum voltage in parallel was recorded for various resistor values. In between cycles, the

TEG was cooled to ambient temperatures. For Peltier cycles, data were recorded for three

passes for 40 s with a 90-semiconductor device being used. Temperatures were recorded

using a thermal camera (FLIR C2) along with all tests being conducted at room temperature.

The device was cool in between cycles.

Experimental measurements for energy harvesting through the Seebeck effect are pre-

sented in Figure 3.2a,b. The voltage V generated by a temperature difference ∆T is estimated

as V = nα∆T, where n is the number of n-type/p-type semiconductor pairs and α is the
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Seebeck coefficient of the bismuth telluride [135]. Figure 3.2a shows the open-circuit voltage

generated from changing temperature differentials across the TED. A linear relationship was

found between temperature difference and voltage in line with the established relationship

of V = nα∆T. At ∆T = 30 and 60 °C, voltages of 54.7 ± 2.0 mV and 107.1 ± 0.7 mV was

recorded as an increase in temperature corresponds to larger charge buildup across junctions.

While voltages are low, they are in the range needed for voltage boosting to power small

microcontrollers (LTC3108 Analog Devices).

By impedance matching the internal resistance of the thermocouple arrays with an

external resistor, power (P) can be optimized for the highest possible power output when the

device is in contact with a heat source [136]. Figure 3.2b inset gives a diagram of the TEG

and external resistor in parallel with a multimeter setup recording the voltage output. By

recording voltage output (VTEG) and varying the external resistance (Rext) the power output

is determined by

P = V 2
TEG

Rext

Figure 3.2b gives external resistance vs power and power density for temperature differentials

of ∆T = 30–60 °C. Peak power was recorded at an external resistance of 1.5 Ω, which is in

line with the recorded internal resistance at room temperature of ≈ 1.5Ω, indicating that

impedance matching is taking place as expected. At ∆T = 60 °C, max. power of 1.61 mW and

236µWcm−2 was recorded, which corresponds to a 32.7 mA current (Figure B.3). This is a

≈2.75 power density increase over previous work at the same temperature differential [20].

When resistance is plotted against voltage (Figure B.4), an increase in external resistance

corresponds to a sharp increase followed by leveling off of voltage when Rext ≈ 10Ω. Voltages

begin to approach open-circuit voltage at these higher resistor values as the impedance

increases. For instance, at ∆T = 60 °C Voc = 107.1±0.7mV (Figure 3.2a) and with an external

resistance of 67.9 Ω, a similar voltage of 104 mV was recorded (Figure B.4). This has been

shown before as an increase in impedance from the external parallel resistor leads to a

voltage output approaching an open-circuit voltage [20]. In this case, voltage saturates at an
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external resistance of around an order of magnitude above internal resistance.

3.3.1 Peltier Characterization

Characterization of the Peltier effect for voltage-controlled heating/cooling is presented in

Figure 3.2c,d. By applying a current across thermocouples in series, temperature differentials

are created at the junctions as the thermocouple alternates from forward bias to reverse bias.

This Peltier effect allows us to create the uniform and fast heating and cooling that is needed

to give effective heat output and absorption to the LCE surrounding the actuators. To better

understand these characteristics, the Peltier effect for LCE actuation was characterized by

recording heating and cooling curves for the TEDs at varying currents. Increasing current

increases the rate of temperature increase for heating curves as expected (Figure 3.2c). At

1.75 A, the TED generated 73.4 ± 0.3 °C at 40 s (Figure B.5a) with a power draw of 5.5 W,

while at the lower current of 0.5 A at 40 s with a power draw of 0.4 W, the heat generated

was 33.5 ± 0.8 °C with a leveling off of temperature increase in this time range.

While an increase in current corresponded to an increase in temperature, the relationship

between cooling and current was much more complex. As there is no thermal management or

heat sink used during these tests, heat tends to bleed across the 3D center layer. This is seen

from the cooling data (1.75 A; Figure 3.2d) as the temperature drops quickly initially from

an initial temperature of 25.6 ± 1.0 °C to 19.1 ± 1.1 °C at 14 s (Figure B.5b), followed by a

sharp increase to 29.8 ± 1.4 °C at 40 s giving the maximum cooling effect of 6.5 °C. Having a

local minimum followed by a sharp temperature increase is less prominent in lower currents

where less heat is generated on the opposite ends of the semiconductors with less energy

transferring as quickly across. At 0.5 A, the cooling side is 22.7 ± 1.2 °C at 14 s and 22.0

± 1.1 °C at 40 s with both values within the standard error of each other. This needs to be

considered when actively cooling the TEGs as too high of a current will not necessarily lead

to a lower temperature. Recent work by Jung et al. has identified underwater applications

as a means to improve device performance [137]. Jung et al. showed that using water in
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Figure 3.3: a, Measurement of time versus stroke angle for a soft-matter actuator running at 2.9
V followed by -2.9 V. b, 99 cycle blocking force test at 1.7 V highlighting robustness and stability
of actuator. c, Voltage and current values for five representative cycles for the blocking force test.
d, Comparison of cycles 2–5 and 95–98 highlighting high stability and no mechanical or electrical
damage during a high cycle load. e, Maximum blocking force test of time versus force at 2.9 V to
determine a max. force at break of 0.35 N. f, Comparison of voltage inputted during actuation through
the Peltier effect (red) and voltage outputted through the Seebeck effect during cooldown cycles (blue),
highlighting regenerative energy recycling.

contact with the TED as a heat sink led to an improvement in thermoelectric performance. To

account for a wide range of operating environments and varying environmental temperature

fluctuations, I conducted tests in a water environment. By operating the soft TED in water,

I found no influence on heating behavior but did observe limited improvement in cooling

performance (Figures B.6-B.7).

3.4 Electromechanical Characterization

In order to confirm that the thermoelectric layer could perform effectively under the stresses

of repeated use as actuators and energy harvesters without degrading electrically or mechan-

ically, cyclical bending and axial strain tests were conducted. All force and cyclical loading

tests were conducted in a universal load frame (Instron 5969). Mechanical tests were run

on a 44 semiconductor TEG modified to accept clamps for the universal load frame. Figure
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3.2e gives internal resistance data for 1000 cycles at 25% compression, with the dotted line

representing the value of initial resistance. The data showed excellent stability for use in

actuators during bending. An image of the device in the compressed state is given in the

inset. After 1000 cycles, no mechanical or electrical failure was observed.

In addition, no significant increase in resistance was found after 1000 cycles indicating

the 3D printed polymer center layer and LM traces are deforming without effecting contact

resistance with the semiconductors during actuation. Under these loading conditions, plastic

deformation occurs with changes in stress–strain curves between the first (red) and 1000th

(blue) cycles (Figure 3.2f). It is also unclear why the load of the final cycle is higher than the

lowest sets of cycles in the grayed-out region. Hysteresis was shown to occur intracycle as

expected but in no way impacting actuator performance.

During operation in a soft actuator or robotic system, these TEDs will exhibit very little

to no axial strain. Nonetheless, I demonstrate the ability of the soft TED to be cyclically

loaded to 30% uniaxial strain for 10 cycles (Figure 3.2g). Resistance dropped from ≈ 0.7Ω

at 0% strain to ≈ 0.3Ω at 30% strain. No damage or trends in resistance were detected

during these tests. In addition, no mechanical or electrical failure occurred. This decrease in

resistance could be caused by a decrease in contact resistance between semiconductors and

LM traces from transverse compression during axial loading. This should not be an issue for

the actuators as very little axial strain occurs during actuation. After the test was completed,

the voltage was applied across the terminals of the device. The device functioned well with

no semiconductors failing to generate heat (Figure 3.2h thermal inset). Mechanical stability

was observed after the first cycle of axial loading, as seen in Figure 3.2h. There is limited

hysteresis during loading for the other nine cycles showing mechanical stability of the 3D

printed components under extreme conditions.
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3.5 Soft Robotic Actuator Characterization

Actuator angle and force output were characterized to better highlight the actuator char-

acteristics and inform controls and robotic applications given in the next section. Results

indicated that these actuators have a high angle of stroke, can generate significant force

for an actuator made of soft components, and repeatedly and controllably deliver that same

force output as a function of time cyclically for a high number of repetitions. As opposed to

Joule-heated actuators with one direction of motion per voltage input, these TED actuated

soft muscles can operate in positive and negative angular domains above and below zero

degrees bending angle using only one input.

3.5.1 Characterization of Actuator Bending

By reversing the input voltage from positive to negative, the actuator can both actively heat

and cool the opposing surfaces at the same time, reversing the direction of actuation. A

representative cycle is shown in Figure 3.1d, with time vs angle results shown in Figure 3.3a.

With a positive voltage of 2.9 V applied followed by -2.9 V, max. angles of 27° and -27° are

reported. The maximum angular velocity recorded during testing was 2.5° s−1 (Figure B.9).

The ratio of time from 0° to 27° and 27° back to 0° is 1:0.43 for one cycle. This multidirectional

actuation and active cooling is an order of magnitude faster compared to actuation cycles

(1:10) of previous single input Joule-heated actuators that require ambient air cooling [58].

As there is a defined relationship between temperature and contraction [134], these actuators

operate better when running warm. This explains the steeper slope in actuation in the

negative direction when the negative voltage is applied. The LCE has already warmed up

due to some thermal bleeding from the heated side onto the cooling side, as seen in Figure

3.2d. This, along with stored elastic potential energy, accounts for the faster actuation upon

voltage reversal. The first of the 99 blocking force cycles in Figure 3.3b also highlights this

characteristic as the initial cycle is the only force output that varies significantly from the
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others and represents a warmup cycle.

3.5.2 Force Output

Figure 3.3b shows a plot of time vs force output for the LCE actuator blocking force test for

99 cycles. Blocking force tests were performed on a 60 semiconductor actuator with a 10 N

load cell placed right above, with the actuator placed parallel to the ground. The LCE-TED

actuated into the load cell, determining force output. An Arduino microcontroller and power

source along with an H-bridge of power MOSFETs were used to switch current directions for

the blocking force test. Using the H-bridge circuit, the device was actuated for 95 s at 1.7 V

into the load cell, 22 s at -1.7 V in reverse until a 0° angle, and 380 s of cooling time at 0 V for

99 cycles. Figure 3.3c graphs time vs voltage and current for five representative cycles. While

power source voltage is constant along with current, the voltage across the actuator varies

from 1.5-2.0 to -1.5 to -2.0 V to 0 V per cycle as varying semiconductor resistances inside the

device and across the pins of the H-bridge metal–oxide–semiconductor field-effect transistors

(MOSFETs) (used to reverse current directions) effect voltage. With an average max. force

output of 0.138 N and a small standard error of 0.003 N for 98 cycles, high repeatability,

stability, and robustness are shown.

To highlight force output stability and consistency, cycles 2–5 are compared to cycles

95–98 in Figure 3.3d. These force output curves are almost identical with max. output

along with heating and cooling slopes being indistinguishable between initial and final cycles.

Intracycle, the importance of running these actuators “warm” for faster actuation is again

shown as only 23% of the positive actuation time is required to return to zero bending angle.

By running this actuator at a higher voltage of 3.2 V, I obtained a maximum force output

of 0.35 N at break confirming high force output for a soft robotic muscle. By using thin

LCE materials as well as low aspect ratio semiconductors, I were able to keep the second

bending moment low in order to decrease flexural rigidity stiffness and achieve large bending

curvatures. Compared to the commercially available 1.37 mm-diameter coiled nitinol shape
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memory alloy wire (Flexinol, Dynalloy inc), the force outputs are comparable with a heating

and cooling force output of 0.39 N and 0.17 N for Flexinol, respectively. By defining a figure

of merit (FoM) for this device as Ue
Ue+Ut

where Ue is the elastic energy and Ut is the thermal

energy [138], I determine an FoM of 0.0008 for one cycle at 3.2 V. Further information is given

in the Appendix B.1 along with Figure B.10. Although low, this FoM is in line with other

thermally driven soft actuators and can potentially be increased by altering the dimensions

of the device layers [138].

3.5.3 Regenerative Energy Harvesting

In between actuation cycles, a portion of the heat applied to the system during Peltier

heating can be converted back into voltage through the Seebeck effect. Much like electric car

regenerative energy harvesting from induction motors during braking, in which induction

motors double as energy harvesters when torque is applied to the motor, the LCE-TED

actuators have similar characteristics through electrothermal instead of kinetic energy

conversion. I introduce regenerative energy harvesting into a soft actuator as a proof of

concept. I tested this unique characteristic for five cycles, inputting heat into the system

through Peltier heating for 35 s at 2.2 V, followed by recording the voltage output during

a 4 min cooldown as the actuator moved back to the rest position. Results are shown in

Figure 3.3f, with the left y-axis showing voltage input and the right y-axis showing generated

voltage. The maximum generated voltage of 0.53 V was recorded. Voltage drops quickly,

and heat transfers across the system as it approaches a steady state. By analyzing one

cycle at 2.7 V across the transducer for 50 s and 0 V for 6 min of energy harvesting (Figure

B.11), I can determine the efficiency of applied vs generated energy to be η = 0.03%. For

more details, see the “Regenerative Energy Harvesting Efficiency” section in Appendix B.2.

While this efficiency is not high enough to increase the range of the actuator in a meaningful

way, I introduce this as a proof of concept and hope it spurs further investigation of efficient

energy recovery methods that can be used for soft actuators. Potential methods to improve
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efficiency include decreasing the thermal resistance between the semiconductors and LCE

layer to guarantee better contact before the temperature differential across the entire device

degrades due to heat conduction. This unique feature introduces a new approach for more

energy-efficient soft robotic actuators.

3.6 Actuator Demonstrations

3.6.1 Position-Controlled Actuation Demonstration

Contributions: I fabricated the actuators used in the PI demonstration and conducted PI

control tests with Dr. Andrew Sabelhaus. Dr. Andrew Sabelhaus designed the experimental

setup and control test bed, chose the controller, wrote the code, and tuned constants.

A position-control feedback test was performed to track deflections of the soft LCE-TED

actuator, here considered to be a single-degree-of-freedom robot limb. The feedback control

test used a hardware platform adapted from Patterson et al. [139] and Wertz et al. [129] The

LCE-TED was clamped to a rigid frame, connected to an electronic circuit in an H-bridge

configuration of power MOSFET transistors, and received positive or negative voltage via two

pulse-width-modulation (PWM) signals. The nominal applied voltage across the device was

calibrated to 2.9 V at the start of each test. A microcontroller changed the applied power by

setting the positive/negative PWM duty cycle at time k, i.e., u(k) ∈ [−1,1], mapping negative

duty cycles to the PWM connected to the “reverse” signal of the H-bridge. Two computer

vision markers were placed on the test setup, one on the clamp and one at the tip of the

actuator, so that a camera (Intel, Real Sense) measured the deflection angle of the soft limb

(θ(k)) in real time. Our control system takes a desired angle θ(k) and uses proportional-

integral (PI) feedback to specify the PWM duty cycle as a function of the position error

e = θ−θ, i.e., u(k) = kpe(k)+∑k
t=0 K i e(t)∆t The controller gains Kp and K i were estimated

using various PI tuning rules from the literature. See Appendix B.3 for more specifics on

electronics and control. The limb held alternating angles of + 5° or –5° for 50 s each (Figure
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3.4a). This response was verified using two different soft limb prototypes that were tested

with the same control system. Results show that the actuator can quickly switch between

positive and negative angles (Figure 3.4b), as anticipated from the characterization tests.

Even though the control system never applies the full 100 % duty cycle power (see Appendix

B.3 for more discussion), the limb still reaches its desired angle after only ≈20 s. This would

not be possible with passive cooling alone. The position error reaches <0.5° after settling,

which is more than sufficient for most soft robotics applications [129].

3.6.2 Soft Walker Demonstration

Contributions: I designed the demonstrations and built the actuators. Dr. Jiahe Liao assisted

in the design of the soft robotic walker demonstration along with aiding in data collection

and processing.

To demonstrate the use of these transducers in a robotic system, I have developed an

LCE-TED walker capable of walking toward a heat source and harvesting energy. The walker

is composed of two LCE-TED limbs that are oriented 90° apart and connected at the ends. At

the distal end where the limb makes contact with the ground, an angled and jagged copper

shim is adhered in order to enable anisotropic friction [57, 140] and allow the walker to move

in a forward direction. In its rest state, the device is 65 mm high and 92 mm wide. Each limb

was actuated with a 3.0 V power source. The actuation times were left limb +3 V, right limb

-3 V for 45 s, then left limb 0 V, Right limb +3 V for 10 s, followed by a cool-down period of

≈6:30. By reversing the voltage direction during actuation, I induced forward movement as

the limbs contracted and expanded, first pulling together and then pushing apart. Additional

gait information is given in the Experimental Section. Figure 3.4c presents images of a

representative gait cycle.

