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Abstract 

Stretchable electronics have shown great potential for emerging applications in 

mechanically deformable displays, soft robotics, wearable computing, bio-integrated 

devices for human health monitoring, and energy storage and harvesting.  Compared to 

traditional silicon based electrical system, stretchable electronics enables devices to remain 

functional under mechanical deformation such as twisting, bending, compressing, and 

stretching.  Future progress in stretchable circuits and devices depends on high 

performance soft and stretchable electronic materials. Efforts in soft and stretchable 

electronic materials have been largely focused on improving two essential performances, 

including electrical property (e.g. electrical conductivity, dielectric permittivity) and 

mechanical property (e.g. stretchability, compliance). My dissertation focuses on 

developing high performance soft and elastic conductive and high dielectric materials to 

expand the material selection domain for the development of stretchable electronics. 

In this dissertation, a materials architecture of liquid metal (LM) elastomer nanocomposites 

are designed to enhance the dielectric permittivity without degrading mechanical properties 

(stretchability and softness) and dielectric breakdown strength significantly for stretchable 

dielectric materials. I also introduce a phase segregated silver-silicone (PS3) materials 

architecture that is designed for soft, stretchable, and thermally stable conductor.  PS3 

composites are enabled with core-shell silver coated PDMS beads and silver flakes 

embedded in PDMS matrix.  In addition to these composites, I also introduce two classes 

of soft and stretchable multifunctional electronic materials, i.e. a transparent, stretchable 
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conductive film composed of liquid metal traces that are patterned using direct laser writing 

technology, and is a sediment liquid metal (SLM) elastomer composite for stretchable and 

wearable triboelectric nanogenerators (TENGs). A series of applications, including 

dielectric elastomer actuators, dielectric generators, strain sensors, RFID antennas, 

TENGs, and soft display, are presented to demonstrate these materials. 
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Chapter 1 

Introduction 

1.1  Background 

Personal electronic devices are widely used and have had a transformative impact on 

almost every aspect of our daily life.  However, traditional silicon based electronic systems 

are limited to applications with low mechanical deformation due to the rigid and brittle 

nature of silicon.  This limitation has driven increasing interest in stretchable electronics 

that are able to sustain various mechanical loading conditions such as twisting, bending, 

compressing, and stretching.  Over the last few decades, stretchable electronics have shown 

great potential for emerging applications in stretchable displays [1-3], soft robotics [4-6], 

wearable computations [7-12], bio-integrated devices for human health monitoring [13-15] 

and energy storage and harvesting devices [16-20]. 

Such technologies typically depend on soft and stretchable electronic materials including 

stretchable conductive materials, stretchable dielectric materials, and soft multifunctional 

materials. Efforts in developing these soft and stretchable electronic materials been largely 

focused on improving electrical and mechanical performance, including to achieve greater 

electrical conductivity, dielectric permittivity, stretchability, and skin-like softness. For 
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instance, stretchable conductive materials with large conductivity and skin-like softness 

can provide robust circuit wiring for wearable electronics and comfortable wearing 

experience due to the minimized mechanical mismatch between materials and biological 

tissues. Larger stretchability of electronic materials will support mechanical integrity and 

robustness for stretchable electronics. 

1.2  Materials Overview 

1.2.1 Wavy Electronics 

Since the pioneering work of Whitesides el al. [21], there have been extensive efforts to 

create wavy structures of naturally rigid and brittle materials to achieve stretchability 

(Figure 1.1).  Usually, the rigid materials, e.g. super thin silicon or metal thin film, are 

attached on a pre-stretched elastomer substrate. After releasing the substrate to a relaxed 

state, the wavy structure can be generated due to mechanical buckling, which enables the 

stretchability of the material architecture [22-25].  Similar to wavy thin-film structures, 

another efficient method to enable stretchability of electronic devices is with interconnect-

island mesh configurations.  In this architecture, the rigid material islands (typically: silicon) 

are connected with serpentine or bulk metal interconnects (typically: gold stripes).  During 

stretching, the rigid islands preserve their positions and interconnects enable the 

stretchability [26-29].  The advantage of configurations of interconnect-island mesh and 

wavy structures includes high electrical conductivity (up to 103 S/cm), good stretchability 

(strain limit up to 100%), and low electromechanical coupling.  However, the fabrication 

process is very complex and challenging to scale up for mass production. 
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Figure 1.1 Wavy electronics: (a) Stretchable silicon thin membrane in wavy shape. [30] 

(b) Stretchable thin gold wire in serpentine shape. [28] (c) Interconnect-island mesh 

structures of silicon thin membrane. [30] (d) Solar cells island connected with buckled 

gold interconnects. [29] 

1.2.2 Conductive Polymer/ Hydrogel 

Another class of stretchable conductor is based on intrinsically stretchable and electrically 

conductive polymers.  A very popular class is conjugated polymer such as polypyrrole 

(PPy) and poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), which 

have promising electrical and optical properties.  Typically, the conductive polymer can be 

mixed into an elastomer matrix. For instance, Hansen et al.[31] reported a composite by 

blending the conductive polymer PEDOT:p-tosylate and an aliphatic Poly(urethane), 

which performed high electrical conductivity (100 S/cm) and high stretchability (stain 

limit >100%).  Owing to the excellent mechanical stretchability (strain limit >1000%) and 
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optical property (transmittance >98%), ionic hydrogel also shows great potential for 

stretchable electronics.  Typically, the ionic salt or conductive polymer will be added into 

hydrogel to tailor the electrical conductivity and mechanical stretchability.  For example, 

Keplinger et al.[5] introduced ionic salt (sodium chloride, NaCl) into hydrogel which 

achieved sheet resistance of 100 Ω/sq, high stretchability (strain limit >500%) and almost 

fully transparency in visible light (transmittance>98.9%).  For ionic hydrogels, the 

electrical conductivity is poor while they have excellent mechanical properties.  Lu et al 

[32]. presented a pure PEDOT:PSS hydrogel as an electrical interface with biological 

tissues that showed reasonable electrical conductivity (~ 40 S/cm) and stretchability (strain 

limit>35%). 

1.2.3 Metal/Carbon Filled Elastomer Composites 

Another common strategy for developing stretchable conductors is to uniformly disperse 

conductive filler into an organic polymer, resulting in a composite that combines the 

mechanical compliance of the polymer matrix with electrical conductivity enabled by a 

percolating network of conductive inclusions.  There are two main categories of conductive 

fillers including metallic materials and carbon-based fillers.  Much effort has been made 

by many researchers in dispersing carbon nanotubes (CNTs) into polymer matrix to make 

stretchable electrodes[2, 12, 33, 34].  However, typically, the carbon-based composites 

suffer from relatively low electrical conductivity (~ 10-3, 101 S/cm).  Metal nanowires are 

great filler materials for stretchable conductive composites due to their naturally high 

electrical conductivity.  Silver nanowires (AgNWs) are the most common material due to 

the high electrical conductivity of Ag and excellent chemistry stability[35, 36].  However, 
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synthesis of AgNWs is a complex process and hard to produce on a large scale.  Silver-

particle-based conductive inks have the great potential to enable large area printing of 

stretchable electrodes or interconnects.  For instance, Matsuhisa et al.[37] dispersed Ag 

flakes into an elastomeric fluorine copolymer and demonstrated an electric functional ink 

with high electrical conductivity (738 S/cm) and stretchability (strain limit >200%) with a 

single step printing process. 

 

Figure 1.2 Metal and carbon-based electronic materials: (a) Carbon nanotube-based 

conductor. Insert is SEM image (left) and microscopic image (right). [2] (b) Silver 

nanowire-based conductor. [36] (c) Silver flake-based conductor. [37] 

1.2.4 Gallium Based Liquid Metal  

Liquid metals (LM) exhibit both metallic and fluidic properties at or near room temperature.  

Gallium (Ga) based LM alloys such as eutectic gallium-indium (EGaIn, Ga: 75wt% and In: 

25wt%) and gallium-indium-tin (Galinstan, Ga: 68wt%, In: 22wt% and Sn: 10wt%) are 

popular LM due to their high electrical conductivity (3.4×104 S/cm), low melting point 

(EGaIn: 15℃, Galinstan: -19 ℃), low viscosity ( η  = 2 mPa s), and low toxicity (compared 

to Hg) [38].  Unlike rigid materials (metals or carbon-based materials), incorporating LM 

into an elastomer matrix will not sacrifice the mechanical compliance of the polymer 

matrix due to the fluidic nature of liquid metal.  A straightforward way to incorporate liquid 

metal as a stretchable conductor is to have LM patterned on an elastomeric substrate or is 
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embedded within soft elastomers to create stretchable microfluidic circuits. For example, 

Lu et al.[39] patterned EGaIn film into interconnects of a soft circuit board by an UV laser.  

Park & Majidi et al.[40] embedded silicone rubber with microchannels of EGaIn to achieve 

a hyperplastic pressure transducer. Another way of making liquid metal as stretchable 

conductors is embedding liquid metal inclusion into elastomer.  For instance, Markvicka 

et al.[41] dispersed EGaIn microdroplets into PDMS matrix (Sylgard 184) and activated 

with mechanical pressure to achieve electrically “self-healing” properties due to the high 

mobility of the liquid metal droplets.  In addition to using liquid metal as a conductive 

material, liquid metal embedded elastomer composites can behave like an “artificial 

dielectric” with high dielectric permittivity.  For example, Bartlett & Fassler et al. [38] 

presented a liquid metal embedded elastomer with ~ 4× higher in dielectric constant than 

the unfilled elastomer without altering its elastic stiffness and stretchability. 

 

Figure 1.3 Liquid metal-based electronic materials: (a) Liquid metal embedded in 

elastomer microchannel for stretchable conductor.[40] (b) Self-healable liquid metal based 

conductor. [41] (c) Liquid metal composite for High-k stretchable dielectric material. [38] 
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1.3 Objectives and Overview of Dissertation 

Stretchable electronics have shown great potential in emerging applications such as soft 

robotics, soft energy devices and, next-generation wearable devices. Future progress in 

stretchable electronics depends on high performance soft and stretchable electronic 

materials, including stretchable dielectric materials, stretchable conductive materials, and 

soft multifunctional materials. Efforts in soft and stretchable electronic materials have been 

largely focused on improving two essential performances, including electrical property (e.g. 

electrical conductivity, dielectric permittivity) and mechanical property (e.g. stretchability, 

compliance). My dissertation focuses on develop high performance soft and stretchable 

electronic materials to extend the material selection domain for the development of 

stretchable electronics. 

My objectives are to – 

(1) Develop stretchable high-k dielectric material with liquid metal nanocomposites 

and demonstrate their use for dielectric elastomer actuation and energy harvesting.  

(2) Develop soft conductive material that is stretchable and thermally stable using 

a phase segregated silver-silicone material architecture. 

(3) Develop stretchable multifunctional electronic materials: 

(3.1) Stretchable, transparent, and electrically conductive materials based on direct 

laser writing liquid metal 

(3.2) Soft and elastic film combined with dielectric and conductive layers for a 

stretchable and wearable triboelectric nanogenerator 
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In Chapter 2, I present LM-elastomer nanocomposites for high-k stretchable dielectric 

materials for dielectric elastomer actuators (DEAs) and dielectric elastomer generators 

(DEGs).  In this chapter, the size effect of LM inclusions on the dielectric and mechanical 

properties of LM-elastomer composites are investigated.  These LM-elastomer 

nanocomposites enhance the dielectric permittivity without degrading dielectric 

breakdown strength significantly that increases the actuation force of DEAs, and energy 

converting efficiency and power output of DEGs. 

In Chapter 3, I present soft, stretchable and thermally stable conductive elastomer 

composites for interconnects of stretchable photovoltaics devices based on a phase 

segregated silver-silicone (referred to as PS3) materials architecture.  The robust thermal 

stability – i.e. minimal influence of temperature on electrical resistance, is often overlooked, 

requirement for stretchable conductive materials.  This is critical not only for heat-related 

applications such as microheaters and thermoelectric devices, but also for resistance 

sensitive devices, such as resistive strain sensors.  PS3 composites are enabled with core-

shell silver coated PDMS beads and silver flakes embedded in PDMS matrix.  PS3 

conductive composites exhibit a dramatic enhancement in electric conductivity, good 

thermal stability (i.e. small temperature coefficient of resistance (TCR) and high 

mechanical compliance. 

In Chapter 4, I present a multifunctional material of transparent, stretchable liquid metal 

conductors by using direct laser writing technology.  These conductors exhibit an 

exceptional combination of low sheet resistance (Rs = 2.95 Ω/sq), high stretchability (strain 

limit > 100%), high optical transparency (transmittance up to 85.3% at 550 nm).  These 
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combined optical, electrical, and mechanical properties enable the potential for transparent 

electrodes incorporated into stretchable displays. 

In Chapter 5, I present a sediment liquid metal (SLM) elastomer composite and incorporate 

it into a stretchable and wearable triboelectric nanogenerator (TENG). This SLM-elastomer 

composite is composed of elastomer-rich layer and LM-rich layer which are electrically 

insulating and conductive, respectively. The sedimented LM elastomer TENG (SLM-

TENG) exhibits ultra-high stretchability (strain limit>500% strain), skin-like compliance 

(modulus <60 kPa), reliable device stability (>10,000 cycles), and significant electrical 

output (max peak power density = 1 mW/cm2). I demonstrate a stretchable and wearable 

SLM-TENG that harvests energy from human motion through a patch attached to the knee 

or integrated into exercise clothing. 

Lastly, in Chapter 6, I close this dissertation by summarizing the achievements of the 

materials presented. I also suggest research areas for further exploration in both 

engineering applications and scientific investigation. 
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Chapter 2 

Liquid Metal Elastomer Nanocomposite 

for Stretchable Dielectric Materials 

2.1 Introduction 

A common strategy for increasing dielectric permittivity is to mix inorganic filler into a 

soft organic polymer, resulting in a composite that combines the mechanical properties of 

the polymer matrix with the dielectric and properties of the inorganic dispersion phase [38, 

42-49].  However, a limitation of this approach is that the high filler concentrations 

required to enhance dielectric properties will often lead to a degradation in the mechanical 

properties of the polymer and cause the composite to become stiffer and less elastic [50, 

51].  For instance, Gallone et al [50] enhance the dielectric constant of silicone elastomer 

by a factor of three (from 6.86 to 19.6) by filling the rubber with 30% by volume rigid 

ferroelectric powder.  However, the addition of filler degrades the strain at break from 500% 

down to 200% and increases the elastic modulus from 62 kPa to 135 kPa.  One promising 
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alternative is to replace the rigid fillers that are commonly used in soft polymer composites 

with droplets of liquid metal (LM).  These LM-embedded elastomer (LMEE) composites 

uniquely combine the compliance and elasticity of soft silicone rubber with high dielectric 

performance [38, 52]. 