The task planned for this robot was to move itself over to an energy source, in this case, a

heat lamp, and generate continuous electricity. Distance between the limb and energy source

is key to overcoming the heat loss of air’s low thermal conductivity. Initially, I recorded the
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Figure 3.4: a-b, Position control test of LCE-TED actuator prototypes. a, The target robot limb pose
is specified as a deflection angle, measured using a computer vision system. b, Feedback control
demonstrates low-error tracking of deflection angle, verified on two different actuator prototypes
(1 and 2). c-e, Walker demonstration of LCE-TED actuators. c, Gait mechanics for one gait cycle
of the two-legged soft walker. d, Graph of energy harvesting from the front limb at the initial and
final positions of the soft walker, highlighting the walker’s ability to move over to a power source and
passively generate voltage during hibernation. e, Images of initial vs final position away from the
energy source corresponding to (d). f, Image of an LCE limb exhibiting physical intelligence as it
tracks toward a heat source and increases the harvested voltage

voltage output of the front limb at a distance of 10 cm away from the heat source. The walker

then actuated over to the heat source in order to record a higher voltage output (Figure B.12).

After re-recording the voltage, I found a much higher voltage output when the limb is closer

at 3 cm to the heat lamp (Figure 3.4d,e). When reaching the heat source, the soft walker
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enters a “hibernation” state; during that time, it can generate power indefinitely from a heat

source. I also found that as the limb generated voltage, the limb closest to the heat lamp

begins to heat up and actuates in response to the ambient heating. This limb bending causes

the walker to pull even closer to the heat lamp (Supporting Information).

3.6.3 Phototropism-Inspired Energy-Harvesting Demonstration

For the soft walker demonstration, I observed that the limb closest to the heat source would

bend in response to the ambient heating and pull the walker closer to the heat lamp. From

this, I infer a passive “physical intelligence” of the transducer by which it will autonomously

move toward the energy source [141]. This effect, which loosely resembles phototropism and

heliotracking SMPs [141, 142], is further examined with the demonstration presented in

Figure 3.4f. By placing a soft limb vertically near a heat source and applying no voltage to

the limb, I see the soft transducer autonomously sense and bend toward the heat source

(Figure B.13). Bending decreases the distance between the thermoelectric layer and the heat

source, which can cause an increase in the amount of electricity that is generated (Figure

B.14). When the heat source is turned off, the voltage and angle decrease as the limb moves

away from the heat source and returns to its naturally straight configuration ( Supporting

Information). Comparison tests were conducted with and without the LCE layer in which the

heat source is placed adjacent to the base of the actuator and oriented so that heat is directed

upwards (parallel to the actuator). These measurements show an improvement in voltage

output when LCE is incorporated into the limb. This is because LCE actuation will cause

the limb to autonomously bend toward the heat source and experience a larger surface area

over the heat source leading to a larger temperature differential. Unlike the LCE-integrated

limb, the passive limb does not bend and exhibits a voltage output plateau of 10 mV after

50 s of exposure to the heat source. In contrast, the autonomously responsive limb with

LCE exhibited a greater than 2× voltage output with a maximum voltage output of 22 mV

(Figure B.14). This energy-harvesting demonstration shows the physical intelligence of the
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LCE-thermoelectric transducer and suggests the potential for future soft robotic systems to

generate energy from their surroundings in between actuation cycles or during periods of

hibernation (e.g., sleep mode) or low-power operations.

3.7 Conclusion

This work has demonstrated the use of a deformable, 3D printed TED in LCE actuators to

enable both active heating and cooling of LCEs along with energy harvesting. By controlling

heating and cooling actively, multidirectional actuation can be controlled with one input

improving actuation times over ambient cooling by an order of magnitude. With both heating

and cooling, we have shown a practical feedback control example, with a rapid bidirectional

response and no external cooling hardware, suitable for integration into soft robots.

Additionally, this work has introduced the concept of soft actuators with intrinsic energy-

harvesting capabilities for environmental energy harvesting along with regenerative thermal

recycling. The latter allows for the recycling of otherwise wasted thermal energy and is

analogous to regenerative braking used in induction motors for electric vehicles. By exploiting

temperature gradients in nature or by exploiting internal temperature differentials between

the LCE layers, the Seebeck effect converts thermal energy into electricity that can be used

for subsequent actuation cycles. I highlight the potential of LCE-TED actuators in a tethered

two-legged-walker demonstration in which the walker moves to a heat source to generate

voltage. Lastly, these limbs demonstrate a form of physical intelligence in their ability to

autonomously reconfigure themselves to increase the amount of energy harvested from an

external heat source.

Future areas of improvement and current limitations center around thermal management.

These actuators still require a prolonged cool down time in between cycles that can take over

3× the actuation time at low voltages (Figure 3.3b) and up to 6.5× when larger activation

voltages are used. Each LCE sheet of the LCE-TED limb is not independent of the other,
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with heat transferring across the 3D printed elastomer separation layer during prolonged

actuation. This can lead to heat saturation within the actuator due to poor heat transfer

through convection cooling and can produce high stresses at both interfaces, leading to

delamination from the TED layer. One solution is increasing the bonding strength without

increasing structural rigidity through stronger adhesives. Separately, decreasing thermal

conductivity between the LCE sheets by taking full advantage of 3D printing for creating

thermally insulating metamaterials may be another promising direction.

3.7.1 Limitations

While these approaches would allow the LCE-TED-based limbs to operate for longer cycles,

they do not address the intercycle cooldown time limitations. For this, the focus must be

shifted to a new generation of high thermal conductivity deformable heat sinks to aid in

convective cooling. Liquid metal embedded elastomer (LMEE) composites have been shown to

have high mechanical compliance along with high thermal conductivities [24]. Previous work

has shown LMEE composite’s potential in TED-based systems for thermal management[143,

28].Further efforts to incorporate such material architectures and manufacturing methods

could lead to additional improvements in LCE-TED performance. Lastly, I see the potential

for future work in the integration of these transducers into a soft robot to realize the potential

of LCE-TED limbs more fully. Untethered soft robotic platforms such as those explored by

Patterson et al. [139] are a potential candidate to more fully develop the energy harvesting

and controls potential introduced here.

3.8 Lessons Learned

LCEs have attracted tremendous interest as actuators for soft robotics due to their mechanical

and shape memory properties. However, LCE actuators typically respond to thermal stimula-

tion through active Joule heating and passive cooling, which make them difficult to control. In
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this chapter, LCEs are combined with soft, stretchable thermoelectrics to create transducers

capable of electrically controlled actuation, active cooling, and thermal-to-electrical energy

conversion. The thermoelectric layers are composed of semiconductors embedded within

a 3D printed elastomer matrix and wired together with eutectic gallium–indium (EGaIn)

liquid metal interconnects. This layer is covered on both sides with LCE, which alternately

heats and cools to achieve cyclical bending actuation in response to voltage-controlled Peltier

activation. Moreover, the thermoelectric layer can harvest energy from thermal gradients

between the two LCE layers through the Seebeck effect, allowing for regenerative energy

harvesting. As demonstrations, first, closed-loop control of the transducer is performed to

rapidly track a changing actuator position. Second, a soft robotic walker that is capable

of walking toward a heat source and harvesting energy is introduced. Lastly, phototropic-

inspired autonomous deflection of the limbs toward a heat source is shown, demonstrating

an additional method to increase energy recuperation efficiency for soft systems.

The concepts introduced in this chapter introduce a new direction for soft robotic actuators

with embedded energy harvesting abilities and thermoelectric cooling. However, the TEDs

introduced here do not have power densities sufficiently high enough to operate wearable

health monitoring electronics such as PPG wearables, a goal of this thesis. To improve

performance, better heat transfer is needed along with a improvements in semiconductor fill

density. The next chapter will introduce how improved materials can enable this.
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Chapter 4

Wearable Thermoelectric Generators

for Self-Powered Medical Sensing

• M. Zadan, A. Wertz, D. Shah, D. K. Patel, W. Zu, Y. Han, J. Gelorme, H. J. Mea, L. Yao,

M. H. Malakooti, S. H. Ko, N. Kazem, and C. Majidi, “Stretchable Thermoelectric Gen-

erators for Self-Powered Wearable Health Monitoring”, Advanced Functional Materials,

2404861, 2024.

4.1 Introduction

In the previous chapters, the development of stretchable TEDs have been introduced with a

focus on materials improvements including LMEE and LM interconnects to increase power

output without sacrificing mechanical compliance. The testing for these devices has been

exclusively conducted on laboratory bench-top setups for power output characterization.

This gives precise values for power characterization at set temperature differential. The

question still remains as to what the temperature differentials are that actually exist in field

environments, namely when worn indoors or outdoors with environmental conditions at play.

This is not currently understood. How environmental conditions effect performance and how

much power improvement is needed to power battery-free health monitoring systems is still
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an open question that I will address in this chapter.

Portable, wearable electronics for physiological monitoring, in contrast to their tethered

counterparts in clinical settings, increasingly require larger power sources to support greater

computational, sensing, and communication demands over long durations of continuous or

frequent monitoring. Potential routes to address this problem include incorporating large

batteries or requiring frequent recharging, which may become impractical for long term

monitoring, especially for devices that are difficult to reach, remove, or reapply. An alternative

route is to incorporate on-body energy harvesting to extend operational durations between

battery recharging cycles and potentially eliminate the need for a battery all together. Such

an approach requires wearable generators that are highly miniaturized or sufficiently soft and

flexible to be worn on the body without interfering with natural motion. Recent research has

developed methods for harvesting biomechanical energy through piezoelectric, triboelectric,

and dieletric energy conversion methods, along with body heat through thermoelectric energy

conversion [125, 144, 7, 145, 146].

Thermoelectric devices (TED)[45, 147] are especially promising due to their ability to

harvest energy under a wide range of conditions, including for indoor, outdoor, active, and

sedentary activities. TEDs operate on two main principles, the Seebeck and Peltier effects.

In the Seebeck effect, a thermal gradient is applied across the semiconductor junctions of two

oppositely doped semiconductors, inducing a current which can be used for energy harvesting.

Conversely, the Peltier effect occurs when a voltage is applied across the semiconductor

junctions inducing a temperature differential and enabling solid state cooling [148]. However,

for TEDs to be seamlessly integrated into wearables, they must be elastically compliant in

order to conform to the body, moderately stretchable so that they do not interfere with the

user’s natural mechanics, and sufficiently soft so that they can mechanically interface with

skin without introducing air gaps or stress concentrations that could result in high thermal

resistance or skin discomfort [149, 150, 93, 102, 151, 103]. To accomplish this, progress

depends on a new class of soft high-performance materials to match or exceed the energy
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harvesting performance of rigid TEDs while presenting minimal mechanical resistance to

elastic deformation to ensure comfort and effective heat transfer [125].

Recent TEG research has focused on improving interconnects and thermal interface ma-

terials (TIM) for improving device performance. To replace traditional rigid copper intercon-

nects, flexible and wavy copper[150, 93, 152, 94, 153], liquid metals (LM)[102, 103, 154, 155],

and LM-based composite materials [156] have been introduced. Methods based on rigid

metals like copper are highly promising but potentially suffer from limitations due to their

intrinsic mechanical stiffness, which can lead to localized stress concentrations and may

require complex manufacturing methods and geometries to achieve effective mechanical com-

pliance at the meso/macroscale [157, 158]. Likewise, microfluidic channels of LM alloys like

eutectic gallium indium (EGaIn) embedded within a soft elastomer allow for improved me-

chanical performance but can be prone to leaking and subsequent electrical short-circuiting

during fabrication, lowering the potential for high semiconductor packing densities [103].

To overcome these limitations, a promising alternative is to use percolating networks of

LM droplets embedded within a soft elastomer. In contrast to microfluidic channels of bulk

liquid metal, these LM-embedded elastomer (LMEE) composites support high electrical

conductivity that remains stable under extreme strain and are significantly less prone to

leakage due to the robust encapsulation of LM droplets withing the surrounding polymer

[159, 160]. Moreover, LMEEs can also be engineered to be electrically insulating and function

as a high performance thermal interface material (TIM) to decrease the thermal resistance

between the semiconductors within the TED and interfaces to the body and surrounding

environment. LMEEs have previously been implemented as a TIM and heat sink for TEDs

[20, 133, 161, 162], although researchers in the past have also explored other materials for

thermal management including radiative absorbing materials [163], flexible phase change

materials [164], graphene nano-platelets [22], Ag-Ni aligned networks [165], Ag and CNT-

embedded elastomers [93], and fin based soft heat sinks [156, 161, 166]. Nonetheless, in

spite of such advancements, the thermal conductivities of TIMs used in TEDs have been
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reported to be at most ∼ 1.1Wm−1K−1, therefore representing another potential area for

improvement.

Building on these material architectures, there have been several attempts in recent years

to incorporate TEDs into wearable electronics to power health monitoring sensors. However,

these demonstrations have largely focused on small-scale low-power implementations. Ex-

amples include implementations that perform temperature and humidity measurements

on a flexible polyimide substrate TEG[167], ECG measurements [95, 153], a three-axis

accelerometer[168], gyroscope measurements, and Bluetooth transmission[169]. However,

there still remains to be demonstrated a mechanically soft and wearable TEG that can power

a more energy-intensive physiological sensing capability like photoplethysmography (PPG),

which is used to capture health vitals like heart rate and SpO2 blood oxygenation. Achieving

photonic sensing in a battery-free wearable device that is also capable of energy storage,

signal processing, and wireless transmission remains a key remaining challenge in the field

[144].

In this work, I address this critical need by introducing a new framework to design

battery-free wearable electronics that are capable of photonic-based physiological monitoring

and fully powered using body heat. Each element of the system design has been selected

to achieve high mechanical and thermoelectric performance along with seamless materials

integration. This is accomplished through a comprehensive design and manufacturing

framework that includes advancements in soft-matter material architectures, TEG array

design, low energy circuit board design, and on-board power management (Figure 4.1). The

devices comprise a high-aspect-ratio 3D printed elastomer matrix for mechanical compliance

and high semiconductor fill factor, an elastomeric LM-epoxy composite for enhanced thermal

conductivity between the TED and contacting surfaces, and an LM-Ag-SIS elastomer ink

composite for mechanically robust electrical connectivity between Bi2Te3 thermoelectric

semiconductor elements. Compared to past work with LM-based soft TEG architectures,
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Figure 4.1: Design and overview of wearable thermoelectric device. a, TEG Schematic showing the
key components of soft thermal interface materials, LM-Ag-SIS stretchable conductive inks, Bi2Te3
semiconductors, and 3D printed elastomer matrix. b, Image of TEG in flexure highlighting high
semiconductor density of LM-Ag-SIS inks. c, Image of TEGsense being worn on the arm during
operation. d, Image of TEGsense array made from 8 HA-HD + LM-epoxy TEGs. e, Design and
performance comparison of previous stretchable TEG works. Reproduced with permission. [20]
Copyright 2020, American Chemical Society. Reproduced with permission. [151] Copyright 2022,
Wiley-VCH.

this approach allows for greater freedom in semiconductor densities and aspect ratio of the

semiconductors. Moreover, it incorporates a stretchable LM-epoxy composite with the highest

recorded thermal conductivity (2.90±0.02Wm−1K−1) of any TIM used for a wearable TEG. A
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variety of soft TEGs were implemented using this general design framework and compared

across their Seebeck, Peltier, and electromechanical properties. In particular, Seebeck,

Peltier, and electromechanical performance was compared for semiconductor densities of

40% vs 22%, the incorporation of the stretchable LM-epoxy composite vs a non-thermally

conductive epoxy, and the use of high-aspect ratio semiconductors (4:1.4) vs low-aspect ratio

semiconductors (1.6:1.4) for heat transfer performance. This novel device framework, enabled

by the material architectures introduced herein, produces TEGs that achieve the goal of

combining mechanical compliance and elasticity (30% uniaxial strain), high semiconductor

fill densities (40% fill factor), and high power outputs of 4.95 mW, (0.40 mWcm−2) at 20 ◦C

and 35.85 mW (3.32 mWcm−2) at 60 ◦C.

While bench-top characterization can give accurate performance metrics, operation on

the body introduces a host of parameters that must be understood in order for TEGs to be

integrated with wearable sensors. There is still a gap in the literature on characterizing

energy harvesting performance on the body [170, 150, 171]. To address this, I conducted

comprehensive on-body characterization, analyzing the influence of TEG body placement

and the influence of exertion and bio-mechanical movement on Seebeck output. Voltage

output, heartrate, and surface and skin temperature are recorded during sitting, walking,

and run tests mounted to the chest and forearm. The insights gained here are instrumental

in designing a fully self powered vitals monitoring wearable powered by body heat. By

integrating an array of eight TEGs with custom hardware I introduce TEGsense, the first

device that demonstrates wireless and battery free photonic PPG wearable monitoring that

can harvest energy from body heat, store harvested energy, boost to operational voltage,

communicate with an optical PPG board, process data, and transmit data over BLE. This

forearm worn sleeve can operate indefinitely without the need for charging or connection

to a data-logger as long as an adequate temperature differential exists. (Figure 4.1c-d).

Collectively, the work presented here exhibits a new milestone for battery-free wearables,

acting as a first step to fill the gap of photonic-based PPG sensing powered solely by the body,
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a key open target in the field [144]. This new framework for TED design generates an order-

of-magnitude increase in power density over our previous designs [20, 151] (Figure 4.1e) and

builds off of the past successes of implementing large TEG arrays in aquatic environments

for sensing [137].

4.2 Experimental Section

4.2.1 Elastomeric Resin Composition

The center layers and stencils were 3D printed using a material composed of 49.02 wt%

of epoxy aliphatic acrylate (EAA, Ebecryl 113, Allnex USA), 49.02% of aliphatic urethane acry-

late (AUD, Ebecryl 8413, Allnex, USA) and 1.96% TPO (diphenyl(2,4,6-trimethylbenzoyl)phosphine

oxide, Genocure TPO, RAHN USA Corp.) as the photoinitiator. TPO was dissolved in elas-

tomeric monomers in a hot water bath at 86 ◦C.

4.2.2 3D Printing

A DLP 3D printer (PicoHD@27, Asiga) was used for all printing. Printing occurred at 40◦C,

with each layer irradiated for 0.5 s, with a layer thickness of 100µm. Once printed, the

structures were sonicated in isopropyl alcohol (IPA) for 3 minutes to clean off uncured resin.

Detailed printing parameters can be found in Table C.2 (Supporting Information).

4.2.3 Thermoelectric Device Fabrication

Images of the fabrication process can be found in Figure C.1 (Supporting Information). The

center layer of the TEGs was first printed using DLP printing (Figure C.1i, Supporting

Information). The dimensions for the active areas of the TED’s various configurations were:

42.7×22.6×1.6 mm, 200 semiconductors, and a fill density of 40.6 % for LA-HD, 41×30×4

mm, 140 semiconductors, and a fill density of 22.3 % for HA-LD, 38.9×27.7×4 mm, 216
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semiconductors, and a fill density of 39.2 % for HA-HD (Table C.3, Supporting Information).

Next, p and n type semiconductors were placed into the printed holes in P-N π configuration

(Figure C.1ii, Supporting Information). Depending on the configuration, the semiconductors

used were 1.4×1.4×1.6 mm 99.99% purity Bi2Te3 semiconductors (Wuhan Xinrong New

Materials Co., Ltd.) and 1.4×1.4×4 mm Bi2Te3 semiconductors (Ningbo Sen Ao electronic

Technology Co., Ltd). A 1 mm thick DLP printed soft stencil was then placed over the device,

forming a seal between the device and stencil (Figure C.1iii, Supporting Information). A

light layer of EGaIn was then airbrushed onto the openings of the stencil to mitigate contact

resistance (Figure C.1iv, Supporting Information).

Next, bi-phasic LM-Ag-SIS inks were formulated. Styrene-isoprene block copolymers

(SIS, Sigma Aldrich) was dissolved in toluene (1.5:8.5) at 100◦C for 1 hour. Once a clear

and homogeneous solution was obtained, 1.54 Ag flakes (SF 94, Ames Goldsmith corp.) was

added to 1 g SIS solution, then hand mixed for 30 seconds to disperse the micro-sized flakes.

Then, 2.7 g EGaIn was added and hand mixed. This solution was then planetary mixed

for 3 minutes at 2000 RPM. The ink was then loaded into a syringe for controlled injection

into each of the interconnect wells created by the soft stencil layer (Figure C.1v, Supporting

Information). To mitigate warping of the soft stencil and toluene evaporation, this process

is done on a cold surface. The stencils were then removed, leaving the semiconductors

(Figure C.1vi, Supporting Information). The trace width separation between interconnects

was 700µm. To evaporate the toluene, the device was placed on a hot plate for one hour

at 60◦C. Next, I used a planetary mixer to make a 65 vol% LM dispersion of LM in epoxy,

and deposited a 700µm layer over the conductive interconnects using a thin film applicator

(Figure C.1vii, Supporting Information). The LM-epoxy was left to settle overnight, followed

by 1 hour curing at 60◦C and 1 hour curing at 120◦C. The control specimens were fabricated

using an identical procedure, except the final LM-epoxy coating was substituted with neat

epoxy. For devices without a coating (either LM-epoxy or neat epoxy), the UV curable ink

used in the 3D printing process is coated onto the surface with a brush and then cured with
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λ = 365 nm UV irradiation at 5 W for 12 minutes (Warson R838). This process was then

repeated on the back side (Figure C.1viii, Supporting Information). Finally, copper tape or

braided wire was affixed to form electrical leads.

4.2.4 Thermoelectric Testing

To measure the thermoelectric performance of the TEDs, I placed the devices on a hot plate

with a computer heat sink applied to the opposite side (to improve the temperature differen-

tial), and simultaneously recorded the voltages and temperatures. Each device configuration

was tested three times. Peak voltage values were recorded before the temperature differential

degraded due to heat transfer. Power output was recorded by measuring voltage in parallel

with an external load resistor, where P = V 2

Rext
. The peak voltage was again recorded. Peltier

heating and cooling occurs when a current is applied across the TED [172]. For Peltier

measurements, a representative spot temperature measurement was taken for three cycles

at each current using a thermal camera (FLIR A35, Teledyne FlIR LLC). All tests were

conducted at room temperature.

4.2.5 Mechanical and Thermal Testing

For mechanical testing, I extended the length of the non-active section of the TEGs, to allow

the devices to be mounted into a universal materials tester (Instron 5969, with 50 N load

cell). Euler’s critical load is defined as Pcr = 2πEI
K2L2 where L = 46mm is the length of the beam

and K = 0.5 is the column effective length factor. For peel tests, a sample of the 3D printed

acrylate with active dimensions of 23.5×35×0.7 mm coated with 0.5 mm of 60 vol% LM-epoxy.

This was then placed in the Instron and subjected to a θ = 180◦ T-peel loading condition.

Work of adhesion (W) was defined as W = (1−cosθ)PL where P is the force of peel of 1.15 N

and L is the width of the sample at 23.5 mm [173]. For thermal testing, I used a thermal

interface material analyzer (TIMA5, Nanotest) to record the thermal resistance and thermal
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conductivity of uncured 65 vol% LM-epoxy at various thicknesses from 500−1000µm. The

reported values at each bondline thickness are an average of 40 data points.

4.2.6 Finite Element Analysis Simulations

Contributions: I designed and fabricated the samples used for FEA. Youngshang Han

conducted the FEA simulations.

We simulated the time-dependent energy harvesting of the TEG devices using FEA

software COMSOL Multiphysics ®. The considered physics was heat transfer, electric

currents, and thermoelectric effects. The representative volume element method was applied,

to improve computational efficiency and scalability. To match the physical experiments, we

set the simulation time-step to 0.855 s. The input boundary conditions were the temperatures

on the TEG’s bottom thermal interface, and the output was the thermoelectrically harvested

voltages. For simulating the different types of LA-HD voltage output with respect to time,

a 5 cm tall aluminum block was placed on top of the TEGs, matching the experimental

condition, and the convective heat transfer coefficient of air is set to 10 Wům−2ůK−1. However,

for simulating the wearable test, we used a root mean squared air velocity of 0.3 m/s,

corresponding to a slow walking pace. See Table C.4 (Supporting Information) for a more

complete listing of the parameters used in our simulations.

4.2.7 Wearable Testing

To test the performance of TEG devices when worn by a user who was operating a treadmill,

our participant wore one HA-LD+LM-epoxy TED on the inside of their left wrist and another

on the left side of their chest. A K-type thermocouple was integrated on each side of each HA-

LD+LM-epoxy TED, and the final TEG+thermocouple pair was integrated into a compression

garment. Each TEG was connected to an Ardiuno MKR Zero board that read voltage data

from a ADS1115 16-bit ADC (Adafruit, LLC), read temperature data from two thermocouple

amplifier MAX31856 boards (Adafruit, LLC), and finally logged all the data to a micro SD
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card. Simultaneously, the user’s heart rate was measured using an ECG (Zoll, Inc.). Two

sets of initial tests were conducted: sitting (∼375 s) followed by walking (2 mph for ∼375

s), and sitting (∼375 s) followed by running (5 mph for ∼675 s). To reduce signal noise, the

temperature data was pre-processed with manual outlier rejection followed by a low-pass

filter with a cutoff frequency of 0.032 Hz when needed. Finally, a third test was conducted to

provide more insight into the steady-state settling time: sitting (∼320 s) followed by running

(5 mph for ∼1500 s).

4.2.8 TEGsense Board Design

A fully TEG-powered custom printed circuit board (PCB) was developed with integrated

power management, sensing, and control hardware. In contrast to the PC-powered Arduino

configuration just described for TED characterization, this circuit was designed to leverage

those experiments and enable a fully body-heat powered device. The TEGSense board (see

https://github.com/TEGSense and Figure C.18, Supporting Information) used a ultra low

voltage step-up converter (Linear Technology LTC3108) to boost a low voltage TEG input

(∼50 mV) and charge a 10.8 mF capacitor bank to 4.1 V. To minimize energy loss and achieve

sufficient surge current to power on the microcontroller, we used low equivalent series

resistance (ESR) aluminum polymer capacitors (Elite UGS1C272MP51020F5RU, 10 mΩ).

A hysteretic voltage monitor (Microchip MIC2779) was used to enable the 1.8 V and 3.3 V

regulators once the capacitor bank reaches 4 V. If the charge fell below 3.3 V, the monitor

disabled the downstream regulators, thus turning off the microcontroller. To capture sensor

data over inter-integrated circuit (I2C) and then relay that data to an external PC via BLE,

the circuit used a module (u-blox BMD-350) that had an integrated chip antenna and a

Bluetooth Low Energy (BLE) enabled microcontroller (Nordic Semiconductor nRF52832).

A finger-worn photoplethysmograph (PPG) sensor (Maxim Integrated MAX30101) sensed

infrared (IR) and red light reflected by skin tissue at 100 Hz for a period of three seconds

per sampling event. The first sampling event occured when the microcontroller turned on
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(i.e., after the capacitor voltage reached 4 V). Subsequent measurements were recorded at six

minute intervals, as long as the minimum capacitor voltage (3.3 V) was maintained. The red

and IR PPG waveforms were received by an external PC for subsequent analysis.

4.2.9 TEGsense Demonstration

TEGsense was fabricated in the same way as previously described for HA-HD+LM-epoxy

TEGs. TEGsense comprised 8 HA-HD+LM-epoxy TEGs wired in parallel into an array with

overall dimensions of 12.7×9.5 cm. This is then integrated into an elastic compression sleeve

and worn on the forearm. A hole was cut into the compression sleeve to allow for the TEG

to be integrated and mounted directly on the skin when worn. To achieve highest efficiency,

TEGsense’s electrical resistance needed to be in the range of 2−10 Ω for impedance matching

with the booster converter. Considering each TEG has an internal resistance of 8−10 Ω, a

series configuration leaves a large impedance mismatch. To circumvent this, TEGsense TEGs

were configured in a parallel configuration decreasing overall impedance within the range.

Low effective series resistance (ESR) of the capacitors was needed to decrease capacitor

charge time. To accomplish this a parallel array of four 2.7 mF aluminum polymer capacitors

was selected as opposed to a higher ESR super-capacitor.

4.3 TED Design and Fabrication

The high Seebeck, Peltier, and mechanical performance of the devices introduced here were

enabled through a unique combination of LM-based material architectures and material

integration approaches (Figure 4.1a and Figure C.1, Supporting Information). First, a

deformable acrylate based resin [132, 174] was 3D printed using digital light processing

(DLP), creating the center layer to enable complex internal structural designs to achieve

mechanical deformability while maintaining a low thermal conductivity of ∼ 0.19 Wm−1K−1
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to mitigate heat transfer. This material exhibits < 1% thermogravimetric loss at 220 ◦C

and excellent mechanical compliance making it appropriate for wearable energy harvesting

applications (Figure C.2). Bismuth telluride (Bi2Te3) semiconductors were then placed into

the printed slots of the center substrate, in a p-n π configuration. A soft 3D-printed stencil of

the acrylate based material was then placed over the semiconductors, forming sealed wells

for the conductive ink to fill. Next, I airbrushed a thin layer of EGaIn onto the stencil to

mitigate contact resistances. The LM-Ag-SIS ink solution was used to electrically connect

the semiconductors with conductivity coming from the percolating network of EGaIn droplets

and Ag flakes, along with regions of alloyed AgIn. This ink was introduced because of its

low electromechanical coupling, high strain limit, and high electrical conductivity [175, 176].

The LM-Ag-SIS ink solution was injected into the wells of the stencil connecting together the

LM coated semiconductors, producing traces. The ink’s processability and stability during

deposition allowed for greatly improved manufacturability and decreased chance of shorting,

allowing us to achieve higher semiconductor densities compared to bulk LM approaches.

Once the ink was deposited, I removed the stencil and allowed the solvent to evaporate,

leaving low-resistance connected traces. To protect the circuitry, an encapsulation layer of

either an LM-epoxy composite (made by shear-mixing liquid metal and epoxy resins) or UV

curable resin was deposited and cured on the top layer. By comparing the two encapsulation

materials (in subsequent sections), I were able to determine the effects that improving

the thermal contact resistance would have on device performance. The circuit fabrication

process is then repeated on the backside. Images of the completed devices are given in

Figure 4.2a-d, highlighting the various fill factors (fraction of semiconductor surface area

over overall surface area), aspect ratios, and encapsulation layers compared in this work.

Further fabrication details can be found in the Experimental Section.

60



4.4. Thermoelectric Device Performance with Varying Design Parameters

Figure 4.2: Characterization of TEG Configurations. Images of a, Low-Aspect High-Density (LA-HD),
b, High-Aspect High-Density (HA-HD), c, High-Aspect Low-Density (HA-LD), d, and High-Aspect
Low-Density+LM-epoxy TEG configuration. e, Seebeck open-circuit voltage performance at ∆T = 10◦C
and ∆T = 60◦C for various TEG configurations. f, Peltier performance of max cooling and max
heating for various TEG configurations. g, Mechanical performance of TEG configurations comparing
flexural rigidity and Euler’s critical load. h, Relative resistance change performance. i, Power density
comparison between HA-LD + LM-epoxy and HA-HD + LM-epoxy TEG configuration at ∆T=20, 40,
60 ◦C. j, Open-circuit voltage vs temperature comparing HA-LD, HA-LD + LM-epoxy, and HA-LD +
Control Epoxy configurations. k, Peltier cooling performance of High-Aspect Low-Density + LM-epoxy
configurations. l, Power output vs external load Resistance for HA-HD + LM-epoxy TEG at ∆T=20, 40,
60 ◦C. m, Comparison of peak power outputs for HA-LD + LM-epoxy and HA-HD + LM-epoxy TEGs.
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4.4 Thermoelectric Device Performance with Varying

Design Parameters

4.4.1 Semiconductor Aspect Ratio Performance Comparison

To better understand the influence of semiconductor aspect ratio on holding a temperature

differential and generating a high voltage output, I compared devices with high and low

aspect ratio semiconductors. Both device types had similar fill factors (42% and 39%) but

with two different semiconductor dimensions selected: 1.4×1.4×1.6 mm and 1.4×1.4×4

mm, respectively referred to as Low-Aspect High-Density (LA-HD) (Figure 4.2a and Figure

C.3, Supporting Information) and High-Aspect High-Density designs (HA-HD) (Figure 4.2b

and Figure C.4, Supporting Information). The HA-HD had the addition of a hollow center

structure with pillars to increase mechanical compliance for this taller configuration.

For evaluating the Seebeck energy harvesting performance, I measured open circuit

voltage (Voc) vs. temperature difference (∆T) (Figure 4.2e and Figure C.5a, Supporting

Information), along with voltage density (Figure C.5b, Supporting Information). Seebeck

voltage followed a linear relationship, as predicted by V = nα∆T, where n is the number of

thermocouples, α the difference in Seebeck coefficients between the p and n type semicon-

ductors, and ∆T was the temperature differential across the device. HA-HD exhibited a 40%

and 45% increase over LA-HD at ∆T=10◦C and 60◦C respectively. Increasing the distance

between the depletion regions and decreasing the thermal conductance between the hot and

cold faces of the device leads to a slower degradation of the thermal gradient and higher

voltage output (Figure C.6a-b, Supporting Information).