Until now, LMEEs have been synthesized with polydisperse suspensions of micro-sized 

droplets (diameter ~2-50 μm) of eutectic gallium indium (EGaIn).  In contrast to rigid 

inorganic particles – e.g. silver powder, carbon nanotubes, barium titanate, and other 

metallic, carbon, or ceramic particles [38, 53] – these EGaIn droplets freely deform with 

the surrounding polymer and have limited influence on elastic compliance and strain limit.  

They enable LMEEs to behave like an “artificial dielectric” with a much higher electrical 

permittivity and electromechanical coupling coefficient than other dielectric elastomers 

with similar mechanical compliance.  However, one key limitation of LMEEs is the 

reduced dielectric breakdown strength that arises from their heterogeneous microstructure.  

For applications involving electromechanical actuation, electrostatic energy storage, 

energy harvesting, or high voltage electronics, it is necessary to re-engineer LMEEs so that 

they can exhibit enhanced electrical permittivity while preserving the breakdown strength 

of the polymer matrix.   

 

One approach is to replace the micro-sized droplets currently used in LMEEs with smaller 

submicron droplets since it is well known that smaller inclusions will reduce the intensity 

of internal charge and field concentrations that lead to electrical breakdown [54, 55].  For 

example, Roy et al. reported the increase in dielectric breakdown strength for the titanium 

dioxide-epoxy resin nanocomposite over microcomposite [54]. In addition to the influence 
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on dielectric breakdown strength, the size of fluidic LM filler may also affect the 

mechanical properties of LM-elastomer composites.  Recently, Style et al. reported 

variations in the stiffness of silicone gel composites that scaled differently with ionic-liquid 

inclusions depending on whether the inclusions where nano- or micro-sized [56].  Aside 

from their potentially transformative role in soft-matter engineering, LM-elastomer 

composites serve as a unique model material for understanding the interplay between the 

dielectric and mechanical properties that arise in soft multi-phase material systems. 

2.2 Liquid Metal Elastomer Composite 

Here, a class of stretchable LM-elastomer nanocomposites is presented and the size effect 

of LM inclusions on the dielectric and mechanical properties of these composites is 

investigated.  Different synthesis methods are developed to create composites that are 

embedded with EGaIn inclusions with diameters on the order of 100 nm, 1 μm, and 10 μm 

(Figure 2.1).  And the characterization of morphology of LM-elastomer Composites are 

shown in Figure 2.2. 

 

Figure 2.1 Microscopic images of liquid metal droplets with diameter of O(10 μm)-left, 

O(1 μm)-middle and O(100 nm)-right. The left image presents the top view of composite 

with elastomer matrix due to I make O(10 μm) samples by shear mixing bulk liquid with 

elastomer matrix. 
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Figure 2.2 Morphology of LM-Elastomer Composite. (a) Composite with O(10μm) 

diameter filler: optical micrograph (left), overlay of ellipses fit to the droplets (middle), and 

histogram of the percent of analyzed droplets versus major radii (right). (b) Composite with 

O(1μm) filler: SEM image of top view (left) presenting multiscale combination of LM 

filler, nano-CT scanning (middle) presenting homogenous dispersion, and histogram of the 

percent of number (right-top) and volume (right-down) based on nano-CT data. (c) 

Composite with O(100 nm) filler: SEM image of top view (left) presenting multiscale 

combination of LM filler, nano-CT scanning (middle) presenting homogenous dispersion, 

and histogram of the percent of number (right-top) and volume (right-down) based on 

nano-CT data. 
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2.3 Method and Fabrication 

2.3.1 LM-elastomer Composites Preparation 

 

Figure 2.3 Schematic of the synthesis methodology for LM-elastomer nanocomposites. 

Figure 2.3 illustrates the synthesis method for LM-elastomer composites with diameter of 

O(100 nm) and O(1 μm).  I first break down bulk EGaIn into nanoscale droplets by 

ultrasonication in methylisobutylketone (MIBK) without any surfactant.  The EGaIn 

droplets will be stable due to the thin solid Ga2O3 skin.  To synthesize LM nanodroplets 

(NDs) with diameter = O(100 nm), 30 mL methylisobutylketone (MIBK) was placed in a 

40 mL glass borosilicate vial.  Nitrogen was bubbled through the solvent for 60 min to 

eliminate the dissolved oxygen.  A nitrogen-rinsed syringe was used to extract 2 g liquid 

metal (eutectic gallium-indium (EGaIn), Ga 75%, In 25% by weight; Metal Solution LLC) 

and injected into the vial.  A probe sonicator (VCX 750, Sonics and Materials Inc) was 

then applied to generate LM nanodroplets with 70% amplitude for 60 min without 

temperature control.  Synthesis of LM microdroplets with diameter = O(1 μm) was 
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performed using the same steps except for 60% amplitude ultrasonication for 10 min and 

no nitrogen bubbling.  Next, the solution is placed in a glass vial and centrifuged in order 

to enable the EGaIn droplets to settle and the solvent to be decanted.  The LM droplets 

suspension was centrifuged using an AR-100 THINKY planetary centrifugal mixer for 10 

min in the defoaming mode.  The solvent was then carefully decanted.  For LM-PU 

composites, I used dimethylformamide (DMF) to rinse the LM droplets 3 times to remove 

all MIBK.  The uncured elastomer matrix is then poured into the vial and mixed with the 

droplets using a planetary shear mixer, where it was mixed in mixing mode for 1 min.  

Although the EGaIn solution is decanted, a small amount of solvent remains trapped 

between droplets.  This solvent acts as a “lubricant” that separates the droplets and prevents 

their aggregation.  During mixing with the uncured elastomer, the nanodroplets are dragged 

apart by viscous shear forces and homogenously disperse within the matrix.  Compared to 

probe sonication or magnetic stirring for nanodroplets dispersion, planetary mixing is 

capable of handling highly viscous polymers that provide adequate mechanical resistance 

to prevent sedimentation of the more dense liquid metal droplets. For composites with O(10 

μm) droplets, I skip the ultrasonication step and directly mix bulk EGaIn and the liquid 

elastomer using the planetary mixer. For studies in which I investigated the influence of 

LM filler size on dielectric and mechanical properties, I used Sylgard 184 (10:1 by weight 

ratio of base to curing agent; Dow Corning Corporation) as the elastomer matrix.  I also 

synthesized LM-elastomer composites with EcoFlex 30 (1:1 by weight ratio of part A to 

Part B; Smooth-on Inc), VytaFlex 30 (1:1 by weight ratio of part A to Part B; Smooth-on 

Inc), and DAI-EL G801 (1:2.5 by weight ratio of polymer to MIBK, Daikin Industries) in 

order to perform studies on the compatibility between different polymer systems and LM 



16 
 

NPs.  Sylgard 184, EcoFlex 30 and VytaFlex 30 were all processed using the THINKY 

planetary centrifugal mixer to mix the two part polymers in mixing mode for 1 min.  For 

DAI-EL G801, I dissolved polymer into MIBK assisted by magnetic stirring with 1000 

rpm for 12 hours at room temperature.  For LM-PDMS composite with diameter of O(10 

μm) fabrication, bulk EGaIn and Sylgard 184 was directly planetary mixed with THINKY 

on mixing model for 1 min. 

2.3.2 Nano-CT Scan 

 The morphology of the LM-elastomer composites was analyzed with a nano-scale X-ray 

computational tomography (nano-CT) instrument (UltraXRM L200, Xradia, Inc. 

Pleasanton, CA). The nano-CT instrument generates 8 KeV X-ray using a rotating copper 

anode. Depending on the droplets size of the sample, two different scan modes were used: 

(1) The large field of view (LFOV) mode providing a spatial resolution of 120 - 150 nm 

with a pixel size of 65 nm is used for O(1 μm) composite. The size of the field of view is 

65 μm. (2) The high-resolution (HRS) mode has a spatial resolution of 50 nm, with a pixel 

size of 16 nm, which is applied for O(100 nm) composite measurement. The size of the 

field of view is 16 μm. The droplets size distribution was analyzed based on the 

reconstructed 3D structure and the droplet diameter was calculated with the spherical 

droplet shape approximation. 

2.3.3 Dielectric Properties Measurement 

For sample preparation, a thin film (~120 μm) of LM-elastomer composite was created 

from uncured composites using a thin film applicator (ZUA 2000.150; Zehntner) on a 
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stainless steel sheet (mirror-like surface finish; McMaster-Carr).  The steel sheet was 

placed on a hot plate at 70C for 60 min for solvent evaporation and then moved to a 80C 

oven for 12 hours to cure the composite.  I used 110C for DMF evaporation and 130C 

for curing in the oven.  Next, circular EGaIn electrodes with diameter of 5 mm were applied 

on the film surface as the top plate of capacitor.  A metal wire probe was merged into the 

EGaIn electrode and the other lead was connected to the steel sheet for the connection 

between the sample and the LCR meter.  A benchtop LCR meter (889B; BK Precision) 

was used to measure the capacitance and dissipation factor.  I then back-calculated the 

corresponding effective dielectric constant.  After this, the dielectric breakdown strength 

was measured using a high voltage power supply (PS 365, Stanford Research Systems) to 

supply DC voltage with the ramp of 500 V/s, except for composites with O(10 μm) LM 

inclusion, in which case I used 5 V/s. The dielectric breakdown strength is done using a 

two-parameter Weibull statistical model described by the cumulative distribution function 

P(E) = 1 – 1/exp((Eb/α)β), where P is the probability of electric failure, Eb is the 

experimental breakdown field, the scale parameter α (Weibull Eb) represents the field 

strength for 63% probability for the sample to electrical breakdown, and β is the shape 

parameter corresponding to the scatter of experimental data.  I collected at least 15 data 

points per sample to extract the Weibull breakdown strength. 

2.3.4 Mechanical Properties Measurement 

For sample preparation, a thin film (~250 um) of LM-PDMS composite was created on a 

glass slide using a thin film applicator.  To prevent adhesion, the glass slide was coated 

with mold release (Smooth-On Universal Mold Release) prior to deposition.  The same 
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process was used to cure the composite film.  Next, a laser cutter (VLS3.50; Universal 

Laser System, Inc) was used to cut film into a dogbone geometry (ASTM D638-V) using 

the following settings: 100% speed, 100% power,1000 ppi and 3 repetition.  Samples 

were tested on a materials testing system (Instron 5969, Illinois Tool Works Inc) with a 50 

N load cell and extension rate of 20 mm/s. 

2.4 Dielectric Properties 

2.4.1 Dielectric Breakdown Strength 

For the results presented in this section, I used polydimethylsiloxane (PDMS)-Sylgard 184 

as the matrix polymer for all samples.  I first evaluate breakdown strength of LM-elastomer 

composites as a function of ϕ for LM inclusion with different LM droplet sizes, i.e. 

diameter of O(10 μm), O(1 μm) and O(100 nm) (Figure 2.4).  For composite with a filler 

diameter of O(10 μm), Eb decreases dramatically with the addition of EGaIn droplets, i.e. 

from 135 to 2 kV/mm with a filler volumetric fraction of ϕ = 10%.  I attribute this 

degradation to internal electric field concentrations that arise from having a highly 

polydisperse, heterogeneous dispersion (as shown in Figure 2.5a) with average droplet 

diameters (~38 μm, Figure 2.2a) within an order of magnitude of the composite film 

thickness (~120 μm).  Such a coarse microstructure results in the presence of poorly 

insulated pathways between the two surfaces of the film.  Referring to the yellow lines in 

Figure 2.5, the shortest effectively insulating route will occur between the LM filler 

droplets. The breakdown most likely will happen through this route. The equivalent route 

length for composites with nanodroplets inclusion may happen at extremely high loading 
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filler content. For example, in comparing Figure 2.5b and d, I find similar “shortest 

insulating routes” for 10 vol% and 40 vol% LM content.  Because breakdown in these 

micro-composites is driven by the existence of at least one poorly insulated pathway (rather 

than scaling with the number of such pathways), the degradation in Eb tends to saturate 

with increasing EGaIn volumetric fraction for ϕ = 10 to 40%. 

 

Figure 2.4 (a) Weibull breakdown strength as a function of LM filler content in logarithmic 

scale. Inset: Weibull breakdown strength in linear sacle. (b)-(d) Weibull distribution of 

dielectric breakdown strength of LM-elastomer with filler diameter of (b) O(100 nm). (c) 

O(1 μm). (d) O(10 μm). 

In contrast, LM-elastomer nanocomposites, which have inclusions that are small compared 

to the gross dimensions of the film, will exhibit a less dramatic monotonic decrease in Eb 

with increasing ϕ (Figure 2.4a).  I plot Eb versus ϕ (Figure 2.4a inset) and find that, at low 
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loading fraction (ϕ= 5%), composites with O(100 nm) filler have a slightly greater 

breakdown strength (Eb= 122 kV/mm) than for samples with larger O(1 μm) filler (Eb = 

111 kV/mm).  A plausible explanation is that, at low volume fractions of LM, the 

interparticle distance between adjacent LM inclusions is too large to cause significant 

interfacial electric field concentrations.  Composites with smaller size filler will then be 

less susceptible to partial discharge, electric treeing, or the propagation of regions of 

material degradation from internal electric breakdown [57].  Moreover, the inclusions in 

the O(100 nm) nanocomposites will have smaller localized field concentrations on account 

of their smaller dimensions [57].  Interestingly, as ϕ increases, the nanocomposites show a 

more rapid decline in Eb than composites with O(1 μm) inclusions..  I attribute this to the 

larger number of droplets in the O(100 nm) composite, which results in closer proximity 

between adjacent droplets and more significant interparticle interactions.  Another possible 

reason for this difference is that the O(1 μm) composites have higher polydispersity of 

EGaIn droplets (Figure 2.2b, c), with the nanoscale EGaIn droplets acting as interstitials 

between microscale EGaIn droplets.  This allows for a “best of both worlds” scenario in 

which the larger droplets allow for greater average spacing and the smaller droplets are 

correspond to smaller local field concentrations [57]. 
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Figure 2.5 Illustration of negative boundary effect for the composite with O(10 μm) LM 

filler. (a) microscopic image of 10 vol% LM-PDMS composite (top view). (b) Cross 

section schematic of LM filler dispersion for 10 vol% sample. (c) Microscope image of 40% 

LM-PDMS composite (top view). (d) Cross section schematic of LM filler dispersion for 

40 vol% sample. Scale bars are 200 μm. 