Peltier cooling and heating improvements were also demonstrated with the use of high-

aspect ratio (HAR) semiconductors (Figure 4.2f and Figure C.7a-b, Supporting Information).

At 0.75 A, cooling ∆T peaks at -4.8±0.7 ◦C at 2.8 s for LA-HD compared to -13.0±0.6 ◦C at

8.8 s for HA-HD. Heating performance confirms this trend, with temperature increases at
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0.75 A of 49.1±4.0 ◦C for LA-HD compared to 84.8±4.0 ◦C at 45 s for HA-HD (see Section S2,

Supporting Information).

While Seebeck and Peltier performance increased with the HAR semiconductors, me-

chanical performance decreased due to the increase in bending moment. After 10 cycles

of 20% compressive loads, Euler’s critical load (Pcr) and flexural rigidity (EI) increased

from Pcr = 0.79 N and 4.21×10−5 Nm2 for LA-HD to Pcr = 3.20 N and 1.72×10−4 Nm2

for HA-HD, with elastic and plastic regimes appearing in both curves along with relative

resistance change staying under 0.05 for both devices (Figure 4.2g-h and Figure 4.3a-b). The

use of HA-HD semiconductors produced a device with much better electrical performance

but with the trade-off of increase mechanical rigidity.

4.4.2 Semiconductor Fill Density Performance Comparison

Mechanical compliance is important not only from a comfort and compatibility perspective

but also to decrease the thermal resistance between the skin and device through constant

contact with the body during movement. Decreasing the density of rigid semiconductors is

one way to increase flexibility and potentially improve mechanical performance. A device

with a lower fill density of 22% referred to as high-aspect low-density (HA-LD) TEG was

fabricated and compared (Figure 4.2c and Figure C.8, Supporting Information) to HA-HD.

HA-LD TED underperforms the HA-HD device by 24% at both 10 ◦C and 60 ◦C. When

normalized over surface area, the HA-LD Voc was within the margin of error of the LA-HD

(Figure C.5b, Supporting Information). Still, voltage drop over time is improved over LA-HD

(Figure C.6c, Supporting Information).

Peltier heating and cooling performance is given in Figure C.7c (Supporting Information)

for HA-LD. For Peltier cooling and heating, the cooling performance (∆T) at 0.75 A peaked at

-10.2 ±0.5 ◦C @ 15.3 s with heating performance of 60.3±1.0 ◦C at 45s, performing in between

LA-HD and HA-HD devices. Mechanically, performance for 10 cycles at 20% compression was
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Figure 4.3: Electromechanical Characterization: a, Compression vs force comparison for 10 cycles at
20% compression. Inset shows a HA-LD device at 0% (left) and 20% compression (right). b, Comparison
of change in relative resistance at 20% compression for 10 cycles. c, Mechanical performance at
20% compression for 380 cycles for HA-LD + LM-epoxy device. Inset: Images of device at 0 and
20% compression. d, Change in relative resistance over 380 cycles at 20% compression for HA-LD
+ LM-epoxy TEG. Inset: resistance at cycles 110-120. e, Mechanical performance at 30% uni-axial
strain for 10 cycles for HA-LD + LM-epoxy device. Inset: Images highlighting 0% and 30% extension.
f, Relative resistance change over 10 cycles at 30% extension for HA-LD + LM-epoxy TED.

in between LA-HD and HA-HD mechanical performance with a less defined Euler critical

load of Pcr = 1.55 N and flexural rigidity of 8.31×10−5 Nm2 with an intra-cycle relative

resistance change of around 0.05 (Figure 4.2g-h). For operation on less curved and more

stable surfaces such as the forearm for wearable energy harvesting, HA-HD is still ideal due

to high Seebeck output.

4.4.3 Thermal Interface Performance Comparison

Contributions: Jeff Gelorme designed the LM-Epoxy TIM introduced here in collaboration

with Arieca Inc. Dr. Hing Jii Mea conducted the thermal conductivity measurements for this

material. I designed and built all devices using this material, conducted all characterization
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of the TEGs, and designed how the LM-Epoxy was introduced into the TEDs.

The devices characterized in previous sections of this work relied on a thin (∼ 300µm) UV

curable ink with a low thermal conductivity (∼ 0.19 Wm−1K−1) that was applied onto the

surface (Figure C.2, Supporting Information). This thin layer was prone to damage leaving

interconnects exposed. To address this, we developed and utilized a custom formulated

epoxy composed of polypropylene glycol and diglycidyl ether that allows for robust adhesion

to the TED without embedding mechanical compliance. In order to achieve high thermal

conductivity, we added a ∼ 65% volume loading of EGaIn to the epoxy and shear-mixed

to attain a homogeneous suspension. EGaIn was selected as the metallic filler since it

has a high thermal conductivity of 26.4 Wm−1K−1 while being liquid at room temperature

[177]. The thermal properties of the LM-epoxy formulation were measured using a Nanotest

TIMA 5 thermal interface material analyzer. For a bondline thickness of 750 µm, a thermal

resistance with respect to area and volumetric thermal conductivity of 257.5±1.6 mm2KW−1

and 2.90±0.02 Wm−1K−1 respectively were recorded (Figure C.9a-b, Supporting Information).

This represents a ∼2× improvement in thermal performance compared to previous thermally

conductive elastomers that use liquid metal or other filler particles [20, 22, 93, 24, 161, 38].

Additionally, this LM-epoxy bonded well to the 3D printed elastomer used as the substrate,

with a work of adhesion of 5.4×10−2 Jm−2 and a peel force of 1.15 N. (Figure C.9c, Supporting

Information). This material was developed to improve the lifetime of the devices by protecting

the interconnects from damage along with improving heat transfer and voltage output.

A HA-LD version with LM-epoxy composite (Figure 4.2d and Figure C.10, Supporting

Information) was fabricated along with control samples with an unfilled epoxy to compare

the influence of using a TIM to coat the two sides of the TED (Figure C.11, Supporting

Information). The device with improved thermal management generated improved Seebeck

output by 21% and 16% at 10 ◦C and 60 ◦C respectively (Figure 4.2e,i). The experimentally

measured Seebeck performance of TEDs is analytically supported by finite element analysis

(FEA). As shown in Figure C.6d-e (Supporting Information), the thermoelectric simulation
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confirms that employing LM-epoxy as a thermal interface improves peak voltage output

compared to control epoxy. FEA and experimental results both indicate voltage output

peaking quickly followed by a gradual descent as heat transfers through the device. The

simulated voltages show similar trends with experimental results, computationally validating

the Seebeck measurement (Section S1, Supporting Information).

Power output was characterized with an external varied resistor acting as the load. Power

output is shown in Figure C.5c (Supporting Information) with power (P) being determined

by P = V 2

Rext
where V is the voltage across the external load resistor and Rext is the external

resistance. Power peaked at 1.89 mW, 7.81 mW, and 17.27 mW at a 20, 40, 60 ◦C ∆T along

with a 0.154 mWcm−2, 0.635 mWcm−2, and 1.404 mWcm−2 power density respectively.

TEDs with the addition of the LM-epoxy TIM exhibited improved Peltier cooling perfor-

mance over the control epoxy device and decreased heating with peak cooling ∆T of -8.4±1.2

◦C @ 0.50 A at 44.3 s for HA-LD + LM-epoxy vs. -6.4±0.3 @ 0.50 A at 41.3 s for HA-LD

+ Control Epoxy (Figure 4.2f,k, Figure C.7d, and Figure C.12a-b, Supporting Information).

Thermal imaging has shown improved thermal performance in distributing heat over the

area of the Peltier cooler compared with the control (Figure C.13, Supporting Information).

HA-LD + LM-epoxy mechanical performance was similar to that without LM-epoxy

(Figure 4.2g-h) with Pcr = 1.70N and flexural rigidity of 9.11×10−5 Nm2 similar to samples

without LM-epoxy composite. No mechanical or electrical failure occurred (Figure 4.3a-b).

Similar results were recorded for a high-loading cycle test that was conducted for 380 cycles

at 0% and 20% strain, again with no mechanical or electrical failure at the end of this test

(Figure 4.3c-d). A 10-cycle uniaxial strain test at 30% was conducted with a peak relative

resistance increase of ∼ 0.20 (Figure 4.3e-f).

LM-epoxy improved Seebeck harvesting, Peltier cooling, and mechanical robustness. A

final HA-HD device with LM-epoxy was fabricated. The power output of a HA-HD + LM-

epoxy harvester at 20, 40, and 60 ◦C with an external resistor as a load was characterized
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(Figure 4.2l). Power outputs are 4.95 mW (0.402 mWcm−2), 17.79 mW (1.647 mWcm−2), and

35.85 mW (3.318 mWcm−2) respectively. This was a large improvement in power density

over HA-LD harvesters without LM-epoxy (Figure 4.2m). Comparisons of electrical and

mechanical performance with other TEG research can be found in Table C.1 (Supporting

Information).

4.5 On-Body Wearable Integration

Contributions: I designed the wearable tests, built the devices, and conducted wearable

testing. Dr. Dylan Shah assisted in wearable testing along with test design and coding.

To determine real-world compatibility of the proposed TEGsense design, I characterized

the device with user studies in both a laboratory setting and an outdoor environment.

Importantly, our data suggests that various environmental (windspeed, temperature) and

physiological conditions (correlated with heartrate, as measured) influence TEG voltage

output. I designed the study to probe at the general influence of bio-mechanical movement,

physical exertion, and device location on the user’s body to better understand the average

and peak power outputs. Specifically, we ran tests with TEGs integrated into wrist-worn

and chest-worn garments while sitting, walking, and running, and asked our user to walk

outdoors at a normal pace while wearing a completed 8 TEG TEGsense array plus TEGSense

circuit board for processing and Bluetooth data transmission. I should note that these studies

involved heartrate tracking, they did not directly measure metabolic energy consumption or

influence of the worn TEG device on metabolic cost.

To test the influence of bio-mechanical and physiological factors, I conducted trials on

a treadmill with TEGs integrated into the subject’s clothing. In particular, the influence

of human motion on increasing the convective cooling rate on the outside of the TEG, the

role of exercise on conductive heating from the body onto the inside of the TEG, and the

influence of TEG body location on Seebeck performance were all explored (Figure 4.4a-b).
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Figure 4.4: Wearable Testing. a, Top: image of experimental set up for TED placement on the wrist
and chest. Bottom: image taken during a run test at 5 mph highlighting placement of one of the
µcontrollers. b, Block diagram of circuitry used for data collection. c-e, Results of wearable treadmill
testing for wrist and chest worn devices during sit-run testing.

To accomplish this, an experimental setup was designed with HA-LD + LM-epoxy TEGs

mounted on the wrist and chest embedded with a thermocouple temperature sensor on

each side and integrated into compression clothing. Heart rate was also monitored during

these tests (see Experimental Section). Wrist and chest placement were chosen due to their

differences in relative motion during walking and running along with these placements

corresponding to the locations of wearable health monitoring systems.

4.5.1 Sit-Walk Test Results

We investigated Seebeck performance during sitting and walking tests with TEGs mounted

on the wrist and chest. The influence of increased convective cooling from bio-mechanical

movement on the wrist-worn device was clear. For the wrist sit-walk test, movement across

the device’s outside face during walking lowered the surface temperature leading to a ∼ 0.2
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increase in relative voltage (Figure C.14a and C.15a, Supporting Information). For the

chest-worn device, temperature stayed consistent for both sitting and walking (Figure C.14b

and C.15b, Supporting Information) from no additional airflow across the device as chest

movement is limited.

4.5.2 Sit-Run Test Results

Data for the sit-run chest and wrist test are given in Figure 4.4c-d. Both cooling from

bio-mechanical motion and heating from exercise played a major role in TEG Seebeck output

with a > 1.0 relative voltage change for the wrist-worn device and 0.8 relative voltage change

for the chest worn device (Figure C.15c-d, Supporting Information). Sweat was also found on

the inside of the device after testing which may help to decrease thermal resistance.

While these initial tests helped to inform the influence of bio-mechanical motion and

exertion on TEG Seebeck performance, no sit-run tests reached a steady state for voltage or

temperature values. A longer test was conducted to determine if the Seebeck improvement

would plateau. Results are shown in Figure 4.4e and Figure C.16 (Supporting Information).

When comparing voltage, temperature differential, and heart rate, one can see that these

all began to plateau around 1000 s indicating a steady state and stable voltage output.

Based on these wearable tests, I can predict large (> 2X ) consistent Seebeck improvement

during exertion. To investigate a general trend of the harvested voltage, FEA for the sit-run

test is conducted. While the inside and outside temperatures are determined as boundary

conditions, the simulated voltage agreeably matches with the experimental output. It also

demonstrates that the estimation on wearable TEG is possible even with the complicated

working conditions, including both sedentary and running subject as a heat source. See

Section S3 (Supporting Information) for expanded discussion on wearable testing. For

integration into a fully functional wearable devices, the wrist-worn orientation was selected

as it exhibits superior Seebeck performance during testing.
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Figure 4.5: TEGsense implementation and testing. a, Image of 8 HA-HD+LM-epoxy TEGs intergrated
into TEGsense array. b, Top: Image of TEGsense board integrated with processor, BLE, boost
converter, and photonic chip. Bottom: TEGsense board block diagram. The thermoelectric generators
use the temperature gradient between the body and the environment to generate a low voltage
potential (∼50mV), which is boosted by a step-up voltage converter to charge a capacitor bank to
4.1V. A hysteretic switch powers on the microcontroller and sensor when the capacitors rise above
4 V. Once on, the microcontroller collects red and infrared light reflection measurements from a
photoplethysmograph sensor. This waveform is telemetered to an external laptop over Bluetooth.
Finally, when voltage drops below 3.3 V, the switch disconnects power to the microcontroller and
sensor. Once on, the microcontroller collects red and infrared light reflection measurements from a
photoplethysmograph sensor. This waveform is telemetered to an external laptop over Bluetooth. c,
Voltage vs. time data for both the TEGsense array voltage into the step-up converter, and the boosted
voltage from the step-up converter into the 10.8 mF capacitor bank. The bottom concurrent plot shows
the power output during the blue-shaded charging periods. d, Red and IR PPG waveform data being
transmitted over BLE after energy harvesting and data collection during testing.

4.5.3 TEGsense Wearable Performance

Contributions: Anthony Wertz designed and built the TEGsense board including board design

and firmware along with testing the device with myself. I designed and built all TEGs and

TEGsense armband along with testing the TEGsense system.

To address the lifespan and data transmission issues associated with battery powered
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wearables, I introduce a large TEG array (TEGsense) to demonstrate battery free medical

sensing and wireless data transmission. TEGsense consists of 8 HA-HD+LM-epoxy TEGs

integrated into a forearm sleeve connected to a capacitor array and custom low power

photonic PPG board (Figure 4.5a-b). As shown during wearable testing, the wrist location

was chosen as limb movement leads to a significant increase in convective cooling leading to

a Seebeck energy harvesting boost. Power generated from the TEG array is initially boosted

to 4.1V using a low power boost converter to charge a 10.8 mF cap array. Once charged, the

TEGsense board records the photoplethysmogram (PPG) wave form. This data is then sent

over Bluetooth low energy (BLE) with the board reentering a hibernation state. This repeats

indefinitely while a temperature differential is held across the device. Further details can be

found in the Experimental Section.

Results of the TEG array’s charge rate is show in Figure 4.5c. TEGsense is run for 5

cycles with alternating standing and walking conditions on a cold day (6.6 ◦C) to understand

the approximate charge times need to run the TEGsense board. TEGsense output voltage

and capacitor charge voltage are shown indicating the short charge times for TEGsense

board operation. During charging cycles, the wearer walks and charges the capacitor array

for ∼3 minutes. During cycles 4 and 5 the limb began to get cold due to outdoor exposure,

leading to an increase in charge time, highlighting the influence of physiological conditions

on performance. Because of the variability in charging time, complete discharging of the

capacitors to power the circuit board were timed to occur every 6 minutes. In general, this

resulted in time periods of ∼2-3 minutes where the user was either walking or standing and no

longer charging the capacitors. Following this validation of the device power management, we

performed a separate set of experiments on another day in 2 ◦C weather in which TEGsense

was used to operate a photonic PPG-sensing wearable. Capacitors were charged up during ∼4

minutes of walking and then discharged to operate a circuit with a photonic pulse oximetry

chip for PPG data collection, microcontroller for signal processing, and Bluetooth transmitter

for wireless output of PPG waveforms to an external receiver. PPG waveforms were collected
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recorded for both Red and IR (Figure 4.5d). The corresponding voltage data with the 4

minute charge time can be found in Figure C.17 (Supporting Information).

4.6 Conclusion

In this work, I introduce a framework for creating soft, flexible, and stretchable TEGs for

powering body-mounted electronics. This includes the development of TEGsense, an inte-

grated health monitoring wearable that converts energy from body heat into electricity used

for battery-free operation of a photonic sensing device. Using this framework, I introduce

new material architectures and design approaches for fabricating high-performance bendable

and stretchable TEGs, explore the influence of biomechanical movement on device perfor-

mance, and integrate these TEGs into a PPG monitoring wearable. To enable development of

these TEGs stretchable LM-Ag-SIS inks were integrated, enabling low internal electrical

resistance and high semiconductor densities [176]. Additionally, a thermally conductive

(2.90±0.02Wm−1K−1) and mechanically compliant LM-epoxy composite was used as an in-

terface material and 3D printing was utilized to design hollow internal structures to decrease

device stiffness.

A peak power output of 35.85 mW (3.318 mWcm−2) is achieved at 60◦C ∆T. Mechanically,

these harvesters were found to operate with no mechanical or electrical failure at 30%

uniaxial strain, and they showed no electrical or mechanical performance degradation after

380 cycles at 20% compression. As a Peltier cooler, a maximum change in temperature of

∆T = −13.0±0.6◦ C was generated at 0.75 A. Bio-mechanical testing with the wearable

TEGs were performed to better understand the relationship between physical exertion,

bio-mechanical movement, and TEG placement on device Seabeck harvesting. These tests

concluded that wrist-worn TEGs experience large improvements (2×) in voltage output

during running (5.0 mph).
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4.6.1 Limitations and Next Steps

Current limitations of this work center on a few main areas of improvement. First, for flexible

TEGs to gain adoption in the commercial space, these generators need to be produced using

automated manufacturing methods compatible with production-grade electronics manufac-

turing lines. Future efforts to address this can include using pick-and-place machines to

improve precision and decrease manufacturing time. Second, to increase power output, the

internal resistance of the devices must be further reduced. In particular, new approaches are

needed to mitigate the semiconductor-interconnect contact resistance. This will require im-

provements in surface coatings of the semiconductors along with improving the conductivity

of LM based inks. High percentage oxide LM formulations of EGaIn (OGaIn) are potentially

one direction to have scalable and repeatable fabrication, while simultaneously improving

electrical conductivity to more closely approach the bulk conductivity of LM [178]. Such an

improvement could lead to greater performance in ambient indoor conditions since decreased

internal resistance would allow for improved impedance matching with boost converters.

Separately, coupling with other wearable energy harvesting modalities such a triboelectric

or piezoelectric harvesting is another avenue for improved performance. Another considera-

tion that needs to be better explored and addressed in future work is the impact of liquid

metal wearables on human skin over a long period of time. With repeated use on the body,

the LM-epoxy layer has a tendency to rub off onto the skin. Although previous work suggests

that LM-polymer composites are not cytotoxic [179], further study is required. Additional

work will need to be conducted to better understand LM’s introduction into wearables. Water-

proofing of these energy harvesters will also need to be explored for underwater applications

along with their use in rainy or snowy environments [137]. Lastly, while most components of

TEGsense were made soft and stretchable, the semiconductors are still rigid, leading to stress

concentrations on the semiconductor-elastomer interface. To address this, progress depends

on further miniaturization of the thermoelectric semiconductors or the use of semiconductor

materials that are intrinsically soft and deformable. One particular direction would be to
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focus on 3D printed thermoelectric semiconductors prepared in a slurry and direct-ink-write

printed to directly replace their rigid counterparts [180].

4.7 Lessons Learned

Past efforts in wearable TEGs have been held back from generating enough power to run

small wearable health monitoring systems due to the low power densities of the used.

Previous work has only been able to show non-energy intensive applications for battery free

wearbles such as temperature and humidity sensing. In this chapter, I introduce TEGsense,

a TEG wearable system that integrates novel soft electronic materials, a new TEG design,

and a PPG health monitoring board to enable a forearm worn PPG monitoring system that

can operate outside on a cool afternoon. The system is designed using various custom TEG

design configuations to generate power from body heat to charge a capacitor array, record

PPG waveforms from an LED array mounted to the finger, process this data with an onboard

microcontroller, and send this data over BLE.

The materials and device improvements that I have introduced in this chapter have the

potential to open new directions in battery-free wearable electronics. I have made use of

Ag and LM based inks and 3D printed elastomers for forming the electrical interconnects

connecting the semiconductor elements and for the thermally insulating substrate in which

the semiconductors are embedded. I have introduced a novel LM-epoxy composite for the

thermal interface material to seal in the interconnects and increase heat transfer from the

skin to the thermoelectric elements. However, to continue improving TED performance,

further improvements on electrically and thermally conductive materials are required to

improve power output and to perhaps even replace the rigid semiconductor elements used. A

novel LM based soft composite material will be introduced in the next chapter.
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Chapter 5

MXene-Coated Liquid Metal

Composites for Soft Electrical and

Thermal Interfaces

• M. Zadan, Y. Hu, J. Lipp, N. Lewis, D. Shah, D. Nepal, K. Dayal, C. Tabor, and C.

Majidi, “MXenes as an Aggregation Mechanism for Thermal and Electrical Liquid

Metal Composites”, Submitted.

5.1 Introduction

So far in this dissertation, liquid metal (LM) has been incorporated into polymers to form

composites that function either as an electrical conductor or as a thermal interface material.

In both cases, enhanced thermal or electrical properties are achieved while maintaining

a high mechanical compliance due to the liquid nature of the inclusions [181]. With the

introduction of LM into silicone based elastomers, thermal conductivity has been shown to be

improved by over an order of magnitude compared to unfilled bulk elastomers [182]. Thermal

interface composite materials containing rigid fillers such a aluminum, copper, or carbon

black oftentimes form shear stress concentrations at the soft rigid interface that can lead to
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lower yield stresses compared to LM based composites [183]. These liquid metal embedded

elastomer (LMEE) composites have enabled a new generation of thermal interface materials

for the semiconductor and wearable electronics fields [184]. Even with these improvements,

the composites are still inherently electrically insulating as a self limiting layer of insulating

gallium oxide (Ga2O3) forms at the surface of all LM droplets in the presence of oxygen

species [26].

Additionally, the low aspect ratio of LM droplets requires exceedingly high volume

fractions, upwards of 80%, in order to form percolating electrically conductive networks

[183]. To bypass this, various methods including shock transmission [161] and mechanical

shearing have been used to rupture the oxide layer and form conductive pathways [104, 20].

As droplet size decreases and the surface area to volume ratio increases, the Ga2O3 shell

becomes exceedingly more difficult to shear and become conductive. When LM composites

are fabricated with both low volume fractions (∼ 25 %) and small evenly dispersed droplets

(∼ 1 µm), these composites act as dielectrics making it exceedingly difficult to be made

conductive through mechanical activation [29]. In addition, at low volume fractions (< 25%),

they exhibit low thermal and dielectric properties as confirmed by effective medium theory

[185] with relative permittivities of < 10 @ 100kHz [38, 29] and thermal conductivities of

< 0.4 W /m/K [24].

One potential method to modify the thermal and electrical characteristics of multi-

functional LM composites at such low fill factors and particles sizes would be to introduce

a conductive additive that can wrap around the particles and induce aggregation. In the

past, to modify composites properties and stabilize LM particles, organic and inorganic

polymers along with 2D materials have been introduced to wrap and coat the surface of LM

droplets and functionalize them. This has included polydopamine-coated inclusions [186] and

polymer based approaches [187, 188] including ATRP synthesized particles [189]. Insulating

graphene oxide has also been explored [190]. Still, these insulating materials do not offer

improvements over bulk LM composites in thermal or electrical performance. More recently
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developed 2D materials, such as MXenes, may offer a potential way forward due to their high

electrical and thermal properties.

MXenes are a class of 2D conductive materials including transition metal carbides,

nitrides, and carbonitrides made of alternating intercalated metallic layers capped with a

termination layer [191, 192]. These materials exhibit strong negative surface charges and

high stability when exfoliated and introduced into polar aprotic solvents [193]. Thermal and

electrical performance of Ti3C2Tx MXene flakes has been reported as high as 2.4×106S/m

[194] and 42.2 W/m/K [195, 196] for MXene films respectively. Previous work has introduced

this materials for a whole host of applications in including energy storage [197], flexible

electronics [198], and recently soft composites [199]. The interactions and influence on

morphology and material properties of these highly conductive 2D materials on insulating

LM composites has yet to be properly understood.

In this work I investigate Ti3C2Tx MXene nano-sheets as a coating and binder for LM

composites along. In addition, I investigate how MXene coated LM particles act as an

aggregation mechanism in soft composites to explore how small MXene volume fractions

(0.25 vol %) effect composite morphology and performance changes. I demonstrate that

even at low volume percentages (25%) of liquid metal, the introduction of small amounts of

MXenes (0.25 vol %), induces an aggregation of LM particles (Figure 5.1a). This enables an

improvement in thermal conductivity and shifts the composite from acting as an insulator

to conductor at low bond length thicknesses (BLT). A novel synthesis method for MXene-

LM composites is introduced, which enables wrapping of MXenes sheets around micron

sized liquid metal droplets (Figure 5.1b). Once wrapped, these MXene-LM particles become

electrically conductive mitigating the Ga2O3 insulating skin that has caused LM composite

to be electrically insulating in the past. In addition, the MXene coating functionalizes the

surface causing these particles to become "sticky". Once introduced into a silicone matrix

material and processed, the MXene coated particles form large aggregates as opposed to

samples without the MXene additive (Figure 5.1c). This is shown to greatly effect the bulk
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Figure 5.1: a, This diagram describes the synthesis Process of MXene-LM composites. Left: EGaIn
particles are shown after being broken up by probe sonication. Middle: Image of LM+9.7 vol % MXene-
LM composite after Ti3C2Tx MXene sheets were probe sonicated with the EGaIn nano-droplets
creating a coating of MXenes around the LM. Right: a silicone oil matrix was then added to the
composite and mixed causing the functionalized MXene-LM composites particles to aggregate into
large clusters as shown in the image of the LM+0.5 vol % MXene sample. b, Graphic highlighting, left:
the MXene sheets coating the LM droplets followed bt, right: the sticking together of the MXene-LM
composites after mixing in a silicone oil matrix material. c, calibrated microCT reconstructions
showing the influence of a small amount of MXenes on particle aggregation vs an LM control sample.

thermal and electrical properties of the material.

5.2 Experimental Section

5.2.1 MXene Synthesis

MXene preparation was adapted from Shuck et al. [200]. The preparation of pristine

Ti3C2Tx involved the selective etching of the chemical bonds between transition metals and

aluminum elements in the Ti3AlC2 MAX phase. The first key step is the in-situ generation

of HF with highly concentrated LiF and HCl, which selectively removes the Al layer, resulting

in accordion-like two-dimensional layered structures. Subsequent intercalation in DMSO
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with ultra-sonication and washing steps resulted in 8-10 wt% of exfoliated Ti3C2Tx sheets

in a colloidal dispersion of 80:20 DMSO: H2O. The termination layers (Tx) were a mix of

-OH, -O, and -F.

5.2.2 MXene-LM Composite Synthesis

MXene-LM composite synthesis began with preparation of the EGaIn liquid metal (75 wt %

Ga and 25 wt % In). Ga and In ingots (Rotometals, 99.99 % purity) were alloyed at 180◦C on

a hotplate overnight and periodically mixed by hand. For processing, a colloidal suspension

of 80:20 DMSO (dimethyl sulfoxide, Sigma-Aldrich ≥ 99.99%): H2O was prepared. 30 mL of

the DMSO: H2O solution was added to a 60 mL glass vial with a 30 mm base diameter. This

solution was then degassed for 6 minutes in a desiccator using a vacuum pump. 14 g of EGaIn

was then added to the solution. Next the liquid metal was processed using a probe sonicator

(Sonics, VCX 500). The EGaIn was sonicated for 1 hour using using a 3.2 mm diameter

microtip probe (Qsonica, 418A 1/8") placed approximately 1 cm above the base of the vial in

an ice bath. The probe sonicator parameters were, 20 kHz, 500 W, 40 % amplitude, with a 8 s

on and 1 s off cycle time. For the Liquid metal control sample, the contents were then vacuum

filtrated. For samples with MXenes added, the correct amount of MXene solution was added

to the vial. For example, for a LM+1 vol % MXene sample, 2.715 g (0.674 g MXene solution for

the LM+0.25 vol % sample) Ti3C2Tx solution was added. This was then hand mixed for 15 s.

The solution was then sonicated again this time using a larger 6.4 mm diameter microtip

probe (Qsonica, 420A 1/4") at 20 % amplitude for 30 minutes in an ice bath. The solution

as then removed and vacuum filtrated using a 200 nm pore size filter (Nalgene vacuum

filtration system) until the solvent was removed and the remaining material resembled a

paste like consistency. The remaining material was then added to a planetary mixing cup

and 6.586 g silicone oil was added (Dow Corning Corporation 200 ®fluid, 60,000 cSt @ 25 ◦C).

for the low viscosity sample 7.207 g silicone oil were added (Smooth-On Dragon Skin ™10

Slow Part A, 23,000 cSt). The composite material was then hand mixed for 1 minute. The
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material was then planetary mixed (Thinky, AR-100 conditioning mixer) for 5 minutes at

2000 rpm. This mixing process was then repeated 2 more times. Lastly, the composite was

placed in an oven at 60 ◦C overnight to evaporate any remaining DMSO:H2O solution and

loaded into a syringe.

5.2.3 MXene Control Composite Synthesis

7.074g MXene solution and 4.390g silicone oil were added to a mixing cup. This solution was

placed on a hot plate at 170◦C. An overhead shear mixer was then placed into the solution

with a 24 mm diameter mixing head (Scilogex , OS20-SO). The solution was then mixed for 3

hours at 200 rpm. This was followed by being placed in an oven at 60◦C overnight to remove

any additional solvent.

5.2.4 Thermal and Electrical Characterization

For thermal testing, a thermal interface material analyzer was used (TIMA5, Nanotest)

to record the thermal conductivity of MXene-LM composites at various thicknesses from

50-1000 µm. The heated head was set to 50 ◦C and the cooled head chilled to 15 ◦C. Electrical

conductivity measurements were conducted in parallel to thermal measurements with leads

connected to the test heads (Keithley 2100 6 1/2 digit multimeter). For the electrical and

thermal data, samples were averaged by MXene filler content and graphed. Error bars are

the standard deviation with only the positive error being shown on the log scale electrical

conductivity graph.

5.2.5 MicroCT Imaging

MicroCT Imaging was conducted using a Zeiss Xradia CrystalCT. Samples for imaging were

prepared by extruding material into a 10 µL auto-pipette tip. The tip was then cut with the

top section being mounted to the chuck. The sample was left to settle for a few hours before
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imaging to limit the amount of drift in the silicone oil suspension. Depending on x-ray beam

intensity counts during setup, the voltage and power were set to 70 kV at 6 W or 60 kV at

5 W. Pixel resolution was 1.4 µm. Imaging was conducted with 3600 projections and then

reconstructed. Separately, SEM imaging was conducted using the FEI Quanta 600 and EDS

measurements were taken using the Tescan Mira 3.

5.2.6 MicroCT Data Processing

The LM+0.25 vol % MXene sample was used as the calibration control with all other samples

(aside from the MXene control) intensity calibrated to this sample. For intensity calibration,

the plastic pipette tube and the LM based clusters were used as the controls, allowing

for linear fitting. An upper Otsu image thresholding method was used on the LM+0.25

vol % MXene sample with this calculated intensity threshold then being used on all other

calibrated samples [201]. Volumes of 500×500×1200 µm were cropped for images in the

paper. For determining particle size of the LM+0 vol % MXene control sample, an upper

Otsu threshold was applied to the intensity calibrated sample as before. The sample was

segmented leaving only particles above the Otsu threshold. A multiple region of interest

(ROI) was generated from the segmentation. Regions of high density with multiple particles

in contact acting as outliers were manually disconnected by deleting connecting voxels. The

process was repeated for the LM+0.25 vol % MXene sample. Due to the large aggregates

formed, multiple aggregates were in contact with each other and not able to be differentiated

during segmentation. Voxel erosion was used to shrink the particles and separate them

using a "cross" method with a kernal size of 3. Once eroded, additional aggregate outliers

were manually separated as before. For both samples a histogram was then generated to

determine mean particle size. For both samples the binning was set to 1024.
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5.2.7 Zeta Potential Testing

Liquid metal and MXene zeta potential were measured in a DTS1070 folded capillary zeta cell

by a Malvern Zetasizer Nano ZS particle size analyzer. 10µL of the liquid metal and MXene

suspension were diluted with 10mL of distilled water before zeta-potential measurements.