2.4.2 Dielectric Permittivity and Dissipation Factor 

To further examine the dielectric properties of LM-elastomer material systems, I perform 

measurements to establish their electrical polarizability and charge storage capacity.  I do 

this by measuring the effective relative permittivity (εr) (Figure 2.6a) and dissipation factor 

(D) (Figure 2.7a) as a function of ϕ for the three types of LM-elastomer composites in 

order to investigate the influence of filler size.  These measurements are performed at a 

frequency of 1 kHz and a potential bias of 1 V.  Figure 2.6a shows that εr increases 

monotonically and nonlinearly as ϕ increases.  To see how this observation compares with 

trends in Effective Medium Theory (EMT), I fit the experimental data with theoretical 

curves obtained using the Nan’s model [58] (dashed line): 
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where εrc and εrm are dielectric constant of composite and matrix, respectively. The 

parameter α is a dimensionless value that is associated with the diameter of the droplets, 

i.e. smaller inclusions correspond to a larger α.  The fittings suggest that the measured 

influence of ϕ on εr is in good agreement with EMT for reasonable values of the interfacial 

factor α.  The electrical dissipation factor (D), also called the dielectric loss tangent, is 

defined as the ratio of the dielectric power loss to the reactive capacitance power during 

alternating current (AC) oscillation.  For the LM-polymer composites, is measured to be 

small (<0.007) and exhibits only modest variation among the various samples.  This low 

dissipation factor suggests the potential for reliable electrostatic energy storage with 

capacitors containing LM-elastomer micro- or nanocomposites as the dielectric.  However, 

we should note that the O(1 μm) and O(10 μm) composite systems have a lower D than the 

O(100 nm) composites.  I also investigate εr and D across the frequency range of 0.1 to 200 

kHz at a potential bias of 1 V (see Figure 2.6b-d and Figure 2.7b-d).  The O(10 μm) 

composite exhibits a uniform value for εr across the entire frequency range, similar to the 

unfilled elastomer matrix.  In contrast, for the O(1 μm) and O(100 nm) composites,  εr 

increases slightly by approximately 7% and 10%, respectively, when increasing frequency 

from 100 to 200 kHz.  I attribute this increase with the more significant relative influence 

of the 1-3 nm Ga2O3 oxide skin that acts as an insulating shell for EGaIn droplets at the 

nanoscale.  With regards to current leakage and dielectric loss, there is no significant 

difference in D between the unfilled elastomer matrix and LM-elastomer systems (almost 

identical at 1 kHz to 100 kHz) and has small value (<0.05) over whole frequency range. 
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Figure 2.6 (a) Effective dielectric constant as a function of LM filler content. The dash 

lines are the theoretical fit with an effective medium theory. (b)-(d) Effective dielectric 

constant cross the whole range of frequency. LM-elastomer with filler diameter of (b) 

O(100 nm), (c) O(1 μm), (d) O(10 μm). 
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Figure 2.7 (a) Dissipation factor as as function of LM filler content. (b)-(d) Dissipation 

constant cross the whole range of frequency. LM-elastomer with filler diameter of (a) 

O(100 nm), (b) O(1 μm) (c) O(10 μm). 

2.4.3 Dielectric properties for multiple polymer systems 

I next select O(100 nm) EGaIn nanodroplets as filler to investigate how the choice of matrix 

polymer will influence the dielectric properties of LM-elastomer composites(see Figure 

2.8). In addition to Sylgard 184 PDMS, I synthesized nanocomposites using three other 

matrix materials: a softer silicone (EcoFlex 30), polyurethane (PU; Vytaflex 30) and 

poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP; DAI G-801).  In each case, 

I compared the dielectric properties of the unfilled polymer with LM-elastomer 

nanocomposites with ϕ = 10% EGaIn volumetric fraction.  As summarized in Figure 2.8 
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a, c and d, similar trends of dielectric properties indicate that all polymer systems are 

compatible with the LM dispersion architecture.  For example, the normalized 

enhancement of dielectric constant with LM inclusions is almost identical for all polymer 

systems (~50% enhancement) (Figure 2.8c) and is consistent with the effective media 

theory (Nan’smodel [58]). I also observe a small dissipation factor change (Figure 2.8e), 

suggesting that the nanocomposites can separate or store electrical charge with minimum 

dielectric loss. 

An exception to the observed trends is the LM-PU nanocomposite, which exhibits a 

dramatic reduction in dielectric breakdown strength (66% drop from 39.7 kV/mm to 13.4 

kV/mm) as well as a significant decrease in D (decrease 30% from 0.026 to 0.018).  One 

possible reason may be related to the intrinsic semi-crystallinity of PU [59]. The presence 

of LM inclusions potentially introduces disorder or defects within these semi- crystalline 

domains that results in the decrease of the dielectric loss, i.e. a smaller dissipation factor.  

The larger mobility of electron and dipole moments within PU chain [60] caused by LM 

inclusions are responsible for the dramatic degradation in breakdown strength for LM-PU 

nanocomposites.   Although the precise reasons for the degraded performance remain to be 

fully understood, experimental measurements clearly suggest that polyurethane is a 

relatively poor choice as a matrix material for dielectric elastomer actuators, capacitive 

energy storage, or electromechanical energy harvesting. 

In contrast to the PU-based composites, LM nanocomposites with a PVDF-HFP matrix 

appear to exhibit the best performance – i.e. the highest electric permittivity, enabled by 

spontaneously oriented carbon-fluorine dipoles within ferroelectric domains, and relatively 

limited reduction in breakdown strength due to the homogeneous disordering of the PVDF-
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HFP crystalline structures. The high dielectric constant and breakdown strength of PVDF-

based composites is the main reason why these materials are popular as dielectrics.  

However, the low stretchability of PVDF-based dielectrics (including PVDF-HFP 

polymers) limits their use for applications in stretchable electronics. 

 

Figure 2.8 (a)Weibull breakdown strength: absolute value-top, and normalized value-

bottom. (b) Weibull distribution of dielectric breakdown strength. (c) Effective dielectric 



27 
 

constant. (d) Effective dielectric constant cross the whole range of frequency (e) 

Dissipation factor. (f) Dissipation factor cross the whole range of frequency 

In summary, the results in Section 2.4 suggest that LM-elastomer nanocomposites exhibit 

a higher dielectric breakdown strength than microcomposites with the same LM volume 

fraction.  This result is consistent with experimental results for composites with rigid filler 

[54, 55] and is also in agreement with theoretical models based on the linear dielectric 

breakdown electrostatics (LDBE) theory introduced by Garboczi [57].  In particular, LM-

elastomer composites with polydisperse suspensions of O(1 μm) filler exhibit the smallest 

degradation in dielectric breakdown strength with increasing filler content.  At low loading 

content (ϕ = 5%), the composite with a more monodisperse suspension of O(100 nm) filler 

has the highest dielectric breakdown strength, although this is only slightly greater than 

that of the O(1 μm) composite.  All three types of LM-elastomer systems exhibit a very 

similar response for dissipation factor and enhancement in effective relative permittivity.  

Lastly, a variety of polymers can be used as the matrix material for the dielectric composite. 

2.5 Mechanical Properties 

2.5.1 Stiffness and Stretchability 

First, I investigate the influence of LM inclusion size on stiffness by measuring the tensile 

modulus in the low-strain regime (0-10% strain).  Figure 2.9a presents two distinct trends 

in the influence of volumetric fraction on stiffness – a softening trend for composites with 

O(10 μm) inclusions and stiffening for composites with smaller O(1 μm) and O(100 nm) 

inclusions.  With the larger inclusions, the tensile modulus decreases from 1.515 MPa to 

0.882 MPa as ϕ increases from 0 to ϕ = 40%.  This behavior is in good agreement with the 
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classical Eshelby theory of inclusions [61]: Ec= Em/(1+5ϕ/3) (green dash line), where Ec 

and Em are the elastic modulus of composite and matrix, respectively, and the mechanical 

resistance of the LM inclusions is ignored.  In contrast, composites with O(1 μm) and 

O(100 nm) diameter inclusions exhibit stiffening with increasing ϕ.  I attribute this to the 

increase in relative influence of stress from the Ga2O3 surface oxide, droplet surface tension, 

and LM-polymer interphases that arise when the surface-to- volumetric ratio of the LM 

droplets increases.  For elastomers with liquid inclusions, Style et al. [56] had postulated 

that such stresses result in an equivalent elastic modulus, Ei, that is analogous to the 

stiffness of solid inclusions within a particle-filled elastomer composite.  As in that 

previous study, I find that for a fixed ϕ, smaller droplets correspond to a larger Ei due to 

the greater interfacial area between the liquid inclusions and surrounding polymer matrix. 

Again, assuming that the composite follows Eshelby theory of inclusions, it follows that   

2
1

3

2 5 5
1

3 3 3

i

m
c m

i

m

E

E
E E

E

E
 

+

=
   

− + +   
   

 ,       (2) 

where Ei is obtained from data fitting (dash lines in Figure 2.9a).  For the case of 

composites with O(10 μm) filler, the fitted curve (Ei = 160 kPa; black dashed line) is nearly 

indistinguishable from the classical Eshelby theory in which the stiffness of the LM 

inclusions is ignored (i.e. Ei = 0; green dashed line).  However, for the LM-elastomer 

nanocomposites, Ei is larger than even the matrix material (Em = 1.515 MPa), which 

suggests that EGaIn surface effects and/or the LM-polymer interphase induce significant 

mechanical resistance to deformation.  
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Figure 2.9 (a)Tensile modulus (measured to 10% strain) as a function of LM filler content. 

The green dash is the prediction by Eshelby theory and others are predictions by Style’s 

model. (b) Strain at break as a function of filler content. 

 

Figure 2.10 Representative stress-strain curves of composites with 20 vol% of LM droplets 

and pristine PDMS 

The LM-elastomer composite with O(1 μm) and O(100 nm) filler can preserve similar 

mechanical stretchability as the unfilled elastomer matrix, as shown in Figure 2.9b.  

However, composites with larger sized LM filler exhibit a relatively significant 

degradation in the strain at break, i.e. from ~150 to ~110%.  This reduction in stretchability 

agrees with the classical linear elastic fracture mechanics (LEFM) theory, which suggests 

that composites with larger sized filler droplets will fracture at lower stresses (and hence 
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lower strains) than composites with smaller filler [57]. The reduced stretchability also 

agrees with the theory that strain limit decreases markedly when the flaw sizes are large, 

i.e. bigger LM inclusions [62]. The representative stress-strain curves to failure for the 

pristine elastomer matrix and three size filler LMEE systems with ϕ = 20% are shown in 

Figure 2.10. 

2.5.2 Mullin’s Effect 

LM-elastomer composites show stress softening after initial loading cycle. However, 

following an initial loading cycle, the LM-elastomer composites with different filler sizes 

all exhibit very low mechanical hysteresis when comparing the loading and unloading 

curves of subsequent cycles for all LM inclusion sizes (Figure 2.11a, c, e).  The difference 

in the stress-strain curve for the initial loading cycle is attributed to the Mullin’s effect [63], 

which can be observed each time the O(100 nm) sample, for example, in Figure 2.11a is 

loaded to a new strain that exceeds the previous maximum strain.  These results indicate 

that, for all LM inclusion sizes, the internal friction and losses from viscoelasticity or other 

sources of inelasticity can be neglected.  I calculate the elastic modulus and permanent 

inelastic deformation from Figure 2.11a, c, e data for each loading cycle and plot these in 

Figure 2.11b, d, f respectively.  The close agreement in the modulus and inelastic strain 

show that the LM-elastomer can be programed just at the maiden mechanical deformation.  
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Figure 2.11 Stress-strain curves for (a) O(100 nm), (c) O(1 µm), (e) O(10 µm). Normalized 

tensile modulus change (left axis) and permanent plastic deformation (right axis) as 

functions of maximum pervious strain on sample for (b) O(100 nm), (d) O(1 µm), (f) O(10 

µm). Inserts are tensile moduli. 
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As with other liquid metal elastomer composites [46], the LM-elastomer nanocomposites 

will be programmed to be softer and longer as the maximum previous strain applied to the  

sample increases.  The same observation is made for composites with filler diameters of 

O(1 μm) (Figure 2.11d) and O(10 μm) (Figure 2.11f). Because of their lower resistance 

to mechanical deformation, softer dielectric materials have the potential to increase 

efficiency during conversion of mechanical work to electric energy. Based on the results 

in this section, I conclude that larger sized LM inclusion will soften the composite but can 

also lead to a reduction in strain limit.  Smaller sized LM filler will stiffen the composite 

but can preserve the stretchability and be programed as soft as unfilled elastomer matrix.  

For all composites, the addition of LM filler lowers the mechanical resistance to stretch in 

the first loading cycle of a “virgin” sample.  Lastly, all LM-elastomer systems exhibit very 

low mechanical hysteresis.  

2.6 Representative Applications 

I performed two representative case studies to demonstrate how LM-elastomer 

nanocomposites can enhance the performance in soft-matter engineering. 

2.6.1 Dielectric Elastomer Actuator 

Referring to Figure 2.12a, I created an annular dielectric elastomer actuator (DEA) 

composed of a pre-stretched dielectric layer (i.e. LM-elastomer nanocomposite of 10 vol% 

Sylgard 184 PDMS, ~ 265 μm) coated with EGaIn electrodes that are sealed with a thin 

polyacrylate elastomer (3M VHB tape).  DEAs transform electric energy into mechanical 

work by supplying equal-and-opposite charge to the surfaces of the dielectric and inducing 
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an applied electrostatic pressure (so-called “Maxwell Stress”). Compared to measurements 

performed on a DEA sample with unfilled Sylgard 184 PDMS as the dielectric, a DEA 

with the LM-elastomer nanocomposite exhibits larger actuation (i.e. larger deformation) 

under the same electrical field (14kV; ~53 kV/mm) (Figure 2.12b).  I further examine the 

improved actuator performance by measure the blocking force of the DEAs under same 

electric field and compare the difference in force output (Figure 2.12c).  The measurements 

are performed using the same test setup that was previously used to measure the force 

output of actuators powered with shape memory alloy [64].  Three samples were tested, 

each sample was measured three times, and each measurement involved eleven electrical 

field on/off activation cycles.  As necessary, the stage was readjusted between 

measurements to prevent the influence of initial position of DEA on blocking force (Figure 

2.12c-left).  The DEAs made of LM-elastomer nanocomposite exhibit 80% greater average 

blocking force than DEAs with unfilled elastomer (Figure 2.12c-right).  This is attributed 

to the enhancement of Maxwell stress σM = ε0εrE
2 enabled by the larger dielectric constant 

εr, where ε0 is the vacuum (free space) permittivity and E is the applied electric field.  

Figure 2.12d shows representative blocking force over the eleven activation cycles and 

suggests stable and consistent responses for both types of DEAs. I also performed cyclic 

actuation of LM-elastomer DEA over 3000 cycles at 0.52 Hz under 9 kV (Figure 2.12e). 

The consistent output of blocking force suggests the robustness of LM-elastomer as the 

compliant dielectric material for DEA. 
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Figure 2.12 Dielectric elastomer actuator (DEA) with PDMS (Sylgard 184): (a) Schematic 

of DEA. (b) Image of one actuation cycle of DEAs with unfilled elastomer (left) and LM-

elastomer nanocomposite (right). Scale bar is 5 mm. (c) Blocking force of DEAs. Left: 

block force of each sample; the error bar is standard deviation of three measurement. Right: 

average blocking force, error bar is the standard deviation. (d) Representative blocking 

force histories over 11 field on and off cycles. (e) Blocking force profile of DEA with LM-

elastomer nanocomposite over 3000 actuation cycles. 