5.2.8 Data Processing

We perform 2D image particle size analysis on SEM images using ImageJ software. The

image was thresholded to create a binary image, where the filler appears as bright areas and

the matrix as dark areas. A built-in particle analysis is utilized to calculate these separated

areas. The radius is calculated assuming circular areas and is plotted as histograms.

5.3 Composite Synthesis

Contributions: I led material design, fabrication, and characterization. Yafeng Hu assisted in

material design, fabrication, and characterization.

MXene-Liquid metal composites were first prepared by alloying gallium (75 wt%) and

indium (25 wt%) to form room temperature liquid eutectic gallium indium (EGaIn). I used tip

sonication for processing of bulk EGaIn into nano-droplets. An 80:20 DMSO:DI water solution

was used for MXene-LM processing. DMSO is a polar aprotic solvent that stabilizes, and

when introduced with sonication, exfoliates MXene sheets and mitigates MXene aggregation

and crashing out during synthesis [193]. This DMSO solution was degassed, removing

additional oxygen species to eliminate the growth of additional oxide which can prohibit

breakup of EGaIn droplets to the micron and sub-micron scale during tip sonication [29].

The EGaIn was then added and tip sonicated breaking up the bulk LM into droplets. A small

microtip was used as this tip size focuses the acoustic energy to break up the relatively large

amount of EGaIn (14g). Due to the oxygen in the solution, a Ga2O3 layer immediately formed
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on the EGaIn, coating the particles with this self limiting layer, stabilizing the particles and

stopping recombination.

The MXene solution was then added to the vial. The MXene solution itself was prepared

using an HF etching technique from a MAX precursor, in this case being Ti3AlC2. Once

etched and exfoliated using sonication, the MXene sheets were on the order of 500 nm-5 µm

in diameter and 5 nm thick [200, 192]. The MXenes were suspended in an 80:20 DMSO:DI

water solution with 10 wt % Ti3C2Tx MXene. The MXenes exhibited a strong negative zeta

potential of -52 mV when diluted in DI water, indicating strong stability of the colloidal

suspension (Figure D.1a) [193]. The bulk conductivity of the Ti3C2Tx MXenes after vacuum

filtration into a film was 5.2×104 ±2.0×103S/m.

To wrap the MXenes around the LM droplets, the MXene-LM solution was sonicated a

second time to fully exfoliate the MXenes and to coat them onto the EGaIn. I hypothesized

that wrapping occurs due to van der Waals interactions in particular, the London dispersion

force. Electrostatic interactions may also play a role as MXenes and LM have large differences

in zeta potential surface charges (Figure D.1a-b). It should be noted that these zeta potentials

are pH and solvent dependent with the data shown in Figure D.1 conducted after the particles

were diluted heavily in DI water without DMSO. Results in other solvents indicated lower zeta

potentials for LM. This leaves inconclusive evidence of electrostatic interactions. This zeta

potential data more so highlights the colloidal stability of MXenes and the colloidal instability

of LM with its strong negative and near zero surface charges respectively. Separately, 50µL

of the sonicated MXene-LM solution was dropcast into 10 mL DMSO:DI Water solution to

heavily dilute the composite. The solution was then planetary mixed at 2000 rpm for 2

minutes. When dropcast and SEM imaged, the MXene-LM coatings were strong enough that

virtually all of the visible MXene was coated around and between the LM clusters forming

small scale aggregates on the order of 5−30µm (Figure D.2a-b). This was done to evaluate

adhesion between the MXenes and LM.

Once second stage sonicated, the MXene-LM solution was then vacuum filtrated removing
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Figure 5.2: a, Particle size statistics histogram of a representative sample of LM droplets after
probe sonication for one hour with an average diameter of 258 nm. Inset: SEM Image of EGaIn
micro-droplets after sonication used in particle size analysis. b, 1kV low accelerating voltage SEM
image of EGaIn droplets with a partial Ti3C2Tx coating adhering to the LM surface after processing.
Inset: high-magnitude image highlighting the MXene sheets generating a tension and wrinkling on
the Ga2O3 skin of the partially coated EGaIn droplet. c, SEM image of LM droplets being coated
and connected with a network of conductive MXene flakes. Image taken from a sample with 5.8 vol
% MXenes. This particular sample was prepared in a fairly low oxygen environment (200 ppm O2)
with a nitrogen purge of the MXene solution followed by the addition of bulk LM. The MXenes and
LM were then probe sonicated together for 5 minutes in a low O2 environment. d, SEM image of a
conductive MXene-LM aggregate formed after planetary mixing in silicone oil. The aggregate was
recovered through toluene dilution and the composition contains 5 vol % MXene. e, Surface profile
of the 5 vol % aggregate shown in Figure 5.2d highlighting intermixed MXene and LM regions. f,
Top: elemental mapping of the aggregate surface in Figure 5.2e with gallium representing the EGaIn
regions, and titanium representing Ti3C2Tx regions. Bottom: The total mass sum of all elements
present is shown.

the solvent and leaving the wrappped MXene-LM particles in a paste form. The material was

then immediately transferred to a mixing cup with silicone oil then added. A high viscosity

silicone oil was selected as the matrix material to decrease settling and phase separation

(60,000 cSt @ 25 ◦C). A non-curing matrix material was selected for ease of characterization

and testing since the material could repeatedly be used in compressive thermal and electrical
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testing as well as microCT imaging without curing. The composite was then hand mixed and

planetary mixed for three cycles, causing the MXene-LM particles to aggregate. The sample

was placed in an oven to evaporate any remaining solvent.

5.4 Particle Characterization

Size analysis was conducted on LM particles after first stage sonication to better understand

size and size distribution. The sonication parameters produced EGaIn particles with an

average diameter of 248 nm (Figure 5.2a). The size and monodispersity of these LM droplets

as shown in the inset of Figure 5.2a were small enough to where individual MXene flakes

(500nm− 5µm diameter) can wrap and coat the droplets making them conductive and

functionalizing their surface.

As discussed in the fabrication process, when even a small amount (> 0.25wt% MXene) of

Ti3C2Tx MXenes were added to the LM micro-droplet solution and sonicated for the second

time, the MXenes-wrapped around the surface. In one example, multiple MXene sheets

were shown to have partially adhered to the surface of the LM. The MXenes bonded so well

to the Ga2O3 skin that the MXenes induced a tension, which caused a wrinkling on the

Ga2O3 surface. Full wrapping around the Ga2O3 skin of the LM droplets is shown in Figure

5.2c with conductive pathways being formed around and between the LM droplets. This

MXene wrapping also induced a clustering of LM droplets together forming micro-clusters

of conductive networks of LM particles. Even after dilution and mixing at 2000 rpm for 2

minutes the LM particles were still held together and wrapped by the MXene flakes (Figure

D.2a-b). Due to the 2D nature of MXenes, I discovered that SEM microscopy of individual

MXene sheets can oftentimes be difficult, since high accelerating voltages will cause the

electron beam to penetrate through the surface giving false surface profiles. 1 kV SEM

microscopy was conducted to characterize the surface morphology and interactions of the

MXene-LM boundary layer with superior resolution (Figure D.3).
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Figure 5.3: a, Intensity based heat map of a MicroCT 3D reconstruction of 5 vol % MXene control
sample. b-d, Intensity calibrated grey-scaled MicroCT 3D reconstructions of LM+0 vol % control, 0.25
vol % MXene, and 1 vol % MXene suspended in a silicone oil matrix material. e, Diagram indicating
the change in the percolation threshold with and without the MXene coatings functionalizing the
surface and inducing aggregation. This change leads to emergent thermal and electrical properties.
f, Histogram of individual aggregate volumes for LM+0 vol % control sample and LM+0.25 vol
% sample with a 3 order of magnitude average aggregate size increase. g, Thermal conductivity
measurements vs BLT for control and MXene-LM samples highlighting an exponential increase in
thermal conductivity as BLT decreases. h, Electrical conductivity vs BLT for control and MXene-LM
samples indicating a large increase in conductivity with a small volume fraction of MXenes.
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5.5. Cluster Aggregation

5.5 Cluster Aggregation

Silicone oil was then added to act as a matrix material for the composite. This was followed by

planetary mixing, which caused the micro-clusters within the matrix material to form large

aggregates. MicroCT imaging was conducted to analyze particle aggregation of the MXene-

LM composites as the MXene content was varied (Figure 5.3a-d). See the experimental

section for additional details on the microCT Imaging. A low MXene filler sample and high

MXene filler samples were prepared along with a liquid metal control and MXene control

(Figure 5.3a-b). The MXene control contained 5 vol % MXene suspended in silicone oil, and

the LM control contained 25 vol % LM. The low MXene filler sample contained 0.25 vol %

MXene as a total volume fraction of the entire composite and 25 vol % LM. The high MXene

filler sample contained 1 vol % MXene and 25 vol % LM. MicroCT imaging was conducted

for each sample (Figure 5.3c-d). The LM control samples indicated no aggregation when

compared to functionalized MXene-LM composites (Figure 5.3e). The LM control sample had

an average EGaIn cluster size on the order of 10−7mm3 (Figure 5.3f). These small droplets

and clusters are evenly distributed and well below the percolation threshold needed for

electrically conductive composites. These microCT reconstructions were intensity calibrated

and threshold segmented.

Due to the instability of MXenes sheets and their tendency to crumble and crash out in

non-polar non-aprotic solvents or in environments with non-neutral pHs, the MXene control

sample was prepared separately. Without EGaIn particles present for the MXenes sheets

to wrap around and stabilize, it is not possible to remove the solvent without a large film

of intercalated MXenes forming. To circumvent this issue, the MXene solution was added

to silicone oil directly during the fabrication process. This solution was then placed on a

hot plate and shear mixed, to mitigate the aggregation of the MXenes as the DMSO:H2O

solution evaporated. The resulting MXene control sample was imaged using microCT (Figure

5.3a). The reconstruction instead indicated the formation of large MXene layered sheets

throughout the sample. These most likely formed during solvent evaporation. I believe this
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occurs as the removal of the stable DMSO solution and the addition of the silicone matrix

material induced a charge instability on the MXenes in the colloidal solution. This led to

"crashing out" and aggregation of the material. Images of the crumpled MXene clusters

after they have been removed by diluting the sample in toluene to remove the silicone oil are

shown in Figure D.4.

When a small amount of MXene was added to the LM (0.25 vol % MXene), the composite

formed large aggregates dissimilar from the MXene and LM control samples (Figure 5.3c).

The aggregates were made of tightly packed micron sized MXene wrapped LM droplets as

shown in Figure 5.2e. Particle analysis conducted on the low 0.25 vol % MXene aggregate

sample (Figure 5.3c) showed an average cluster size of 10−4mm3, a three order of magnitude

increase over the LM control (Figure 5.3g). This large aggregate formation was hypothesized

to be a function of the planetary mixer’s centrifugal forces generating friction in the high

viscosity silicone oil (60,000 cSt), inducing interactions between the "sticky" micro-clusters

forming larger aggregates during mixing. When a LM+1 vol % MXene sample was prepared

(Figure 5.3d) was prepared and compared against the same filler content prepared in a lower

viscosity silicone oil (23,000 cSt), the aggregates were not found to have formed (Figure D.5).

The low viscosity sample resembled that of the LM control (Figure 5.3b) and not the sample

shown in Figure 5.3d.

To analyze the individual aggregate properties, aggregates themselves were recovered

from the matrix material for analysis. This was done by orbital shaking of the composite

material in a toluene bath for 15 hours. SEM imaging revealed the surface properties and

morphology of the aggregates as shown in Figure 5.2d. A higher resolution image of the

aggregates surface (Figure 5.2e) highlights the dense EGaIn particles connected by the

Ti3C2Tx. EDS of this surface confirms this (Figure 5.2f) with large large gallium, indium,

and oxygen emissions emanating from the EGaIn along with carbon, oxygen, and titanium

emissions emanating from the intermixed and coated Ti3C2Tx sheets (Figure D.6).
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5.6 Thermal and Electrical Characterization

Lastly, I used a thermal interface material analyzer to measure thermal and electrical

conductivity measurements vs BLT of our samples. To understand the implications of

aggregate formation on bulk thermal and electrical properties, samples were compressed from

1000µm to 50µm with electrical thermal measurements being recorded. LM control thermal

conductivity was stable vs BLT with an average of 0.41±0.03W/m/K (Figure 5.3g). This is

in line with effective medium theory which predicts a thermal conductivity of 0.50W/m/K

at a 25vol % [185]. Performance was stable vs BLT since the micron scale EGaIn droplet

diameters are a 2-3 orders of magnitude below the BLT measurement range. At these sizes,

the bulk properties of EGaIn, namely a thermal conductivity of 26.4W /m/K [177], are not a

major factor. For TIMs with large inclusions, compression of the TIM below the inclusion

size would induce an increase in thermal conductivity as the bulk properties of the material

begin to dominate performance. The 5 vol % MXene control sample indicated similar BLT

independent properties with an average thermal conductivity of 0.20±0.03W /m/K showing

no improvement over bulk silicone oil or elastomers.

In contrast, With the addition of 0.25 vol % and 1 vol % MXene, thermal conductivities

increased exponentially as the BLT began to decrease below 300µm (Figure 5.3g). Additional

data of trials of other MXene filler contents highlighting similar trends are given in Figure

D.7 along with corresponding microCT images in Figure D.8. A vol % of 0.1 indicated similar

results to the LM control but with still some aggregation occurring at such a low vol %

(Figure D.8). For samples with 0.25 vol % MXene or more, when the BLT was compressed

to distances approaching the diameters of the individual aggregates, the bulk properties

of the compressed aggregates began to play a role in composite performance. This led to

a large increase in thermal conductivity. This increase occurs at 300µm near the size of

the MXene-LM aggregates, as expected. At 50µm the 1 vol % MXene-LM composite had

a thermal conductivity of 1.67±0.18 W/m/K a 4.6× and 11.3× improvement over the LM

control and MXene control respectively. Due to the stochasticity of this material system, I
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are not making claims on the comparative performance of the MXene fill content but only

that the addition of MXene above 0.25 vol % produces an exponential increase in thermal

performance at low BLT.

Electrical conductivity indicated a similar trend. The LM control sample acts as a

dielectric and was not electrically conductive until 100 µm. This electrical conductivity

may have been caused by LM droplets that were not properly sonicated during fabrication.

the MXene control sample was exhibited a less dramatic increase in electrical conductivity

with a peak conductivity on the order of 10E-2 S/m. The 0.25 vol % and 1 vol % MXene-

LM composites again indicated an exponential increase in electrical conductivity generally

below 400µm (Figure 5.3h). Conductivities improved 7 orders of magnitude from 10−6S/m

to 101S/m. Again the stochasticity of these composites made it such that differentiating

between electrical conductivity and MXene content was not possible. Additional data can be

found in Figure D.7.

5.7 Conclusion

In conclusion, this work investigated the introduction of Ti3C2Tx 2D MXenes sheets onto

EGaIn micro-droplet liquid metal composites, for the enabling of MXene wrapped EGaIn

particles. These functionalized MXene-LM micro-cluster particles have a sticky surface

with a tendency to aggregate when introduced to a silicone oil matrix material, inducing

large clusters on the order of a few hundred µm. SEM imaging confirmed and highlighted

the MXene wrapped LM particles. MicroCT was conducted, comparing the non-aggregated

LM composites with the aggregated MXene wrapped LM composites. Individual clusters

were recovered from the matrix material with EDS confirming the existence of MXenes and

LM in the large aggregates. Lastly, thermal and electrical characterization was conducted

indicating exponential BLT dependent properties of the composites with increase in thermal

conductivity and electrical conductivity at low thicknesses.
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5.8 Lessons Learned

Various soft material architectures have been introduced thus far in this thesis highlighting

their ability to replace many of the rigid components found in electronics devices. Continuing

to increase the electrical and thermal performance of soft materials is of the utmost impor-

tance to continue to move this field forward. One potential way to address this is to introduce

2D conductive materials into soft composites. In this chapter, I introduce Ti3C2Tx 2D MX-

enes into soft composites materials to better understand how 2D materials can influence the

performance of LMEE composites. I introduce a synthesis method to wrap MXenes sheets

around LM particles. These MXene-LM composites are then shown to aggregate into large

clusters influencing the thermal and electric properties of the composite. These results are

confirmed through a combination of SEM and microCT imaging. The material architecture

introduced in this chapter aims to be a fundamental study on how to prepare MXene-LM

composite materials.

This work is important in the overall context of this thesis because future improvements

in soft electronic devices, including TEDs, will need continued improvements in the soft

materials used. This chapter introduced MXenes as one such option for how soft composite

material properties can be controlled and improved for future applications. The MXene

wrapped LM particles indicated large aggregation and morphology changes when compared

with soft composites that contained just LM. This material architecture has applications

in the TIM space. In particular, MXene-LM soft composites open new directions to replace

the TIM materials used in the TEDs introduced in this thesis. In the future, TIMs, such as

the LM-Epoxy introduced in Chapter 4, may be replaced with more advanced MXene-LM

composites.
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Chapter 6

Conclusions and Future Work

6.1 Summary of Research Directions

With the expansion of wearable health monitoring systems for long-term patient monitoring,

a new generation of power sources is needed to power these wearable devices. Wearable TEDs

are a potential solution to this need. These devices are usually made from rigid materials that

are not conformable or comfortable to the wearer. To bridge this divide between performance

and conformability, this thesis introduced a new generation of soft material-based energy har-

vesters designed and built to power wearable sensors. In particular, TEGs were designed from

a materials first perspective to replace the rigid device packaging components of traditionally

rigid TEGs. This included replacing TIMs and interconnects with soft and stretchable liquid

metal soft composite materials. Three generations of these devices were introduced here

with large improvements being made in power output. Applications in thermally responsive

LCE actuation along with demonstrations of these TEGs powering a PPG monitoring system

were demonstrated. Lastly, to explore future improvements in TIMs, MXene 2D sheets

were introduced to augment LMEE composite performance. MXenes were introduced as

a novel method to influence the morphology and performance of these soft thermal composites.
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6.2 Limitations of Current Research Directions

This thesis has introduced soft TEDs, replacing rigid components with soft and stretchable

ones. Future research efforts in the field of wearable thermoelectric energy harvesting

should move away from the last rigid component: rigid semiconductors. Rigid thermoelectric

semiconductors are prone to fracturing and shearing along grain boundaries leaving them

exposed to damage when introduced into wearable applications. This is especially true

for commonly used Bi2Te3 which have a vickers hardness (Hν) of 0.62-0.79 GPa [202].

Traditional thermoelectric materials are fabricated by various crystal growth methods[203]

and high temperature annealing processes including hot pressing[204]. This process requires

temperatures often times above 500 °C. While effective for fabricating crystals with high

figures of merit, the fabrication process produces rigid and brittle materials. The rigid and

brittle nature of Bi2Te3 leads to small thermoelectric elements with low aspect ratios. This

is a weakness for energy harvesting, as increasing the distance between the opposite ends of

the semiconductors is important to mitigate heat transfer.

Rigid TEDs mitigate this issue through the rigid device packaging components that are

surrounding the thermoelectric legs (i.e. ceramic or metal TIMs and copper interconnects as

described in this thesis). Further more, traditional TEG applications do not require bending

of the harvester during operation i.e. use cases in refrigeration, automotive waste heat

recovery, and CPU and diode cooling [205]. Wearable TEDs lack this advantage as these

devices continually need to be deformed during movement. As this thesis has demonstrated,

all of the device packaging components including TIMs, interconnects, and substrate can be

made bendable and stretchable.

These devices still require rigid semiconductors. This has two potential issues. 1) contact

resistance at the soft rigid interface. While the stretchable TEGs introduced in this thesis

have been shown to perform well under strain, with trivial to no changes in resistance

increase during cyclical loading, a large part of the overall device resistance is still caused

by contact resistance. 2) The elastomers and stretchable electronic materials introduced
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here will not protect the semiconductors from impacts. To address issues for rigidity and

aspect ratio, a new generation of soft thermoelectric materials is needed to address these

drawbacks.

6.3 Future Directions for Wearable Thermoelectrics

The semiconductors themselves will need to be made deformable for improved performance.

Additive manufacturing of thermometric materials has arisen to address these issues [180].

Semiconductor powders embedded in epoxies are one approach that has been of interest

in recent years. While flexible this architecture leads to high resistances with peak power

outputs of less than 50 nW for 10 KΩ load resistances and the ability to screen print only

thin layers[206]. A recent paper has focused on oxidizing Bi2Te3 particles to increase their

zeta potential to zero to mitigate instability when combined with ChaM ion additives[207].

This allows for printable inks with an excellent viscosity for DIW printing. Once printed, the

ChaM additives promoted sintering which occurred at 450 ◦C with a 36 % volume contraction.

The completed thermoelectric was not deformable or flexible. ChaM additives have become

popular with other approaches using the advantages of DIW printing to print multilayered

devices with each layer corresponding to a different peak ZT (figure of merit) temperature.

Each semiconductor exhibits peak properties at different temperature ranges to optimize

overall figures of merit over a larger temperature range. This novel approach highlights the

advantages of DIW but again requires high-temperature annealing making rigid devices

[208].

6.3.1 Liquid Metals as a Potential Solution for Printable Thermo-

electrics

Separately liquid metals have been explored for their ability to wet onto surfaces through

a gallium oxide layer that forms on the surface when exposed to air[209]. This oxide layer
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modulates the surface tension. Work has shown that this surface tension can be controlled

by removing the oxide layer through chemical and electrolytic approaches. This has enabled

EGaIn-based actuators in which the modulation in the surface tension in an electrolytic

solution is able to generate fast repeatable actuation. Research has shown that a redox

reaction occurs when EGaIn is submerged in a bath of KOH with V =±2.5V allowing for

volumetric changes of EGaIn. Using this low surface tension to researchers’ advantage EGaIn

has shown abilities to wet onto copper and silver to form new alloys such as AgIn. when

strained, the EGaIn fills in any cracks caused by the silver layer[98, 210]. This approach

creates material architectures that can be aligned with high tolerances and operate under

extreme strains.

There is the potential to address the issues of high-temperature annealing that lead

to losses in flexibility and deformability post-sintering. By introducing EGaIn as a binder

material for Bi2Te3 powders and embedding these particles inside a SIS:toluene solution,

there is the potential to fabricate 3D printable semiconductors that can stretch and deform

without losing significant performance. Recent work has shown that SIS:toluene is an

excellent candidate for conductive DIW inks[176, 175, 211]. Once deposited the toluene

evaporates, inducing a volumetric contraction on conductive traces.

Separately, recent work has shown Bi2Te3 and EGaIn electrostatic bonding caused by

oppositely charged surface zeta potentials. Zeta potentials are the electric potential at the

slipping/shear plane of a colloid particle when under an electric field[212]. By controlling

surface potentials of the Ga2O3 or functionalizing the surface using thiol based chemistries

there is the potential to introduce LM as a binder for thermoelectric particles. Recent work

has shown a similar phenomenon with reduce graphene oxide (rGO) and LM nano-particles

(LMNP) electrostatically self-assembling [213]. While EGaIn has a strong positive zeta

potential, Bi2Te3 has a negative potential similar to rGO making it potential candidate for

electrostatic self-assembly. Recent work on direct ink writing thermoelectrics has shown

that non-oxidized Bi2Te3 has a zeta potential of ∼−25mv [207]. Zeta potentials are often
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solvent and pH dependent making the choice of solvents and pHs used important during

synthesis. A recent study has shown a similar ability of Bi2Te3 to self-depose onto EGaIn.

By submerging EGaIn in an HCl solution, the interfacial Ga atoms increase in their oxidation

state generating an interfacial potential of ∼−400mV and reacting with Bi2Te3 once the

solution is deposited [214]. In conclusion, to develop thermoelectric semiconductors that can

be DIW printed and stretchable, LM additives have the potential to act as one such solution.
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Appendix A

A.1 Predicted Power Loss due to Internal Resistance

Change

A simple model is used to predict the change in power of stretchable thermoelectric generators

(TEGs) as a function of resistance change. The generated power can be expressed as P =
Rint( V

Rint+Rext
)2, where Rint is the internal resistance of energy the harvester and Rext is the

external load resistor in parallel with TEG device, while V is the measured voltage across

the load resistor[109, 215]. The maximum power is produced when the load resistor is equal

to the internal resistance (resistive impedance matching). After determining the optimal

resistor (for example Rext = Rint = 15Ω), the wearable TEG can be subjected to various

mechanical deformations (such as bending, torsion, tension, and compression) leading to

an increase/decrease in the overall internal resistance. For instance, a compression force

can reduce the contact resistance and improve the electrical connectivity, while tensile

deformation of the TEG leads to increased contact resistance at the interconnects. If we

assume a constant voltage of 130 mV and a resistance fluctuation of ±5Ω from the initial

internal resistance value (equivalent to ±33.3% resistance change for this TEG device), the

changes in power will remain below 4%. This result is shown in Figure A.1, indicating

that deviation from a fixed optimal load resistor will lead to a small power loss under the

assumption of constant output voltage from device.
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Figure A.1: Estimated power loss in stretchable thermoelectric devices under mechanical deformations
that can lead to an increase/decrease in the electrical resistance of TEG device.
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Appendix B

B.1 Soft Robotic Walker Supplementary Figures
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Figure B.1: i-ii, center layer and semiconductor substrate is printed using DLP printing process iii, P
and N doped semiconductors are placed into the center layer and UV cured sealing them iv, A stencil
is place overtop the center layer and EGaIn is airbrushed into the channels v, the stencil is removed
and the device is placed in the freezer vi, a UV curable ink is brushed on in a thin layer and cured at
365nm for 12 mins vii, the process is repeated on the back side
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Figure B.2: Images of completed 90 semiconductor TED before LCE has been adhered

Figure B.3: External resistance vs current for varying temperature differentials generated by a 90
semiconductor TED. At a max temperature differential of 60 ℃ 38 mA was recorded at resistance of
1Ω with current decreasing as resistance increased.
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Figure B.4: External resistance vs voltage for varying temperature differentials generated from a
90 semiconductor TED. An increase in resistance corresponds to a voltage that approaches the open
circuit voltage above 10Ω.

Figure B.5: a, 90 semiconductor TED heating at 1.75A after 40s. b, 90 semiconductor TED cooling
after 14s.
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Figure B.6: Comparison of Peltier heating and cooling for various currents. This test was conducted
with the underside of the device in contact with water acting as a heat sink, and data recorded from
the top side (n=3).

Figure B.7: Comparison of Peltier heating and cooling data for ambient air conditions at 1.5 A (Figure
3.2c-d) and bottom side in water (Figure B.6).
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Figure B.8: Images of TEG-LCE Actuator

Figure B.9: Angular velocity of 60 semiconductor actuator at 2.9V corresponding to Figure 3.3a

104



Figure B.10: Diagram of actuator in initial vs actuated position with relevant dimensions for FoM
calculations.

Figure B.11: Input and output power for the regenerative energy harvesting test for one cycle.
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Figure B.12: Graph of position vs time for 5 cycles of the soft robotics walker. Yellow heating sections
are represented by the gait mechanics in Figure 3.4c. This is followed by a prolonged cool down time
where the actuators passively regenerate energy.

Figure B.13: Bending angle and harvested voltage of LCE-TED bending towards a heat source
exhibiting phototropism for increased harvested voltage. See Figure 3.4f for corresponding figure.
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Figure B.14: Results of phototropism inspired energy harvesting test. The transducer was placed
above and parallel to a heat source with voltage collected with and without the LCE layer, highlighting
the physical intelligence of this system track towards a heat source and increase voltage output.

Figure B.15: Step response test for tuning the proportional-integral (PI) controller for the LCE-TED
soft limb. An 80% duty cycle PWM signal was applied to the forward-voltage gates of the H-bridge
circuit for 55 sec., and the constants al pha, K , and τ were measured for use with the first-order plus
time delay (FOTD) tuning methods.
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B.2 Transducer Efficiency

Following the arguments in Lee et al. [138], we define the figure of merit (FoM) of this

transducer as:

FoM = Ue

Ue +Ut
(B.1)

where elastic energy and thermal energy is defined as

Ue = 1
2

Dk2 (B.2)

Ut = cpm∆T (B.3)

Here, D is the flexural rigidity, k is the bending curvature, cp = 1000 JK g–1K–1 [65, 51] is

the specific heat capacity for the heated LCE layer, ∆T= 43 ºC is the increase in temperature,

and m = 8.4×10−4kg is the LCE layer mass for one side.

We determine D and k from our empirical studies on actuator bending and blocking force.

First, we note that for a cantilevered beam with an end load Fblocking, vertical displacement

is described as

y= FblockingL3

3D
(B.4)

where L = 4.3×10−2 m is the length of beam and D is flexural rigidity. This relationship is

based on Euler-Bernoulli beam theory, which relates a transverse point load and displacement

for a beam that is initially straight. However, when the LCE-TED actuator is activated, it

bends to form a circular arc. Nonetheless, based on the principle of linear superposition for a

Euler-Bernoulli beam, we assume that Equ. B.4 is a reasonable approximation even for a

beam that is initially curved.

For an unloaded actuator that is able to freely bend, the maximum bending angle of 27 º

occurs at 35s when run at 2.9 V (Figure 3.3a). To estimate the corresponding displacement

(y) we must first determine the curvature (k) of the bending actuator in the absence of a block
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force load. At 27 º the radius formed by the arc length is r = 4.1×10−2m. The curvature k is

defined as

k = 1
r
= 24.4m−1 (B.5)

and noting that the actuator bends into a circular arc, the vertical displacement that the

blocking force load must overcome is calculated as

y= 1−coskL
k

= 0.021m (B.6)

Referring to Figure 3.3e, an actuator that is constrained from bending will exert a blocking

force of Fblocking = 0.076N when activated at 2.9 V for 35s. Assuming that the actuator

behaves like an Euler-Bernoulli beam, this implies that 0.076 N is approximately the force

required to displace the tip of the beam by the amount y calculated in Equ. B.6. Combining

Equ. B.4 and B.6 implies that

FblockingL3

3D
= 1−coskL

k

Next, solving for D and inserting the values for Fblocking, L, and k yields

D = 1.6×10−4Nm2

Lastly, solving for Ue and Ut gives:

Ue = 4.80×10−2J

Ut = 36.12J

This implies a figure of merit (FoM) = 0.0008.
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B.3 Regenerative Energy Harvesting Efficiency

To estimate the energy efficiency of the LCE-TED transducer, a 60 semiconductor transducer,

external power supply, external resistor, and multimeter (Agilent-34401a ) were placed in the

below circuit configuration (Figure B.16). This setup allows for continuous data collection in

both the Peltier and Seebeck modes. The internal resistance of the device was RTEG = 2.3Ω

with an external resistance of 2Ω for impedance matching. The power source voltage was

Vtot = 3.2V with Vext being recorded by the multimeter during both Peltier and Seebeck

modes (Figure B.8). The power source was cycled on for 50s and off for 6 minutes. Pinput and

Poutput were calculated:

Pinput =VtotVext

[
1

RTEG
+ 1

Rext

]
− V 2

ext

Rext
(B.7)

Poutput =
V 2

ext

Rext
(B.8)

which were obtained from the relationship

P =V I = I2R = V 2

R
(B.9)

Energy was then calculated by numerical integrating power over input and output cycle

times with energy efficiency calculated as η:

E input =
∫

Pinputdt (B.10)

Eoutput =
∫

Poutputdt (B.11)

η= Eoutput

E input
×100 (B.12)

Circuit Diagram
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Figure B.16

B.4 Feedback Control Design

Our proportional-integral (PI) feedback controller was tuned using well-known methods from

the literature. Thanks to our ability to apply a control input that cools the device - a negative

voltage - these tuning rules are now applicable. With heating alone, a PI controller would

attempt to apply a negative control input and would incorrectly saturate at 0V.

Tuning of a PI controller can be performed in a number of ways. We chose to use the time

domain step response method [216], where a constant control input was applied and various

properties of the resulting trajectory are used to estimate the proportional (Kp) and integral

(K i) constants. We chose an 80% duty cycle input step, representative of the actuator during

its aggressive operation, mapped to the PWM that controlled the “forward” signal of the

H-bridge circuit.

Figure B.15 shows the step response alongside the three tuning constants that are used

in the first-order plus time delay method. Note that the approximated time delay, τ, is very

large (approx. 8.5 sec), making high-performance control challenging without an accurate

system model. Since our actuator can overheat after application of significant power over

a long period of time, we chose not to perform a step response test where the system fully

settled to a steady-state value.

We used three methods [216] to estimate feedback gains from these step response pa-

rameters. These included the Zeigler-Nichols method and its two modifications to include
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the settling value of the step response, K (Figure B.15). Averaging the estimated gains gave

Kp = 0.096, K i = 4×10(−2). It is well known that these gains, when applied to a nonlinear

system, provide only an initial guess. Executing our controller with these gains showed

significant oscillations, primarily due to the time delay. After adjustments by hand, our final

controller used Kp = 0.08, K i = 2×10(−6), representing significantly lower integral control.