2.6.2 Dielectric Elastomer Generator 

The potential for application in energy harvesting is demonstrated with a dielectric 

elastomer generator (DEG).  DEGs convert mechanical work to electric energy in a manner 
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opposite to the operation of the DEA – equal-and-opposite charge on the surfaces of the 

dielectric undergo a change in electrostatic potential as the elastomer is deformed.  The 

DEG, composed of a dielectric film (~320 μm) sandwiched by two annular EGaIn 

electrodes (inner and outer diameter of 60 mm and 120 mm respectively), is assembled on 

two acrylic annuluses with inner diameter of 120 mm.  Two inner acrylic hubs with 

diameter of 60 mm were place at the center of film to clamp it (Figure 2.13a).  I performed 

constant charge conversion cycles [65] to harvest electrical energy from mechanical work 

for two types of DEGs under the same condition. 

The schematic of electrical system is shown in Figure 2.14.  A high voltage power supply 

(HV) (PS 375, Stanford Research Systems) is used to charge the DEGs with 700 V (~2.2 

kV/mm). High voltage diode D1 (FR107GTA x 4; with reverse voltage: 1kV x 4 = 4kV) 

prevent reverse current flow from DEG to HV to preserve the constant charge on DEG in 

one harvesting cycle. The voltage of the DEG is measured by a DAQ with sampling rate 

of 300 Hz (USB 6002, National Instruments) through a high impendence voltage divider 

R1 (5 GΩ) and R2 (5 MΩ). The electrical energy (Ee) harvested by the DEG is estimated 

by the following steps: 

(1) Mechanical work input: The DEG is stretched sinusoidally from relaxed stage (0 

extension) to stretched stage (80 mm extension) using a materials test system (Instron 5969, 

Illinois Tool Works Inc) at 10 mm/s which also recodes the load during stretching. The HV 

provide 700V to charge the DEG. The voltage of DEG at stretched stage (Vs) then is 

recorded by DAQ. Here, I can estimate the mechanical work (Eme) input by integrating load 

with extension. 
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(2) Electrical energy output: The DEG is relaxed to 0% extension. Due to the D1 and large 

impendence of the measurement circuit (R1 and R2), the charge on the DEG can be 

considered to be constant over a short period of time in the circuit. Then I can have  

s s i i r rQ C V C V C V= = =          (3) 

where Q is the electric charge, Cs and Vs are the capacitance and voltage at 80 mm extension 

respectively, Ci and Vi are the ones at the position between 80 mm and 0 extension, and Cr 

and Vr are the ones at 0 extension. The voltage history (Vi) is recorded by DAQ and I can 

then estimate the capacitance history Ci of DEA based on Vi and Cs. The value Cs is 

measured using an LCR meter at 1V and 1kHz. I assume the linear dielectric property under 

low electric field, i.e. consider same capacitance between 1V and 700V. The electrical 

energy (Ee) output from 80 mm extension to can be estimated as  
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where Cr and Vr are the capacitance and voltage at relaxed stage respectively.  The 

efficiency of DEG is defined as the ratio between electrical energy output and mechanical 

input: 

 e

me
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E
 = .          (5) 

 

The voltages across the electrodes of the two different DEGs are recorded over six energy 

harvesting cycles (Figure 2.13b-top).  These curves show similar voltage history, which 

indicates similar capacitance change between stretched stage and relaxed stage.  I can 
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estimate the capacitance of DEGs as a function of time (Figure 2.13b-middle) based on 

the voltage profile and Cs at the stretched stage (LM-elastomer: 8.08 nF, unfilled elastomer: 

5.54 nF, measured under 1kHz at 1V).  I assume the linear dielectric property under low 

electric field, i.e. same capacitance between 1V and 700V.  The enhancement of 

capacitance for the DEG with the LM-elastomer nanocomposite results in an estimated 

electrical energy (48.2 mJ/cycle) that is 53% greater than for a DEG with unfilled elastomer 

(31.6 mJ/cycle) (Figure 2.13c-left).  Figure 2.13b-bottom shows the corresponding tensile 

load measurements as the DEGs are cycled between an extension of 0 (inset: bottom) and 

80 mm (inset: top).  The LM-elastomer composite exhibits larger force compared to 

unfilled elastomer because the nanosized LM inclusion stiffens the composite and causes 

decay in force amplitude that is consistent with the observed mechanical behavior of LM-

elastomer composites.  In order to estimate the efficiency of the DEGs with different 

dielectric materials, the input mechanical work is determined by the measured force and 

known displacement during each cycle.  Figure 2.13c-top right shows the average 

mechanical work per one cycle, i.e. mechanical work from 0 to 80 mm extension, for each 

DEG device, which indicates the mechanical energy input is very similar for both devices.  

The estimated average efficiency (ratio between electrical energy and mechanical work) of 

DEG devices is demonstrated in Figure 2.13c-bottom right.  These results show that the 

incorporation of nanoscale LM droplets can significantly increase the efficiency of the soft 

energy generating transducer from 12.3% to 17.7%. The cyclical test of electrical energy 

harvesting for DEG made of LM-elastomer nanocomposite were conducted at a frequency 

of 4.67 Hz using a home-made cyclic test system . Figure 2.13d presents consistent voltage 
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profile over 500 harvesting cycles suggesting that LM-elastomer nanocomposites are 

promising for use as dielectric elastomers in high frequency DEGs.  

 

Figure 2.13 Dielectric elastomer generator (DEG) with PDMS (Ecoflex 30): (a) Schematic 

of DEG system on stretched state.  The DEG is composed of the dielectric layer sandwiched 

by two EGaIn electrodes. (b) Top: voltage histories of DEG over 6 constant charge 

harvesting cycles; middle: estimated capacitance histories of DEG based on the voltage 

profile and constant charge; bottom: force histories from the extension of 0 (relaxed) to 80 

mm (stretched).  The inset are the images of DEG with LM-elastomer on stretched stage 

(top) and relaxed stage (bottom). (c) Left: estimated electrical energy per cycle; right-top: 

mechanical work per cycle; right-bottom: efficiency of electrical energy output from 

mechanical work input. (d) Voltage profile of DEG with LM-elastomer nanocomposite 

over 500 harvesting cycles. 
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Figure 2.14 The schematic of electrical system to charge the DEG and measure the voltage 

of DEG 

2.7 Summary 

In this chapter, I report on a class of LM-elastomer nanocomposites that exhibit a unique 

combination of mechanical and dielectric properties never before seen with soft 

multifunctional materials.  The properties of these nanocomposites, which have droplets of 

O(100 nm) diameter, are compared to composites with O(1 μm) and O(10 μm) diameter 

filler and a series of mechanical and electrical studies are performed in order to investigate 

the influence of LM filler size.  LM-elastomer composites with relatively large LM 

inclusions, i.e. diameter of O(10 μm), exhibit a dramatic reduction in dielectric breakdown 

strength with increasing LM volumetric fraction ϕ.  In contrast, LM-elastomer composites 

with O(1 μm) and O(100 nm) sized inclusions exhibit a more steady linear decrease in Eb, 

with the O(1 μm) composites showing a slightly lower reduction possibility due to its 

greater polydispersity (i.e. combination of nano- and microsized droplets).  The effective 

dielectric constant of the LM-elastomer composites generally follows the same trends 

predicted by effective medium theory (Bruggeman formulation), although a fitting is 

required to correct for the poor polarizability of the LM-polymer interface.  In addition to 

their reduced influence on dielectric breakdown strength, smaller LM inclusion are also 

observed to preserve the strain limit (i.e. stretchability) of the composites, which is 
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consistent with principles in linear elastic fracture mechanics (LEFM) [57, 62].  Moreover, 

as predicted by Style’s et al. [56],  smaller LM inclusions also lead to significant 

mechanical stiffening, although the composite remains soft and highly deformable 

compared to other dielectric polymer composites.  Lastly, although a Mullin’s effect is 

observed for the initial loading of a virgin sample, the LM-elastomer composites generally 

exhibit highly elastic behavior with negligible mechanical hysteresis.   

This unique combination of enhanced electric permittivity, adequate dielectric breakdown 

strength, and rubber-like mechanical properties of LM-elastomer nanocomposites enable 

enhancement in the energy converting efficiency of a DEG (from 12.3% to 17.7%).  

Possible areas to improve the energy converting efficiency of DEGs include: 1) further 

increasing the area difference of mechanical deformation between two stages of the 

cyclical loading; and 2) making a self-priming DEG with integrated priming electrical 

system to accumulate the electrical energy [66].  However, DEGs usually need large 

mechanical deformation (~ 900% area strain)[66-68] to get useful power output, which can 

be impractical for many wearable applications.   

 

 

  



41 
 

 

 

Chapter 3 

Soft, Stretchable, & Thermally Stable 

Conductive Elastomer Composites Based 

on Silver-Coated PDMS Beads 

3.1 Introduction 

An important, and often overlooked, requirement for stretchable conductive materials is 

robust thermal stability – i.e. minimal influence of temperature on electrical resistance.  

This is critical not only for heat-related applications such as microheaters and 

thermoelectric devices, but also for photovoltaics systems, in which electronics can be 

subject to large amount of solar heating.  In general, the change in electrical resistance of 

conductive composites caused by increases in temperature is captured by the temperature 

coefficient of resistance (TCR). The increase or decrease in resistivity as temperature 

increases is described as a positive temperature coefficient (PTC) or negative temperature 
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coefficient (NTC) of resistance, respectively. Large TCR will cause devices failure or fire 

hazard or impair the operational reliability of an electronic systems [69].  A common 

method for achieving low/near zero TCR material is to combine materials with different 

types of TCR (positive and negative) [70]. For instance, Chu et al. [69, 71] reported a zero 

TCR hybrid consisting of alternating layers of carbon nanotube/PDMS (NTC) and carbon 

black/PDMS (PTC). However, these kinds of material architectures require layer-by-layer 

fabrication of the two types of materials, which is challenging to scale-up for mass 

manufacturing.  Ideally, the conductive composite would have an intrinsically small TCR 

and not require special layups or geometries. 

3.2 Stretchable and Thermally Stable Conductor 

Here, I address these challenges with a materials architecture for elastic conductors (Figure 

3.1a and b) that exhibits a dramatic enhancement in electrical conductivity (~2 orders of 

magnitude higher for the same silver content) (Figure 3.1c), good thermal stability (i.e. 

small TCR) (Figure 3.1d), and high mechanical compliance (Figure 3.1e).  Referring to 

Figure 3.1a, the thermally stable elastic conductor is made from a phase segregated 

composite composed of core-shell silver-coated poly(dimethylsiloxane) (PDMS; Sylgard 

184, Dow Corning) (PDMS@Ag) particles and silver flakes dispersed in an elastic PDMS 

matrix,  Henceforth, these Phase Segregated Silver-Silicone material systems are referred 

to as PS3 composites.  The corresponding scanning electron microscope (SEM) images 

(Figure 3.1b) shows the Ag-coated PDMS microspheres encased within a PDMS matrix.  

To help the bonding between the PDMS core and Ag shell, a poly(dopamine) layer was 

coated on the PDMS prior to Ag deposition.  The Ag flakes are dispersed between the 
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PDMS@Ag particles (Figure 3.1b-right), resulting in a local enhancement in Ag 

volumetric fraction and greater susceptibility to percolation.  Moreover, the Ag shells on 

the PDMS@Ag particles establish additional sources of electrically connectivity between 

adjacent Ag flakes regions (alternatively, the percolating Ag flakes can be treated as 

conductive bridges between the Ag shells).  The combination of these two effects enables 

the PS3 composite to achieve a two-orders-of-magnitude (139) enhancement in electrical 

conductivity (σ), compared to uniformly dispersed Ag flake/PDMS composites with the 

same Ag content (12 vol%) (Figure 3.1c).  This materials architecture also works for other 

types of Ag fillers. The SEM images are shown in Figure 3.2.  The conductivity of 

composite with PDMS@Ag is 67 higher for Ag microparticle fillers and goes from being 

non-conductive (σ ≈ 0) to conductive (σ = 6.94×103 S/m) for Ag nanoparticles at the same 

Ag content (12 vol%).  Moreover, due to the less Ag needed to achieve the same electrical 

conductivity (1.4×105 S/m), this architecture enables a significant reduction in density 

compared to uniformly dispersed Ag flake/PDMS composites (from 3.11 g/cm3 to 2.17 

g/cm3, i.e. 43.7% less). Lastly, introduction of PDMS@Ag microbeads facilitates 

improved thermal stability (Figure 3.1d) since the similar thermal expansion of the PDMS 

beads and surrounding PDMS matrix results in limited net impact on the percolating 

network of the Ag filler particles or their connectivity with the Ag shells. 
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Figure 3.1 Thermally stable elastic conductors. (a) Schematic illustration of fabrication 

process of elastic conductor from composite of silver (Ag) coated PDMS particles 

(PDMS@Ag), Ag flake as example filler and PDMS matrix. (b) Scanning electron 

microscope (SEM) images corresponding to the previous illustration. The inset is the zoom 

in image of Ag coating. (c) Electrical conductivity of elastic conductors from composites 

of different Ag fillers (Ag flakes, Ag microparticles and Ag nanoparticles) with/ without 

PDMS@Ag at the volumetric fraction of 12vol% of Ag content. (d) Electrical conductivity 

change of composites with/without PDMS@Ag between the temperature of 150 ℃ and 

room temperature. (e) Photographs of the stretchable LED circuitry made from composite 

of PDMS@Ag and Ag flakes as lead connection under stretching (top), folding (middle) 

and squeezing (bottom). 
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Figure 3.2 SEM image of sample cross sections: (a) PDMS@Ag/Ag microparticle/PDMS, 

and (b) PDMS@Ag/Ag nanoparticle/PDMS PS3 composite. 

 

3.3 Method and Fabrication 

3.3.1 Core-shell PDMS@Ag Preparation 

To synthesize polydimethylsiloxane (PDMS) microspheres, 10 g of uncured PDMS (10:1 

ratio of base to curing agent, Sylgard 184, Dow Corning) was first added into polyvinyl 

alcohol (PVA 3wt%, Ward’s Science) using a syringe pumping system (PHD 4400, 

Harvard Apparatus) with an infusion speed of 1 mL/min and needle size of 18 G. During 

the infusing process, the PVA solution was magnetically stirred at 1000 rpm. Probe 

sonication (Vibra-Cell VC250, Sonics & Materials INC) was next used at 100% power for 

1 h to break down the millimeter sized PDMS droplets into microspheres. The PVA 

solution was merged in an ice bath during infusion and sonicated to prevent the curing of 

PDMS. Next, the liquid PDMS microspheres were cured at 70 ℃ for 6 h in PVA solution. 

The solid PDMS particles (Figure 3.3a) were collected by centrifuging at 5000 rpm and 

then rinsed with tris base buffer (10 mM, Sigma Aldrich) for 3 times with a centrifuge. For 

the poly(dopamine) (PDA) coating, I dispersed 10 g crosslinked PDMS particles and 0.4 g 

dopamine hydrochloride (Sigma Aldrich) into 200 mL tris base buffer solution. The 
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solution was magnetically stirred at 350 rpm for 24 h at room temperature to coat PDMS 

particle with PDA layer. To remove the unreacted dopamine, the PDMS@PDA particles 

were washed with tris base buffer 3 times by centrifuging with a speed of 5000 rpm. Then, 

I used an electroless plating process to coat PDMS@PDA with silver layer. To do this, I 

dispersed PDMS@PDA particles (10 g) and 3.6 g silver nitrate (AgNO3, Salt Lake Metals) 

100 mL tris base buffer. The light-sensitive solution was magnetically stirred (125 rpm) 

for 1.5 h at room temperature in a dark environment to form a seed layer of silver. After 

this, I added 200 mL of ascorbic acid (L-Ascorbic acid, Sigma Aldrich) solution to 

facilitate the reduction of silver for 5min to form core-shell PDMS@Ag particles. The 

initial concentration of ascorbic acid solution was 46.5 mg/mL in tris base buffer, i.e. 9.3 

g ascorbic acid in 200 mL tris base. The PDMS@Ag particles were rinsed by deionized 

water and then isopropyl alcohol (IPA, >99.7%, Sigma Aldrich) 3 times. Finally, the 

PDMS@Ag (Figure 3.3b) were obtained after drying in a vacuum oven at 80 ℃. 

 

Figure 3.3 (a) SEM image of polydisperse PDMS particles, and (b) Scanning electron 

microscope (SEM) image of polydisperse core-shell PDMS@Ag particles. 
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3.3.2 PDMS@Ag/Ag filler/PDMS Composite Preparation 

PDMS@Ag particles, Ag filler, uncured PDMS matrix and methyl isobutyl ketone (MIBK, 

Sigma Aldrich) were added into a 20 mL glass vial and then place into a planetary THINKY 

mixer, where they were mixed for 2 min. The uncured PDMS matrix was also prepared 

using the THINKY, which was used to mix the two-part polymers (10:1 ratio of base to 

curing agent) for 1 min. The Ag fillers I use in this study are Ag flakes (size: 2-5 μm, 

Inframat Advanced Materials), Ag microparticles (2-3.5 μm powder, >99.9% trace metals 

basis, Sigma Aldrich), and silver nanoparticles (<100 nm nanopowder, >99.5% trace 

metals basis, Sigma Aldrich). 

3.3.3 Electrical Conductivity Measurement 

A substrate film of PDMS (~400 μm) was created from uncured PDMS using a thin film 

applicator (ZUA 2000.150, Zehntner) on flat surface (glass sheet or stainless steel sheet for 

temperature related tests) and was placed into oven at 100 ℃ for 1 h to cure the substrate. 

Then, PDMS@Ag/Ag filler/PDMS composite ink was printed on PDMS substrate using 

stencil printing. The stencil mask (LaserTape, IKONICS Imaging) was fabricated with a 

laser cutter (VLS3.50, Universal Laser System) with a setting of 100% speed, 100% power, 

and 1000 ppi. After printing, samples were placed in room temperature for 30 min for 

solvent evaporation and then moved to a 100 ℃ oven for 12 hours to cure.  For each test 

case, I printed four samples with 40mm×1.5mm×0.14 μm traces that terminated with 

5mm×5mm pads at each end. The electrical resistance of each sample was measured with 

a micro-ohm meter (HP 34420A, Hewlett-Packard) using a four probe method in which 

probes were inserted into liquid metal droplets deposited on the terminal pads. For 
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measuring conductivity as a function of temperature, I used a hot plate to manually control 

the temperature of the sample with an infrared thermometer (62 Mini IR Thermometer, 

Fluke).  

3.3.4 Electromechanical Properties Test 

I characterized the electromechanical properties of PDMS@Ag/Ag flake/PDMS 

composites that contained a 40 vol% of PDMS@Ag beads and 15 vol% of Ag flakes. 

Samples were prepared in a dog bone geometry (ASTM D638v) and tested using a 

materials testing system (5969, Instron) at a strain rate of 2 mm/s for the tests shown in 

Figure 3a and b and 10 mm/s for the tests shown in Figure 3c and d. The conductive trace, 

i.e. PDMS@Ag/Ag flake/PDMS composite, was printed on PDMS substrate (~400 μm) at 

the dog bone center with trace dimensions of 85mm×1.5mm×0.14mm and pad dimensions 

of 5mm×5mm pat each end. Two conductive fabric strips (Sparkfun Electronics) were 

connected to the ends of the cured composite via a small droplet of liquid metal. Another 

PDMS layer (~500 μm) was used to encapsulate the conductive trace and connections 

between the fabric strips and conductive trace. The sample was cut into a dog bone shape 

using a laser cutter (VLS3.50, Universal Laser System) with setting of 100% speed, 100% 

power, 1000 ppi, and 4 times repetition. The external analog data from materials testing 

machine (5969 Instron) and voltage signal from voltage divider circuit were collected by a 

USB DAQ (USB-6002, NI) with a sampling rate of 200 Hz through the serial interface 

(MATLAB, 2016a). 
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3.4 Electrical Conductivity Performance 

3.4.1 Enhancement of Electrical Conductivity 

I first investigate the effects of PDMS@Ag on the conductivity of the composite by 

measuring conductivity as a function of Ag flake content at fixed volumetric fractions of 

PDMS@Ag (ϕPDMS@Ag = 40 vol%) (Figure 3.4a).  The results show similar trends for both 

composites with and without PDMS@Ag, i.e. the increase of conductivity with increase in 

silver content (ϕAg).  However, for the same silver content, the presence of PDMS@Ag 

leads to a dramatic increase in the electrical conductivity.  For example, with an 

exceptionally low Ag content (3 vol%), I can engineer composites with PDMS@Ag 

inclusions that have an electrical conductivity greater than 103 S/m.  Likewise, highly 

conductive (1.17×105 S/m) composites can be achieved with PS3 composites with ϕAg = 10 

vol%.  For comparison, an Ag flake/PDMS composite with uniformly distributed filler 

particles requires ϕAg = 21 vol% in order to achieve a similar conductivity (1.19×105 S/m).  

The enhancing effect of PDMS@Ag can be attributed to spatial confinement and effective 

phase segregation of the Ag-rich portions of the elastomer composite.  As illustrated in 

Figure 3.5, the Ag flakes are confined to the “grain” boundaries between the PDMS@Ag 

inclusions. Thus, the actual volumetric fraction of Ag flake in the PDMS matrix is ϕAg/PDMS 

= ϕAg/(1 - ϕPDMS@Ag), which explains the higher overall conductivity of the composite.  In 

addition, the Ag shell layers that coat the PDMS@Ag beads provide continuously electrical 

connection between the percolating networks of Ag flakes that surround them.  This aids 

in the formation of long-range conductive pathways throughout the entire composite.  

Figure 3.4b shows the conductivity of PS3 composites as a function of PDMS@Ag content 
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(ϕPDMS@Ag) at fixed total volume fractions of silver (ϕAg = 5 vol%, 10 vol%, 15 vol%).  The 

conductivities for composites with low ϕAg = 5 vol% or 10 vol% dramatically increase with 

increasing ϕPDMS@Ag.  For ϕAg = 15 vol%, the conductivity exhibits only a slight increase 

with adding PDMS@Ag due to saturation of percolation networking. 

 

Figure 3.4 (a) Conductivity of Ag-PDMS composites with/without PDMS@Ag beads as a 

function of total Ag content.  The content of PDMS@Ag is fixed at 40 vol% for the 

composite with PDMS@Ag. (b) Conductivity of PDMS@Ag/Ag flake/PDMS as a 

function of PDMS@Ag content 

 

Figure 3.5 2D Schematic illustration of the PDMS@Ag/Ag Flake/PDMS PS3 composite 

showing phase segregation of Ag flakes between “grains” and two types of conductive 

pathways helping enhancement in electrical conductivity.  
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3.4.2 Thermal Stability in Electrical Conductivity 

 

Figure 3.6 Electrical conductivity change of elastic conductors for composites with 

different Ag fillers (Ag flakes, Ag microparticles and Ag nanoparticles) and with/without 

Ag@PDMS as a function of temperature. 

Next, I examine the electrical conductivity change of composites with and without 

PDMS@Ag as a function of temperature for different Ag fillers, i.e. Ag flakes, Ag 

microparticles, and Ag nanoparticles (Figure 3.6).  For the results presented in Figure 3.6, 

I used 40 vol% of PDMS@Ag and 12 vol% of Ag for all composites with PDMA@Ag 

inclusions.  Moreover, for each type of composite I adjusted the amount of Ag fillers (23 

vol% for Ag flakes and 22 vol% for Ag microparticles and nanoparticles) so that they 

would have the similar initial conductivity at room temperature.  Unlike the big negative 

or positive temperature coefficient of resistance for Ag flake/PDMS or Ag 

microparticle/PDMS, the conductivities of composites with PDMS@Ag vary within a 

small region (highlighted in the plot), indicating that the composites have thermally stable 

conductivity.  For example, the conductivity of the PS3 composites changes by 7% when 

heated to190 ℃, whereas the increase for the Ag flake/PDMS composites is 87%.  As 

described before, similar expansion of the elastomer core of the PDMS@Ag beads at high 



52 
 

temperature causes heterogeneous thermal expansion for the whole composite.  Locally, I 

expect that the thermal expansion of the PDMS matrix in the interstitial regions between 

the PDMS@Ag beads will be suppressed and that the percolating network of Ag flakes 

will be preserved as the temperature increases.  The differential scanning calorimetry (DSC) 

results (Figure 3.7) indicate no phase change of silver filler for the composites with and 

without PDMS@Ag which provides further evidence to support the hypothesis of 

heterogeneous thermal expansion. 

 

Figure 3.7 Differential scanning calorimetry (DSC) measurements: (a) Ag flake/PDMS, (b) 

PDMS@Ag/Ag flake/PDMS PS3 composite, (c) Ag microparticle/PDMS, and (d) 

PDMS@Ag/Ag microparticle/PDMS PS3 composite. 
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In summary, the results in this section suggest that the materials architecture of 

PDMS@Ag/Ag-filler/PDMS composites exhibit dramatic enhancement in electrical 

conductivity and robust thermal stability. 

3.5 Electromechanical Properties 

 

Figure 3.8 Electromechanical response of composite PDMS@Ag and Ag flakes. (a) 

Resistance change as a function of strain up to 100% strain. (b) Resistance change as a 

function of strain under different strain ranges. (c) Electromechanical response of the 

conductor when cyclically strained to 50% over 20 cycles (first 10 cycles-top, following 

10 cycles-bottom). (d) Resistance of the conductor at 50% elongated and relaxed states 

over 1000 cycles. 

I next study the electromechanical properties of the elastomer composite.  For the results 

presented in Figure 3.8a-d, I used PDMS@Ag content of 40 vol% and Ag flake content 
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of 15 vol% for all samples. A representative evolution of the relative change in resistance 

(R/R0) of the PDMS@Ag/Ag flake/PDMS composite as a function of tensile strain (ε) for 

11 cyclic stretching and releasing cycles up to ε = 100% is presented in Figure 3.8a.  The 

results show hysteresis in the electromechanical response for the first four cycles and then 

converge to identical responses from the fifth to eleventh cycles.  I performed the 

measurement of mechanical response under different tensile strain ranges (Figure 3.8b) 

with a sample that was “trained” by stretching to ε = 100% for 10 cycles.  In the first cycle, 

the sample was first stretched by 25%, and then relaxed to its original length.  In each 

consecutive cycle, the strain is increased by the step of 25% and up to ε = 125%.  The 

results show that the curves of stretching in different ranges overlap each other with 

reasonable agreement, implying good repeatability.  I can observe some modest hysteresis 

between loading and unloading for each strain cycle.  As shown in Figure 3.8c, the PS3 

conductors demonstrate largely consistent electromechanical behavior, i.e. resistance 

profile, when cyclically strained between ε = 0% and 50% over 20 loading cycles.  

Similarly, the resistance profile converges to identical pulses after four cycles, which is 

consistent with the results in Figure 3.8a.  Long term use of this elastic conductor is 

characterized by performing cyclic loading up to 50% strain (Figure 3.8d). After an initial 

break-in period (5 cycles), the electromechanical response stabilizes and is repeatable for 

the following 10 cycles. During subsequent stretching cycles, I observe that the resistance 

in both the relaxed and 50% elongated states begins to increase significantly after ~50 

cycles. After 500 cycles, the conductor is held at relaxed state for 5 minutes (orange line), 

and the resistance is observed to decrease, suggesting some recovery of the conductivity 

due to the local stress release causing the reconfiguration of conductive pathways.  This 



55 
 

trend of resistance change of cyclic loading is common for a lot of particle-filled 

composites [72].  Nonetheless, there remains room to improve the performance of 

composite for high cyclical loading, such as adding surfactants for better bonding between 

the conductive filler and matrix [37], or with the inclusion of liquid metal for reducing 

internal stress concentrations [73]. Aside from these cyclical loading issues, these 

experiments show high stretchability and robust electromechanical performance of 

PDMS@Ag based elastic conductor. 

3.6 Representative Applications 

To demonstrate the potential applications of the conductive PS3 composites, I present two 

representative use cases related wearable computation and soft robot.   

3.6.1 Stretchable Antenna for Wearable Device 

The first example is a stretchable radiofrequency (RF) antenna for a sensorized furnace 

glove that can withstand elevated temperatures.  I start with demonstrating the potential of 

using PS3 composites as a stretchable RF antenna for measuring and transmitting strain 

information through coupling between antenna resonance and mechanical tensile strain. 