Finally, note that although our PI controller could potentially saturate above 100% or

below -100% duty cycle, we did not observe such behavior (Figure 3.4b, main text). As a

result, integral windup was not observed and no compensation is needed, though there would

be simple techniques to do so if required [217]. Similarly, our controller did not perform the

most aggressive actions possible for fast operation: control inputs never reached maximum

power, and so the actuator necessarily responded slower than could have otherwise been

possible. Many improvements can be made for better performance, including sliding mode

control or other model-based methods. However, our simple controller validates the concept

while highlighting the benefits of active cooling.
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Appendix C

C.1 Voltage Characterization

For TEGs at lower temperatures differentials of 10 ◦C, the Voc of the LA-HD and HA-HD

device was 98±11.8 mV and 147±11.8 mV respectively. The maximum tested voltage output

of 545.7±32.5 mV for LA-HD and 865.7±34.3 mV for HA-HD at 60 ºC was recorded. We

believe that this peak voltage improvement in HA-HD over LA-HD comes from increasing the

amount of thermoelectric material vertically with the incorporation of HA semiconductors.

HA-LD under-performs the HA-HD device. At lower temperatures differentials of 10 ◦C, the

Voc was 116±2 mV along with a max tested voltage output of 683.3±39.1 mV at 60 ◦C. Still,

for HA-LD the voltage drop over time is improved over LA-HD.

For HAR devices, increasing the distance between the depletion regions and decreasing

the thermal conductance between the hot and cold faces of the device leads to a slower

degradation of the thermal gradient and higher voltage output. This was seen in Figure

C.6a-b (Supporting Information). Not only was the peak voltage low in the LA-HD device

but the percent drop in voltage 60 seconds after the peak is 29.1% at 40 ◦C and 30.4% at

60 ◦C compared to 9.5% at 40 ◦C and 10.5% at 60 ◦C for the HA-HD device. Similar results

were seen for the HA-LD device at 9.4% @ 40 ◦C and 8.5% @ 60 ◦C) (Figure C.6c, Supporting

Information) much more in line with HA-HD voltage output. This was due to poor thermal

management and decreased thermal resistance when compared with the HA-HD device.
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HA-LD + LM-epoxy device recorded a Voc at T 10 and 60 ◦C of 127.0±7.5 mV and

781.3±9.0 mV respectively. When replaced with a control epoxy, Voc decreased to 102.8±1.9

mV and 664.6±2.8 mV at ∆T 10 and 60 ◦C highlighting the improvements of LM-epoxy in

heat transfer into and out of the semiconductor junctions (Figure 4.2e,i). Voltage vs time

performance was also improved. An 11.7% @ 40 ◦C and 8.2% @ 60 ◦C voltage drop for HA-LD

+ LM-epoxy compared with 15.3% @ 40 ◦C and 13.2% @ 60 ◦C voltage drop after 60 s for

HA-LD + control epoxy was found (Figure C.6d-e, Supporting Information). For all HAR

devices fabricated, a hollow internal structure of pillars introduced to decrease rigidity as

shown in Figure 4.1a. By conducting thermal FEA between simulations involving hollowed

vs filled in center layers, a none to negligible decrease in heat transfer for the pillared hollow

internal structure was found when compared with the full filled in layer. The corresponding

voltage outputs are shown in Figure C.19 (Supporting Information).

C.2 Peltier Performance

For Peltier cooling, mitigating heat transfer across the device was was key. The heat rate

(Qc) extracted from the cold side can be described as Qc = Qp −QK −QJ where Qp is the

Peltier cooling term, QJ is the Joule heating, and the natural heat flux QK can be defined

as QK = K∆T, where ∆T is the temperature differential across the device, indicating the

importance of decreasing conductance to increase thermoelectric cooling. This same principle

applies to Seebeck Energy harvesting. This improvement is demonstrated experimentally for

both Peltier heating and cooling. At 0.50 A and 0.75 A cooling ∆T peaks at −3.9±0.6 ◦C at

3.5 s and −4.8±0.7 ◦C at 2.8 s respectively for LA-HD compared to −10.7±0.5 ◦C at 13.0 s

and −13.0±0.6 ◦C at 8.8 s respectively for HA-HD. Heating performance confirms this trend

with temperature increases at 0.50 A and 0.75 A of 21.5±1.9 ◦C and 49.1±4.0 ◦C respectively

for LA-HD compared to 39.9±0.5 ◦C and 84.8±4.0 ◦C respectively at 45 s for HA-HD.
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C.3 Wearable Testing

For wearable testing, the variables considered are bio-mechanical movement, body temper-

ature, and device placement. While it is outside the scope of this work to decouple these

parameters, it is of interest to understand generally the influence of these parameters on

device Seebeck output. In particular, bio-mechanical movement’s influence on increasing the

convective cooling rate, the role of exertion on conductive heating from the body onto the

TEG, and the influence of device placement on comfort and convective cooling are explored.

To accomplish this, an experimental setup was designed with a HA-LD + LM-epoxy TEG

embedded with thermocouple temperature sensor on each side. A TEG was integrated into a

sleeve with the TEG mounted on the inside of the left wrist. A second device was integrated

into a compression shirt and mounted on the left part of the chest (Figure 4.4a). To collect

data, each TEG was connected to a wearable ADC for voltage and temperature measure-

ments, a micro-controller, and an SD card writer for data processing and collection (Figure

4.4b). In addition, heart rate was used to measure exertion and was recorded using an ECG

(Zoll).

Tests were conducted for sitting, walking (2.0 mph), and running (5.0 mph) conditions on

both the wrist and chest. For each test, a baseline test was conducted while sitting followed

by either a walk or run. Relative voltage change was given to normalize for differences in

manufacturing variance or small changes in ambient conditions. The wrist and chest were

chosen for two reasons 1) these locations are both potential and common candidates for

wearable sensors, and 2) for their differences in bio-mechanical movement during exercise.

We expected the chest TEG to experience less airflow and therefore convective cooling than

the wrist-worn TEG.

When comparing wrist and chest-worn harvesters, the influence of increased convective

cooling on the wrist-worn device was clear. For the wrist sit-walk test, movement across the

device’s outside face during walking lowered the air-facing and wrist-facing temperatures
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(Figure C.15b, Supporting Information). This increases the temperature differential leading

to a 0.2 increase in relative voltage over sitting. For the same test, the chest worn device

temperature stayed consistent for both sitting and walking (Figure C.15 a, Supporting

Information). This is believed to be attributed to no additional airflow across the device

during walking as chest movement is limited while walking on a treadmill. For both wrist

and chest-worn devices, there was no increase in body temperature during walking, leading to

no Seebeck harvesting increase that would have come from an elevated temperature during

exertion. This was confirmed with no increase in heart rate detected during either tests

(Figure C.14a-b, Supporting Information).

In contrast to the sit-walk test, the chest worn sit-run test TEG decreased in temperature

during running (Figure C.15d, Supporting Information). This was most likely due to the

vertical movement of the chest during running. At the start of the run, the chest worn

voltage increased with a drop in outside and inside temperature which then began to plateau

at 650 s as the inside temperature began to plateau. This was followed by an increase in

inside temperature which led to a sharp increase in both temperature difference and relative

voltage at the 800 second mark (Figure 4.4c) . This was highlighted further in the wrist worn

TEG sit-run test with an initial increase in temperature difference from convective cooling

followed by a secondary increase in temperature difference due to the inside temperature

increase from skin temperature rise (Figure 4.4d and Figure C.15c, Supporting Information).

This rise corresponded to an increase in blood flow and heart rate during the run leading to

an increase in skin temperature and ∆T. At 1100 s the relative voltage change was > 1.0 for

the wrist-worn device and 0.8 for the chest worn device. These tests indicated a significant

Seebeck voltage performance boost during movement, especially on wrist-worn devices and

during exercise. Both cooling from bio-mechanical motion and heating from exertion played

a major role in TEG Seebeck performance.

While these initial tests helped to inform the influence of bio-mechanical motion and
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exertion on TEG Seebeck output, no sit-run tests reached a steady state for voltage or

temperature values. A longer test was conducted to determine if voltage would plateau.

Additional chest sit-run test data was conducted with a 5 minute walk and 25 minute run.

Results are shown in Figure 4.4e. Outside temperature initially dropped due to convective

cooling followed by an increase in inside temperature due to the body heating. This led to a

large temperature differential which began to reach a steady state at 1000 s (Figure C.16,

Supporting Information). When comparing voltage, temperature differential, and heart rate,

one can see that these all began to plateau around 1000 s indicating a steady state and

stable Seebeck performance. Based on these tests, we can predict large (> 2X ) consistent

Seebeck improvements during exertion. For integration into a fully functional wearable

devices, the wrist-worn orientation was selected as it exhibits superior Seebeck performance

during testing. These tests help to inform general trends of device placement and exertion on

voltage performance along with better understanding how skin temperature will influence

voltage output. Other factors such as wind, humidity and an individual’s metabolic rate are

not explored here and are outside the scope of this work [171]. Future work should focus on

a more complete large user study to understand the influence of these factors.

C.4 Supplementary Figures
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Figure C.1: i, The center elastomer layer is printed using a DLP 3D printer. ii, Bismuth telluride
semiconductors are placed into printed holes in alternating p-n configuration. iii, A soft 3D printed
stencil is placed over the device leaving semiconductors and interconnects exposed. iv, A light coating
of EGaIn is air brushed over the stencil to decrease contact resistance between semiconductors. v,
LM-Ag-SIS ink is formulated and injected into the stencil wells. vi, Stencil is removed followed by
solvant evaporation to form stable interconnects between the semiconductors. vii, LM-epoxy, a liquid
metal embedded elastomer thermal interface material, is applied over the device to improve thermal
performance and strengthen device. viii, The process is then repeated on the back side with leads
being attached to the corner semiconductors for interfacing with electronics.

Figure C.2: a, Thermal conductivity measurements for center DLP printed layer. b, Thermogravimet-
ric data for center DLP printed layer used in TEG fabrication. c, Stress-strain curve for center DLP
printed layer.
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Figure C.3: Additional images of completed Low-Aspect High-Density (LA-HD) Device
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Figure C.4: Additional images of completed High-Aspect High-Density (HA-HD) Device

Figure C.5: Seebeck Characterization: a, Open-circuit voltage vs temperature and (b) voltage density
vs temperature for HA-LD, HA-HD, and LA-HD TEG devices. c, Power output vs external load
resistance for HA-LD + LM-epoxy TEG at ∆T=20, 40, 60 ◦C.
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Figure C.6: a, LA-HD voltage output vs time for varying temperature differentials. b, HA-HD voltage
output vs time for varying temperature differentials. c, HA-LD voltage output vs time for varying
temperature differentials. d, HA-LD + LM-epoxy voltage output vs time for varying temperature
differentials along with FEA comparison. e, HA-LD + Epoxy Control voltage output vs time for
varying temperature differentials along with FEA comparison. Inset: Image of representative volume
elements used for d and e.

Figure C.7: Peltier Characterization: a Peltier cooling and heating performance of low-aspect high-
density (LA-HD), b high-aspect high-density (HA-HD), c high-aspect low-density (HA-LD) TEG and d,
high-aspect low-density (HA-LD) + LM-epoxy TED at 0.25, 0.50 and 0.75 A.
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Figure C.8: Additional images of completed High-Aspect Low-Density (HA-LD) Device
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Figure C.9: (a) Thermal resistance vs BLT (bond length thickness) and (b) Thermal conductivity vs
BLT for uncured LM-epoxy epoxy at 65 vol% loading and (c) Peel test for 0.5 mm thick LM-epoxy
composite and 0.5 mm thick DLP printed elastomer, measuring force output for 180 ◦ peel test
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Figure C.10: Additional image of completed High-Aspect Low-Density + LM-epoxy Device

Figure C.11: Image of completed High-Aspect Low-Density + Epoxy as control device
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Figure C.12: (a) Peltier cooling and (b) heating performance of HA-LD+control epoxy TED at 0.25,
0.50, and 0.75 A.

Figure C.13: Comparison of heating and cooling profiles with and without LM-epoxy layer.
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Figure C.14: a-b, Results of chest and wrist worn TEG trials for sit-walk tests measuring relative
voltage, temperature difference, and heart rate.
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Figure C.15: a-d, Results of chest and wrist worn TEG trials for sit-walk and sit-run tests. Relative
voltage change and outside and inside TEG temperature are recorded, highlighting the influence of
physical activity in TEG performance.
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Figure C.16: Results of chest TEG trial for sit-run tests. Relative voltage change and inside and
outside temperatures of the TEG are given along with an FEA simulation comparison.

Figure C.17: Boost converter input voltage and capacitor output voltage corresponding to the two PPG
waveform cycles in Figure 4.5d.
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Figure C.18: TEGsense schematic broken into the functional parts.

Figure C.19: High-aspect ratio TEGs are fabricated with a DLP 3D printed hollow internal layer
supported with pillars to decrease stiffness of the overall device. This figure compares FEA simulations
for a fully filled in vs hollow center layer to compare heat transfer and TEG performance. The hollow
internal layer has a negligible impact on thermal and energy harvesting performance.
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Printing parameter Center layer

Slice thickness (mm) 0.1

Exposure time (s) 0.5

Burn-in layers 1

Burn-in exposure time (s) 1.050

Light intensity (mW/cm2) 27.84

Heater temperature (◦C) 40

Separation velocity (mm/s) 1.000

Separation distance (mm) 10.000

Approach velocity (mm/s) 2.000

Slides per layer 1

Slide velocity (mm/s) 10.000

Burn-in wait time (after exposure) 5.000

Burn-in wait time (after separation) 5.000

Burn-in wait time (after approach) 3.000

Burn-in wait time (after slide) 5.000

Normal wait time (after exposure) 5.000

Normal wait time (after separation) 5.000

Normal wait time (after approach) 5.000

Normal wait time (after slide) 5.000

Table C.2: Table of Asiga (PicoHD@27) printing parameters for 3D printed DLP center layer.
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Configuration Length
(mm)

width (mm) Height
(mm)

Semi-
conductor
#

Semi-
conductor
density (%)

Area
(mm2)

HA-HD 38.9 27.7 4 216 39.3 1078

LA-HD 42.7 22.6 1.6 200 40.6 965

HA-LD 41 30 4 140 22.3 1230

Table C.3: Table highlighting key metrics of various TEG configurations.

Parameter Value Unit

Bi2Te3 thermal conductivity 3 W/mK

Bi2Te3 electrical conductivity 87000 S/m

Bi2Te3 Seebeck coefficient ±160 µV/K

Thubber thermal conductivity 2.9 W/mK

Aluminium thermal conductivity 236.2 W/mK

Interconnect electrical conductivity 6.38 x 105 S/m

Interconnect thermal conductivity 15 W/mK

Epoxy thermal conductivity 0.18 W/mK

Air thermal conductivity 0.0242 W/mK

Heat transfer coefficient 10 W/m2K

Air velocity (while running) 0.3 m/s

Room temperature 23 ◦C

Table C.4: Parameters used in COMSOL simulation
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Appendix D

D.1 Supplementary Figures
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Figure D.1: a, Three cycles of zeta potential measurements for MXenes synthesized in a 80:20
DMSO:DI water solution and diluted in DI water, indicating strong negative charge and colloidal
stability. b, Three cycles of zeta potential measurements for LM sonicated in 80:20 DMSO:DI Water
and diluted for testing in DI water indicating weak surface charges.

Figure D.2: a, SEM Image of MXene-LM microclusters on an Al stub after sonication of MXenes and
LM in a DMSO:DI water solution. After sonication, the solution was then diluted and planetary mixed
before drop-casting onto the Al stub. B) Image of one individual microcluster highlighting the MXene
sheets wrapping and binding the LM droplets together.
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Figure D.3: Image of a large liquid metal droplet and smaller liquid metal droplets on the surface
coated with MXene sheets after probe sonication. This figure gives insight into the influence of
accelerating voltage on beam penetration and the quality of 2D MXene sheets.

Figure D.4: a-b, Images of crumpled MXene aggregates recovered from silicone matrix material.
Images are taken from the a 5 vol % MXene control sample suspended in silicone oil.
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Figure D.5: Intensity calibrated MicroCT reconstructions of LM+1 vol % MXene samples prepared in
23,000 cSt silicone and 60,000 cSt silicone indicating that the friction caused by the high viscosity is
causing a coalescence of larger aggregates.
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Figure D.6: a, EDS map sum spectrum corresponding to Figure 5.2e along with individual elemental
maps.

Figure D.7: a, Graph of thermal conductivity vs BLT for various MXene vol %. b, Graph of electrical
conductivity vs BLT for various MXene vol %.
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Figure D.8: Intensity calibrated microCT reconstructions of MXene-LM composites for additional
volume fractions. Aggregation is shown with as little as 0.1 vol % MXenes over the LM control.
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