Two rectangular-shaped dipole antennas (53.9 mm × 3 mm × 0.14 mm) were fabricated on 

a PDMS substrate by stencil printing with a gap distance of 2.3 mm. A coaxial male 

connector (uFL SMT antenna connector, Adafruit) with coaxial cable (RN-uFL-SMA6, 

Digi-key) was mounted to antennas with silver epoxy at 100 ℃ oven for 1 h. Another 

PDMS layer was applied to encapsulate and protect the antennas and the electrical contact 

between the antennas and connector.  The design of the antenna and the geometry of the 
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sample is shown in Figure 3.9.  Our objective is to design antennas that resonate at desired 

frequencies and have high reflective performance. Doing so requires carefully tuning of 

the antenna dimensions. I use ANSYS HFSS to simulate the antenna properties at zero 

strain, including the resonant frequency, S11 parameter, Z parameter and antenna gain.  I 

set the relative permittivity of PDMS to 3.11 and the bulk electrical conductivity of the 

antenna composite to 2100 S/cm for the simulations.  The simulation results (green dash 

line, Figure 3.10a) show good agreement with the experimental measurements (black line, 

Figure 3.10a) without the aid of data fitting, which indicates the great potential of ANSYS 

HFSS in designing antenna made from PDMS@Ag/Ag flake/PDMS PS3 composite.  A 

vector network analyzer (ZVC Vectir Network Analyzer, Rohde&Schwarz) was used to 

measure the reflected power of antenna as a function of frequency scanned from 0.6 GHz 

to 1.5GHz. I used a home-made acrylic stretcher to apply the discrete mechanical 

deformation of 0, 10%, 20%, 30%, 40%, 50%, 60%, 70% and 80% strain.  Representative 

measurements of the reflected power as a function of frequency under these different 

strains are shown in Figure 3.10a.  Results show the shift of resonance frequency (valley 

point) and similar level of high-quality radiation efficiency, i.e. low enough reflected power, 

as the elongation of antennas up to 80% strain. The resonance frequency of the antenna as 

a function of strain is presented in Figure 4b. The resonant frequency (fr) decrease linearly 

from 1.12 GHz to 0.80 as the sample was stretched to ε = 80 % GHz following a linear 

fitting of fr = -0.397ε + 1.107 with R2 = 0.99. These results show the tunability of stretchable 

antenna made from the PS3 composite over a wide range of frequencies. 
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Figure 3.9 Design schematic and photograph of stretchable antenna for vector network 

analyzing. 

 

Figure 3.10 (a) frequency response of the reflected power from a representative antenna 

sample at different strains.  The green dash curve is the simulation result at the initial length. 

(b) Resonant frequency (fr) of the antenna as a function of strain.  The inset is a photograph 

of the antenna. 
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To demonstrate the practical capabilities of stretchable antennae for wearable devices, I 

produced an RFID-integrated “smart” furnace glove for monitoring hand gestures in a high 

temperature environment. The glove contains four stretchable antenna integrated RFID 

tags over the metacarpophalangeal, proximal, and distal interphalangeal joints of each 

finger expect thumb (Figure 3.11a).  Four RFID tags with stretchable antennas were glued 

on the fingers of the furnace glove by sil-poxy.  On each RFID tag, a RFID chip 

(LXMS31ACNA-009, Murata Electronics North America) was mounted between the two 

antennae.  The fabrication process of tag is the same with previous antenna samples and its 

design is shown in Figure 3.11b.  I show the thermally stable functionality of this “smart” 

glove by recognizing a series of hand gestures in room temperature and high temperature 

(in furnace) (Figure 3.12). For the gesture recognition in high temperature, a furnace was 

used to provide the high temperature environment.  In these experiments, the fingers are 

cycled through different gestures, where the signal strength of each individual RFID tag is 

captured by a far-field RFID antenna (LHCP far field RFID antenna, Impinj) and reader 

system (speedway revolution R240 UHF RFID reader, Impinj) using an integrated RF chip. 

The frequency scanning is from 0.902 GHz to 0.928 GHz. As shown in the left part of 

Figure 3.12 (room temperature operation), the signal strength of the RFID tag will decrease 

from the base line when the corresponding finger is bent. The high temperature 

experiments (Figure 3.12-right) is operated in a ~100 ℃ furnace. The results show that the 

robust functionality of RFID tags, i.e. gestures recognition, works well in a high 

temperature environment. 
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Figure 3.11 (a) Photograph of wearable integrated sensing smart furnace glove with 

stretchable RF tags (white serpentine).  Inset shows the integrated RF chip. (b) Design 

schematic and photograph of RF tag. 

 

Figure 3.12 Posture recognition of five different gestures on the hand in room temperature-

left and furnace environment (high temperature)-right. The scar bars of axes are shown 

beside of axes.  The photographs are the posture for each region 

3.6.2 Strain Sensor for Soft Robot 

The potential of the PS3 conductor in soft robot applications is demonstrated with a strain 

sensor that is integrated into a robot gripper that lifts food out of hot water. As shown in 

Figure 3.13a, the gripper system is assembled on a four degree of freedom robot arm 

(UARM Swift Pro, UFactory). Two cables driven by stepper motors were used to open and 

close the soft gripper. I use the same soft gripper made of silicone rubber as in our previous  
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Figure 3.13 (a) Schematic illustration of strain sensor on soft gripper mounted robot arm. 

(b) Design schematic and photograph of strain sensor. 

work[74]. The strain sensor made from PDMS@Ag/Ag flake/PDMS was glued at the inner 

side of the soft gripper with sil-poxy (Smooth-on) at room temperature for 6 h to monitor 

the bending of the gripper jaw. The design of the strain sensor can be found in Figure 

3.13b. The opening of the gripper jaw will cause the strain sensor to elongate, resulting in 

an increase in electrical resistance.  Figure 3.14a shows the relative resistance change 

(R/R0) as a function of the tip distance of gripper in room temperature and hot water bath 

(60 ℃).  The distance of the gripper tip was measured through filmed video and image 

processing.  As in the furnace glove demo, the results here show that the strain sensor works 

well in a high temperature environment. The process of grasping a food object (red potato) 

in a bath of hot water (60 ℃) is presented in Figure 3.14b-top.  Figure 3.14b-bottom 

shows the relative resistance change of the strain sensor during the gripper opening. 

Referring to the top of the figure, each signal increase corresponds to a turn of the stepper 

motor that is pulling the cable. Together, these results demonstrate the great potential in 
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the applications of wearable computation and soft robot in both mild and high temperature 

environments. 

 

Figure 3.14 (a) Resistance response of strain sensor as a function of the tip distance of the 

gripper in room temperature and hot water bath (~60 ℃). Inset is the photograph of sensor 

integrated soft gripper. (b) Resistance response of strain sensor during the gripper opening 

for the task of food capture in hot water. The photographs of the gripper correspond to each 

opening state. 

3.5 Summary 

A new material architecture is introduced for elastic conductors that exhibit a combination 

of high electrical conductivity with small silver content, robust thermal stability (small 

TCR), and high mechanical compliance (strain limit > 100%). The conductive elastomers 

are made from composites composed of core-shell Ag coated elastomer microspheres 

(PDMS@Ag), Ag fillers (Ag flakes, Ag microparticles, Ag nanoparticles), and an elastic 

matrix (PDMS). The presence of PDMS@Ag beads improves the electrical conductivity 

for two reasons. First, Ag fillers are confined to the zone between adjacent PDMS@Ag 

beads, resulting in effective phase segregation and highly localized increase in the density 

of Ag filler particles. Second, the Ag shells that coat the PDMS microsphere function as 
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additional conductive pathways that connect the percolating networks formed within the 

surrounding Ag-rich domains. I postulate that the enhanced thermal stability is enabled by 

the elastomer cores of the PDMS@Ag particles. The PDMS cores introduce heterogenous 

thermal expansion at high temperature, which restricts the thermal expansion of the matrix 

between the PDMS@Ag beads and helps to prevent the percolating network of Ag filler 

particles from breaking up. This enhanced thermally stability has the potential to enable 

soft electronics to be used in high temperature environments that arise in manufacturing, 

materials handling, and cooking. Further efforts could extend this phase-segregated 

materials architecture to other types of polymers, filler particles, and coatings and explore 

other properties related to thermal conductivity and electrical insulation. 

In the model created by Style et al. [56], the liquid metal inclusions are considered as liquid 

phase and affect the stiffness of composite with surface tension of liquid inclusions. This 

model does not take the solid Ga2O3 layer into account. However, the solid Ga2O3 layer 

will play more important role in mechanical properties for smaller LM inclusions because 

the volume fraction of Ga2O3 will increase. Thus, influences of oxide skin (Ga2O3) on 

mechanical properties of LM-elastomer composite could be an interest research direction. 

Another work can be conducted in the future is that using finite element analysis to simulate 

the distribution of electrical field in LM-elastomer composites and optimize the electrical 

properties. 
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Chapter 4 

Transparent, Stretchable Liquid Metal 

Conductor 

4.1 Introduction 

Transparent conductors like indium-tin-oxide (ITO), Gallium-doped Zinc Oxide (GZO) 

[75], and PEDOT:PSS have played a central role in the development of photovoltaics 

devices [76, 77].  However, the successful integration of photovoltaics devices into future 

“soft-matter” technologies for stretchable electronics demands a new generation of 

“optically-clear” conductors that are primarily engineered from materials that match the 

mechanical properties of soft biological tissues.  Efforts in this domain have largely 

focused on two discrete domains: synthetic composite materials (e.g. elastomers with 

conductive nanoparticle filler) and deterministic multi-material architectures (patterned 

metal films on an elastomer substrate) formed by combining high-performance conducting 

materials with stretchable polymers. The first class includes a variety of stretchable 
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conductive materials that have been developed by loading clear elastic polymers and gels 

with visually imperceptible particulates such as carbon nanotubes and graphene [12, 33, 

34, 78], metal nanowires [35, 79], or metal salt [5]. While these composite materials show 

promising stretchability (elastic strain limit, εmax > 100%), low sheet resistance (Rs <10 

Ω/sq) and optical transparency (T ~ 70-98%), they exhibit significant electromechanical 

and optomechanical coupling and/or hysteresis [80, 81]. The second class of “deterministic” 

transparent conductors have been demonstrated with lithographically-patterned meshes of 

gold or copper on a soft polymer substrate [82-84].  The balance between Rs and T is 

achieved by tailoring the thickness of the conductive material and the spatial distance 

between visually perceptible opaque features. These multi-material architectures, however, 

show poor stretchability (εmax ~ 10-50%) and fail mechanically due to out-of-plane 

deformation of the intrinsically inextensible metal mesh.  

In recent years, patterned arrays of Ga-based liquid metal (LM) alloy (eutectic gallium-

indium; EGaIn) on elastomeric substrates have been explored as an alternative to solid-

state metals for highly stretchable circuit wiring [85-87], and liquid-phase robotics [88].  

Lithographically patterned grids of 20 μm wide LM traces on a PEDOT:PSS substrate have 

been shown to exhibit a strain limit of εmax ~ 40% and sheet resistance of Rs = 2.3 Ω/sq 

[89]. These grids yield a high transmittance of ~ 88% due to the large trace pitch (i.e. low 

LM filling fraction), which results in large openings for light to pass through. While 

invisible at close distance (e.g. on a contact lens), grids with these trace dimensions can be 

seen when placed at a natural reading distance [90].  This is because 20 μm-wide opaque 

traces with a 400 μm pitch (i.e. larger than the grating acuity threshold of 75-100 μm [91]) 

on a transparent substrate will have sufficient contrast to be visually resolved by the eye. 
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Therefore, such circuits are unsuitable for applications in touch screens and electronic 

displays that require high optical clarity over a complete focal range.  LM patterns with 

pitch (~2 μm) below the grating acuity threshold of human eyes have been demonstrated 

in the past with stamp lithography [92].  However, the high trace density resulted in a low 

transmittance and the patterning method has not been shown to be compatible with large-

area circuit fabrication. The facile fabrication of optically clear, large-area, highly 

transparent LM circuitry with feature size below the threshold of visual perception remains 

a grand challenge within the field [93, 94]. 

4.2 Visually Imperceptible Liquid Metal Circuit  

In this chapter, I present a materials architecture and rapid microfabrication approach for 

creating optically clear LM circuits (Figure 4.1a) that exhibit an exceptional combination 

of low resistivity ( ρ = 1.77×10-6 Ωm) and sheet resistance (Rs = 2.95 Ω/sq), high strain 

limit (εmax > 100%), high transparency (up to T = 85.3% at 550 nm), and low trace width 

(w ≥ 4.5 μm). The circuits are directly patterned on a transparent polydimethylsiloxane 

(PDMS; Sylgard 184, Dow Corning) elastomer substrate with ablative laser 

micromachining.  To help adhere the EGaIn and PDMS, a “bi-phasic” architecture was 

adopted in which a thin metal film – in this case sputter deposited Cr/Cu – was coated on 

the PDMS prior to EGaIn deposition and patterning[95-97].  Referring to Figure 4.1b, 

picosecond laser ablation was optimized for clean subtractive processing of metal films 

into conductive grid lines as narrow as 4.5 μm placed at a pitch of less than 100 μm, which 

presented a visually imperceptible pattern with high transparency for typical reading 

distances and lighting conditions. The fabricated LM wiring can be readily interfaced with  
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Figure 4.1 (a) Schematic of optically clear electronics and photographs of representative 

transparent circuit. (b) The schematic and SEM images of the square grid and parallel line 

patterns of 4.5 μm-wide EGaIn traces; the LM patterns are patterned by microscale laser 

ablation of the thin-film architecture (LM/Copper/Chromium) on a PDMS substrate. (c) 

Photographs of parallel line pattern with line widths (w) / pitches (p) of 4.5 μm / 96 μm 

(left) and 20 μm / 500 μm (right) under backlit (low contrast) and frontlit (high contrast) 

conditions; the grated pattern of 20 μm-wide LM traces is resolved in both high and low 

contrast conditions, whereas the pattern of 4.5 μm-wide traces is visually imperceptible. (d) 

Progress in optically clear and stretchable LM circuits showing past [89, 92, 95] and current 

achievements in improving optical transmittance and reducing trace linewidth and pitch to 

below the threshold for visibility under general reading distances and lighting conditions. 

 

conventional circuit components (e.g. lead wiring, packaged microelectronics, or LED 

chips) to enable optically clear digital electronics. As with ITO and other transparent 

conductors used in personal electronics, the circuits were not visible when placed (i) over 

text, (ii) in low contrast and backlit conditions, and (iii) high contrast and frontlit conditions 
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(Figure 4.1c). Compared with previous efforts in LM patterning, the CAD/CAM-

compatible laser direct writing method presented here enables rapid prototyping of 

optically transparent circuits with LM traces that are visually imperceptible for any 

prescribed focal distance. While previous work has demonstrated either invisible traces (i.e. 

linewidth < 6 μm & pitch <100 μm) [92] or a high optical transmittance (T ≥ 80%) [89], 

the grid-like circuits presented here are the first to demonstrate both (Figure 4.1d). 

4.3 Method and Fabrication 

4.3.1 Design of visually imperceptible LM circuitry 

 

Figure 4.2 (a) Schematic showing various geometric parameters used for calculating 

grating acuity threshold (GTh). (b) Transmittance through a grated line pattern at 550 nm 

wavelength at different LM trace width and 100 μm line pitch corresponding to grating 

acuity threshold of human eye using two different transmittance values of the PDMS 

substrate (TPDMS). 

The human eye has a minimum angular resolution (θTh) of around 0.29 mrad and an average 

ideal reading distance (D) of around 25 cm to 35 cm (Figure 4.2a)[91]. The grating acuity 

threshold (GTh), for the minimum grating pitch that can be distinguished by human eyes, 

can be expressed as 
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yielding the range from 72.5 to 101.5 μm. With the assistance of Figure 4.2, a grating pitch 

(p) of less than GTh will thus be unresolved and appear as a uniform intensity to human 

eyes. For the objective of visually imperceptible at ideal reading distance, such as touch-

display computing, the liquid metal pitch is ideally set not to exceed 100 μm in this work.  

Another critical requirement for the transparent electronic film is high optical transmittance. 

Following the relative transmittance of the patterned film  on the LM 

filling fraction, ϕ, Figure 4.2b presents the ideal best transmittance calculated for a defect-

free PDMS substrate (blue line: TPDMS = 100%) as a function of increasing line width.  With 

an ideal transparent substrate of TPDMS = 100%, one can expect a high overall 90% 

transmittance of a circuit patterned with a combination 10 μm wide LM traces at 100 μm 

pitch. However, defects in the PDMS substrate reduce the reference transmission to TPDMS 

(taking TPDMS = 90% as an example in Figure 4.2b), which demands formation of less than 

5.6 μm wide LM traces to achieve 85% transmittance. Such narrow trace widths further 

reduce the grating contrast and make circuits visually imperceptible under both high 

contrast (front-lit) and low-contrast (back-lit) conditions at normal reading distances.  

4.3.2 Substrate Preparation  

The substrates were prepared by first spin coating a layer of PVA (Polyvinyl alcohol 5 wt%; 

Ward’s Science) onto a glass slide surface at 4000 rpm for 10s. The film was dried in an 

oven at 70 oC for 30 s and then spin coated with PDMS (Sylgard 184, 10:1 ratio of base to 

curing agent; Dow Corning Corporation) at 600 rpm for 30s. The thin layer of PVA was 

later used to release the final product, i.e., PDMS layer with patterned liquid metal (EGaIn, 

Th ThG D = 

(1 ) PDMST T= − 
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Ga 75%, In 25% by weight; Gallium Source LLC) from the glass slide.  Next, the PDMS 

coating was vacuum cured at 70oC for 1.5 hours to obtain a 150 μm-thick stretchable 

transparent substrate (Figure 4.3a).  To obtain a uniform thin layer of EGaIn, 20 nm-thick 

chromium and then 100 nm-thick copper layers were sputtered (Perkin Elmer 8L; 

PerkinElmer) onto the cured PDMS-glass substrates (Figure 4.3b).  The chromium coating 

served as the bonding layer between PDMS and copper. The copper coating formed an 

alloy with EGaIn when dipped in the liquid metal in the presence of sodium hydroxide 

solution (NaOH, 3 wt%) that was used to remove the oxide layers on copper and EGaIn to 

facilitate alloying. After 1 minute of dip coating, the excess EGaIn was first removed under 

gravity by vertically pulling the substrate out of EGaIn/NaOH pool, followed by spinning 

the sample on a spin coater at 4000 rpm for 60 seconds. Finally, the sample was washed 

by DI water and isopropyl alcohol (99.5 wt%) for laser patterning. To fabricate LM grids 

without Cu-Cr underlayer, LM was directly roll-painted on PDMS substrate that resulted 

in ~ 1 µm thick LM coating (Figure 4.3c).  

 

Figure 4.3 (a) PDMS substrate, (b) PDMS covered with chrome and copper, and (c) 

substrate covered with EGaIn. 
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4.3.2 Laser Patterning 

LM grids were fabricated with a variety of trace widths in order to address the 

following: (i) validate an optimal fabrication method by comparing electrical, mechanical, 

and electromechanical properties of 20 μm-wide LM traces with measurements from 

previous studies [89], (ii) confirm that optical transmittance is governed by fraction of the 

substrate area covered by LM and is virtually independent of the trace width, and (iii) 

establish that the influence of trace width on optical clarity of LM conductor depends in 

the context of various visual conditions (e.g. focal distance, contrast, lighting).   

All samples with EGaIn line width greater than 10 μm were patterned by a 355 nm 

Nd:YAG laser (ProtoLaser U3; LPKF Laser & Electronics AG) using two ablation passes. 

The first pass with higher energy droves the most signification ablation to remove liquid 

EGaIn and solid metal (copper and chromium), whereas, the second pass with lower energy 

cleaned the dust and EGaIn ablation residue that was left behind on the PDMS surface after 

the first pass. For the first scan, the laser spot size of 15 μm was scanned with 0.5 W power 

(Power density, J = 0.28 MW/cm2) at the repetition rate of 50 kHz, and mark speed of 150 

mm/s, resulting in approximately 5 pulses per spot size. This laser ablation power was 

chosen such that the biphasic metal coating (LM-Cu-Cr) is completely removed with 

minimal damage to the exposed PDMS substrate.  Figure 4.4 present optical images of 

samples patterned with different LPKF laser exposures in the ablation step. At the threshold 

power density J = 0.28 MW/cm2, the biphasic metallic thin-film (LM-Cu-Cr) is completely 

removed from the PDMS substrate. This results in well-defined LM straight-line grid 

pattern with minimum thermal damage to the exposed PDMS substrate between the lines 

(Figure 4.4b). Below this threshold exposure, biphasic metallic film was not completely 
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removed from the PDMS substrate (Figure 4.4a). The ablative removal of biphasic thin 

film at comparatively higher power densities (Figure 4.4c) resulted in higher thermal 

damage to PDMS substrate.  The same settings were applied for the cleaning step except 

with the power was reduced to 0.25 W (0.14 MW/cm2). 

Figure 4.4 High-resolution optical images of samples patterned with different laser power 

densities. The presented samples are fabricated with LPKF laser system. 

To reduce the line width below 10 μm, a solid-state Nd:YVO4 ultrafast laser (Lumera, 

Hyper Rapid 50) was used to shrink the heat affected zone and improve the pattern 

resolution. The 1064-nm fundamental laser output with 12-ps pulse duration and 500-kHz 

repetition rate was focused onto the sample by a plano-convex lens of 25-mm focal length 

to an 8-µm focus spot size (M2: 1.22) and Gaussian beam shape. The lens and sample were 

mounted to a linear XYZ motion stage (Aerotech, ABL10150/ABL10100/ALS130) for 

programmable scanning that could be synchronized with an electronic laser shutter to 

selectively turn on laser exposure at the sample area that required metal removal. After 

testing several exposure conditions, a first scan for laser ablation was applied with scanning 

speed of 50 mm/s and the laser frequency down-counted to 50 kHz of 5-pulse burst trains, 

which results in five pulses arriving at 500-kHz rate. The pattern ablation was followed 

with a second cleaning pass that was applied with the same exposure parameters except for 

the laser pulse energy reduced from 0.7 µJ (0.3 MW/cm2) for the first ablation scan to 0.5 

µJ (0.2 MW/cm2) for the second cleaning scan.  
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4.3.3 Electromechanical Coupling Measurement 

To characterize electromechanical coupling in the laser-patterned samples, Velmex manual 

linear actuators were used to stretch samples to desired strains in incremental steps of 5% 

strain (1mm). The samples ends were clamped to the actuators with textured 3D printed 

grips. Two EGaIn pads of LM pattern were covered by EGaIn pools, which were connected 

to copper probes for sheet resistance measurement by a micro-ohm meter (HP 34420A, 

Hewlett-Packard). The EGaIn traces were encapsulated with PDMS layer.  The extremely 

thin layer of PDMS above the EGaIn pool was punctured to connect copper probes for 

measurements. 

4.3.4 Optomechanical Coupling Measurement  

For optomechanical coupling measurement, laser patterned samples were 

encapsulated with PDMS to secure the EGaIn traces. Uncured PDMS was poured to cover 

the substrate surface and then cured in wire-up position (gravity helps to remove the excess 

PDMS) at 70oC for 1.5 hours. Next, the sample was released from the glass substrate by 

scribing PDMS with a laser cutter (VLS3.50; Universal Laser System, Inc.) with the 

settings of 100% speed, 100% power and 1000 ppi followed by mechanical peeling. The 

encapsulated samples were mounted on an acrylic holder and stretched to desired strains 

(0, 33.3%, 66.7%, 100%). After stretching to the desired strain, the samples were removed 

along with clamps and mounted into a UV-VIS-NIR spectrometer (Perkin Elmer Lambda 

900; PerkinElmer) to measure the transmittance across the 380 nm to 860 nm wavelengths. 

Clear PDMS film was used as the reference. 
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4.3.5 Surface Roughness and LM grid thickness 

 The vertical thickness (height) of the patterned LM grid and the surface roughness of the 

exposed PDMS surface after the laser ablation of metallic thin-film were measured with an 

NT-MDT atomic force microscope (Spectrum Instruments). The surface roughness 

measurements on LPKF and Lumera processed PDMS surface are carried out by the 

tapping-mode procedure, in which the driving frequency of the cantilever is adjusted 

around the resonance frequency of the cantilever (Nanoworld, NCHR-50). NT-MDT 

Hybrid tapping mode is used to map the surface of the LM grid and measure the thickness 

of LM trace. In hybrid mode, the tip enters a force interaction with the sample a thousand 

times per second.  

4.4 Electrical & Electromechanical Characterization 

4.4.1 No Effect of Laser Ablation on Electrical Performance 

I begin by showing that LM conductors fabricated with ablative laser processing exhibit a 

sheet resistance, strain limit, and electromechanical response that is consistent with LM 

conductors created with existing patterning methods.  Parallel line arrays of 20 μm-wide 

LM traces with 500 μm pitch (LM filling fraction, ϕ = 3.8%) were patterned over a 7×7 

mm2 area on PDMS substrates by scanning a Nd:YAG laser (ProtoLaser U3; LPKF Laser 

& Electronics AG) of 355 nm wavelength to selectively remove the metal film while 

minimizing substrate damage.  Here, the objective is to compare the characterization results 

of laser-processed LM patterned conductors with LM conductors comprised of 20 μm-wide 

traces defined by non-ablative techniques (e.g. photolithography [89]). The measured 
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initial sheet resistance (Rs = 1.7 Ω/sq) of the laser processed LM parallel line grid is actually 

smaller than the 2.3 Ω/sq value [85] measured in the lithographically-defined square grids. 

This is in spite of having 2.5 less area fill fraction – i.e. ϕ = 4% (straight-line grid pitch = 

500 m) for the laser-patterned sample versus ϕ = 10% (square grid pitch = 400 µm) for 

the sample in ref. [85]. Together, this suggests that the thermal ablative laser process does 

not degrade the electrical properties of the EGaIn alloy (for example, due to over-ablation, 

excessive gallium oxidation, etc.) and has potential as a reliable method for LM grid 

patterning. 

 

Figure 4.5 Atomic force micrograph of the LM conductor with the cross-section profile of 

patterned LM trace on PDMS surface 

In addition to LPKF as the laser source, Figure 4.5 shows an atomic force micrograph and 

section profile of a liquid metal conductor comprised of a 4.5 m wide LM trace on a 

PDMS surface that is patterned using a picosecond laser system (Lumera). The combined 

thickness t is approximately 600 nm.  Since the 120 nm of Cu-Cr film is deposited, this 

implies an LM coating thickness of approximately 480 nm.  Therefore, a sample with a 

sheet resistance Rs = /t of 1.7 Ω/sq will have an effective volumetric resistivity of  = 

1.02×10-6 Ωm.  The measured resistivity of the same LM grid pattern on the PDMS 
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substrate without the Cu-Cr adhesive thin-film is 2.9 ×10-6 Ωm.  Likewise, for a patterned 

Cu/Cr film without LM film, the resistivity is 4.1 ×10-7 Ωm.  That the total resistivity 

(1.02×10-6 Ωm) is below the weighted sum of the two layers suggests that an alloy formed 

between the metals (e.g. In-Cu) may have higher conductivity that EGaIn.  Nonetheless, 

this result provides further evidence that the thermal ablative laser process does not degrade 

the electrical properties of the liquid metal. 

4.4.2 Electromechanical Coupling-Tensile 

 

Figure 4.6 Electromechanical response of laser patterned LM conductor as a function of 

strain applied in the direction parallel to the trace (a) length (εx, strain applied in 

longitudinal direction), and (b) width (εy, transverse strain). In both (a) and (b), the 

maximum applied strain increases in each consecutive cycle until failure. 

A typical evolution of the relative change in resistance (ΔR/R0) of the fabricated LM 

conductor as a function of strain applied along the trace length (longitudinal strain, εx) and 

width (transverse strain, εy) is presented in Figure 4.6a and 4.6b, respectively.  In the first 

cycle, the sample was first stretched by 50%, which is well below the strain limit of pristine 

PDMS substrate, εPDMS ~ 165% and then relaxed to its original length. In each consecutive 

cycle, the strain is increased until a mechanical failure is observed. In the case of 

longitudinal elongation (Figure 4.6a), the relative change in resistance increases linearly 
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with the applied strain (slope ~ 1). After all three incremental strain cycles, the resistance 

returned to the initial value (R0 = 1.7 Ω) upon relaxing.  It should be noted that R0 shares 

the same magnitude as sheet resistance (Rs) since Rs = R0width/length and the sample have 

square dimensions.  The sample mechanically failed at εx =165% strain, which is within 

the range of strain limit values measured for pristine PDMS (as shown in Figure 4.7).  

 

Figure 4.7 Mechanical stress-strain data of 150 μm-thick PDMS film 

Furthermore, the electromechanical response of the fabricated samples was similar to the 

previous work [89], where a ~55% change in resistance had been reported at a 60% 

elongation strain. Interestingly, resistance was observed to decrease when the sample was 

stretched in the transverse direction (Figure 4.6b). I attribute this to the incompressibility 

of the elastomer and a “Poisson’s effect” that results in a decrease in trace length during 

transverse stretch. However, transverse stretch also results in significant hysteresis, which 

is most pronounced for strains ≥ 75% and is likely related to the permanent wrinkling of 

the underlying Cu-Cr thin-film at these high strains (evident in the y’ = 0% panel of Cu-

Cr thin film in Figure 4.8). Figure 4.8 shows mechanical deformation in laser-patterned 
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Cu-Cr thin film and LM-Cu-Cr conductive grids on PDMS surface at different tensile 

strains applied in longitudinal and transverse directions. In both loading directions,  

 

Figure 4.8 Optical images of laser patterned Cu-Cr thin-films and biphasic metallic grids 

(LM-Cu-Cr architecture) at different strains in (A) longitudinal (B) transverse direction. In 

both cases, the samples are relaxed after they are progressively stretched to the maximum 

strain = 100% 

mechanical strain was first gradually ramped from  = 0% (original relaxed state) to 100% 

and then released to relax the sample. The longitudinal elongation lead to the formation of 

narrow parallel cracks in Cu-Cr thin-film that widened with increased strain. In the case of 

laser patterned LM conductors, these cracks in Cu-Cr underlayer get filled with LM, 

leading to the ragged morphology of LM traces. Upon relaxation, the cracks shrunk back 

to form microchannels with no evidence of film delamination. In the case of transverse 
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loading, periodic wrinkling of thin films was observed at lower strains, which was 

accompanied by long cracks in the longitudinal direction at higher strains (≥ 67%). 

Permanent wrinkling and increased line width were observed in both Cu-Cr thin-film and 

biphasic metallic grids after releasing the strain when compared with the original relaxed 

state. 

4.4.3 Electromechanical Coupling-Cyclic Loading  

 

Figure 4.9 (a) Electromechanical response of the sample when cyclically strained to 

maximum strain of 50% over ten cycles in longitudinal (top) and transverse (bottom) 

direction. (b) Resistance of the conductor at 50% elongation in longitudinal (black) and 

transverse (red) direction and in-between relaxed states over 3000 cycles 

As shown in Figure 4.9a, the LM conductor demonstrates largely consistent behavior 

when cyclically strained between ε = 0% and 50% over multiple loading cycles.  As in 

Figure 4.6a, there is no evidence of significant electromechanical hysteresis for samples 

loaded in the longitudinal direction while such hysteresis is evident for transverse loading.  

However, this transverse hysteresis is associated with a small decrease in resistance (3%) 

after the first loading cycle, which I believe arises from the permanent wrinkling of the 

underlying Cu-Cr adhesive thin-film. For subsequent loading cycles, the electromechanical 
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response remains stable – shown in Figure 4.9b for 3000 cycles. The results of the cyclical 

study suggest that the laser writing process provides a mechanically robust circuit without 

unduly influencing the intrinsic mechanical, electrical, or electromechanical properties of 

the EGaIn-PDMS architecture. 

4.5 Optical & Optomechanical Characterization 

4.5.1 Open Area Theory for Transmittance 

Having established the consistency in materials performance (sheet resistance, strain limit, 

electromechanical coupling) between direct laser ablation and other LM-patterning 

techniques, I next set out to engineer visually imperceptible LM circuitry with reduced 

trace width. For the length-scales of interest, film transmittance (T) was evaluated by 

ignoring diffraction effects and simply following the open area theory, i.e. area fill fraction 

(ϕ) of the opaque LM according to the relationship .  Here, TPDMS is the 

transmittance of the bare PDMS and ϕ was estimated from the LM wire width, w, and 

grating period (pitch) p, e.g. ϕ = w/p for the case of parallel lines.  The value for TPDMS was 

obtained by measuring the optical transmittance through a PDMS substrate in which the 

bi-phasic metal coating (i.e. EGaIn-Cu-Cr) is fully removed with the same laser parameters 

used for line patterning. 

(1 ) PDMST T= − 
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Figure 4.10. (a) Microscope images of grated pattern fabricated by LPKF and Lumera and 

PDMS surface after completely removing metal layers on PDMS surface by identical 

processing parameters. (b) Transmittance spectra of completely ablated PDMS surface by 

LPKF and Lumera, and pristine PDMS. 

 

Figure 4.11 The surface topography maps of laser exposed 35 m × 35 m PDMS surface in 

samples processed by LPKF and Lumera laser systems. 

In addition to demonstrating high transmittance, the opaque LM wire pattern must not be 

resolvable by the unaided eye under lighting conditions that are typical for the prescribed 

applications. This was addressed by narrowing the LM wire width with a higher resolution 

laser ablation process, centered on a short-pulsed laser (Lumera, Hyper Rapid 50; pulse 
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duration = 12 ps)[98] and high-resolution motion stages. Figure 4.1c shows optical images 

of two samples with w = 4.5 μm and p = 96 μm (left) and w = 19 μm and p = 500 μm (right), 

where the wire grid pattern is visually imperceptible only for the 4.5 m wire width under 

both high and low contrast conditions.  LM patterns were generated with LM line widths 

(w) as small as 4.5 μm and the grating period (p) in a range of 17.5 to 96 μm, which 

correspond to LM filling fractions of ϕ = 26.6% to 4.5%, respectively.  To validate our 

theoretical model for transmittance, I also fabricated a second set of parallel line arrays of 

50 μm-wide LM wires with periodicity ranging from 125 to 500 μm, which correspond to 

ϕ = 42% to 10%, respectively.  Images of laser patterned surfaces with and without gratings 

are presented in Figure 4.10a.  The reference transmittance of the bare PDMS substrate, 

following full laser removal of metal coating determined for an 18 cm × 15 cm area ablated 

by the Lumera and LPKF lasers.  Diffraction angles for 100 m period (angle = 0.33°at 

550 nm) gratings are small and therefore can be discounted as a significant loss factor. The 

transmittance of the bare PDMS is reported in Figure 4.10b is for the following three cases: 

(i) “pristine PDMS” that is not coated or ablated and (ii, iii) PDMS from which the metal 

film is fully ablated with either LPKF or Lumera.  For the latter case, measurements are 

performed on samples prepared by completely ablating an 18 cm × 15 cm area of metal 

thin films from PDMS surface using the same laser processing parameters as the grated 

samples.  The surface topography maps of laser exposed PDMS surface obtained by atomic 

force microscopy (AFM) are presented in Figure 4.11.  The measured root means square 

roughness (RMS) of 35 m × 35 m PDMS surface area in LPKF and Lumera processed 

samples is ~ 230 nm and 62 nm, respectively. In spite of the difference in surface 

morphology, I find that the transmittances using LPKF and Lumera are both approximated 
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~ 89% (89.2 and 88.6%, respectively). Figure 4.12 shows the optical transmittance 

measured through the grated patterns of 4.5 μm and 50 μm-wide traces as a function of 

varying LM filling fraction, which closely follow each other as well as fractional LM area 

(dashed line) calculated without the aid of data fitting (see grating dimensions in Table 

4.1). 

 

Figure 4.12 Transmittance at 550 nm wavelength through LM grating patterns of 4.5 μm 

and 50 μm wide traces as a function of EGaIn fill fraction (ϕ) fabricated with the LUMERA 

and LPKF laser systems, respectively (dash line: linear fitting) 

Table 4.1 LM grating parameters fabricated by two laser systems 

Legend Line Width (μm) Pitch (μm) LM Filling Fraction (%) Laser System 
 

52.8 500 10.56 LPKF 

 51.3 250 21.11 

52.1 167 31.60 

52.6 125 42.22 
 

4.35 96 4.53 

Lumera 
 

4.01 50.7 7.91 

4.78 27.9 17.10 

4.66 17.5 26.63 
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4.5.2 Transmittance Spectrum of LM Film 

Spectral dependence (wavelength: 380 - 860 nm) of the optical transmittance is plotted in 

Figure 4.13 for the case of the visually imperceptible LM-elastomer conductors (~4.5 μm-

wide traces).  These results show respectable optoelectronic responses — T = 85.3% at 

2.95 Ω/sq, T = 81.7% at 1.71 Ω/sq, T = 74.3% at 0.84 Ω/sq and T = 65.6% at 0.55 Ω/sq — 

for an increasing filling fraction of liquid metal from 4.5% to 26.6%. The nearly flat spectra 

show that direct laser writing does not introduce specific wavelength losses across the 

visible band. The data show the electrical conductivity and optical transmittance to both 

rise monotonically as expected with the LM filling fraction. Thus, the filling area fraction 

model can be used to design the pattern geometry for desired optoelectronic performance 

suited to different applications.  

 

Figure 4.13 Transmittance spectra of the 4.5 μm LM grating patterns for various EGaIn fill 

fractions over the complete visible wavelength range. 
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4.5.3 Optomechanical Coupling 

 

Figure 4.14 (a) Optomechanical response of the patterned EGaIn conductor with a baseline 

transmittance of 85.3% (grating: w = 4.5 μm, p = 96 μm) under longitudinal and transverse 

strain showing the 550 nm wavelength transmittance versus strain. (b)Transmittance 

spectra of the 4.5 μm LM grating patterns for various EGaIn fill fractions over the complete 

visible wavelength range. (c) Optomechanical response of bare PDMS substrate in which 

the biphasic metal coating has been fully ablated using the grating processing parameters 

is presented in the inset for comparison. (d) Full spectral response of EGaIn film (grating: 

w = 4.5 μm, p = 96 μm) under various strain values. 

Figure 4.14a presents the optomechanical response of the LM conductor selected with the 

highest initial transmittance (LM grating: w = 4.5 μm, p = 96 μm; T = 85.3%), presenting 

the transmittance at the most perceptible wavelength, λ = 550 nm, as a function of applied 

strain in the longitudinal and transverse directions. A small increase in the transmittance 

(3.4%) from 85.3% to 88.8% is observed with the increase in both types of applied strain. 

This is likely related to the optomechanical response of the bare PDMS surface between 
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the LM grid lines, which was measured for samples in which the biphasic metal coating 

was fully ablated using the same laser processing parameters as shown in Figure 4.14c. 

Transmission response over the full visible wavelength at various peak strains are shown 

in Figure 4.14b and indicate that there is no significant optomechanical coupling with 

either longitudinal or transverse stretching.  Similarly, fully ablated PDMS film shows 

similar behavior of transmittance spectrum during mechanical deformation (Figure 4.14d). 

The left images in Figure 4.15 show a LM sample with an “invisible” (i.e. visually 

imperceptible) parallel-line grating with an optical transmittance of T = 85.3% and 88.7% 

in the relaxed (ε = 0%) and stretched states (ε = 100%), respectively. For comparison, 

optical images of a pristine PDMS substrate (no laser processing) are shown on the right 

with nearly 100% transmittance under the same conditions.  

 

Figure 4.15 Optical images of visually imperceptible LM-conductor (grating: w = 4.5 μm, 

p = 96 μm) and clear PDMS film in the relaxed state and at 100% longitudinal strain. 
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4.6 Representative Applications 

To demonstrate the potential of the present devices as soft transparent circuits in emerging 

“electronic skin” applications, several representative cases are illustrated.   

4.6.1 Optical Clear Proximity Sensor  

The first application is an optically clear proximity sensor that can be placed on surfaces 

without causing visual interference. The transparent conductive film serves as a capacitive 

electrode for proximity sensing of a hand, triggering a capacitive touch sensor to light up 

a light emitting diode (LED). The LM proximity sensors were wired to one of the channels 

of the capacitive touch sensor (CAP1188, Microchip). The corresponding channels LED 

driver was wired to an external LED to serve as a warning of possible danger to a human.  

The capacitive touch sensor was interfaced with a microcontroller (ATmega328, Microchip) 

using the I2C interface.  The purpose here is to demonstrate electronic functionality on a 

curved surface while comparing the optical quality of circuits having 4.5 μm and 20 μm 

wide traces (pitch = 96 μm, 500 μm, respectively). Both sensors are conformably bonded 

onto the curved surface of a flask using the inherent tackiness of the PDMS substrate. As 

demonstrated in Figure 4.16, both proximity sensors detect the proximity of the hand to 

light the LED with equal success rates, indicating no difference in the functionality of each 

LM conductor. However, the fully imperceptible LM sensor (4.5 μm wide wires) enables 

visual inspection of the hazardous material without obstruction. 
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Figure 4.16 Proximity sensor using optically clear (w = 4.5 μm, p = 96 μm) and visually 

perceptible (w = 19 μm, p = 500 μm) conductor lines. 

4.6.2 Smart Contact Lens  

The electrical functionality and compatibility with a curved surface are also demonstrated 

with a “smart contact lens” that can be used to display local air quality (Figure 4.17). The 

circuit was mounted on a spherical camera to mimic a biological contact lens on the human 

eye. The circuit is visual imperceptible with 20 μm wide traces because the surface of the 

camera is outside of its focal plane – illustrating the importance of application context when 

selecting appropriate trace dimensions.  To demonstrate the air monitoring functionality of 

the circuit, the smart lens is sprayed with aerosol smoke containing carbon dioxide (CO2) 

to mimic hazardous air quality.  The air quality sensor (CCS811; AMS) detects the CO2 

concentration and reports an “equivalent calculated” carbon dioxide measure (eCO2) to the 



88 
 

microprocessor (ATmega328; Microchip).  The sensor burn-in was performed for 48 hours 

when first received and for 20 minutes before every test as described within the datasheet 

to ensure accurate readings.  The microprocessor then illuminates an LED in the contact 

lens, corresponding to a designated air quality status. The block diagram and schematic of 

air quality monitoring system are shown in Figure 4.17a-b.  The air quality sensor was 

interfaced with a microcontroller (ATmega328, Microchip) using the I2C interface.  As 

shown in Figure 4.17c, before spraying, eCO2 is less than 1000 ppm (threshold), 

corresponding to a green LED with an air quality status of ‘SAFE’. After spraying, the 

eCO2 count increases dramatically (>4000 ppm) and triggers the red LED to light up as a 

‘DANGEROUS’ indicator. With the diffusion of CO2 to the environment, eCO2 decreases 

and the signal switches from red to blue (‘ALERT’) and finally back to green. The camera 

is able to record images through the LM circuit wiring without visual interference (only 

the embedded LED chips can be seen) due to its high optical transparency (Figure 4.17c). 
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Figure 4.17 (a) Block diagram of air quality monitoring system. (b)Schematic of composed 

of a contact lens display based on an LM circuit, an eyeball camera, an air quality sensor, 

and a microprocessor. (c) Response sequence of air quality (CO2) measurement 

corresponding to ‘SAFE’-green, ‘DANGEROUS’-red, ‘ALEART’-blue and ‘SAFE’-

green. LED coloring is set according to eCO2 thresholds set at <1000 ppm for ‘SAFE’ 

and >4000 ppm for ‘DANGEROUS’. 

4.7 Summary 

Transparent conductors with high elastic deformability and transparency typically suffer 

from significant electromechanical coupling and/or hysteresis. Here, I report a materials 

architecture that overcomes this constraint and exhibits a unique combination of opto-

electro-mechanical properties and is also well below the threshold for visual perception. 

The exceptional set of properties was accomplished with a laser micromachining process 

developed for high-resolution line patterning of liquid-phase EGaIn alloy on a soft and 

clear silicone elastomer. The low sheet resistance (Rs  = 2.95 Ω/sq; resistivity = 1.77×10-6 
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Ωm), high transparency (T > 85% at 550 nm), high strain limit (εmax > 100%), and visual 

imperceptibility demonstrated here have never been observed before in other material 

systems.  Moreover, the experimental results of transmittance were found to agree with 

predictions based on the geometry of traces without the aid of data fitting. Such simple 

modeling offers flexible tailoring of pattern design for desired optoelectronic responses. In 

addition, the results of cyclic tests demonstrated the mechanical robustness of transparent 

LM-elastomer systems. The combination of properties demonstrated here are attractive for 

enabling new applications in “second skin” wearable computing, human-computer 

interaction, and soft robotics that depend on soft, elastic, and optically transparent 

functionality. 

Possible areas for improvement include further increase in transmission and conductivity, 

which can be captured by a figure of merit defined as Z = T10/Rs [99].  For the samples 

presented here, Z is as high as 0.07 Ω-1, which is comparable to ITO films but short of the 

highest values reported [100]. The transmission of the laser patterned LM conductor could 

potentially be improved by custom designing the laser scan path and optimizing the overlap 

between the adjacent scans. Another area of possible improvement relates to the speed and 

efficiency of fabrication.  Currently, the subtractive laser-based fabrication process 

requires only 600 nanometers of metal film thickness to form conductive grid lines, thus 

ensures limited material waste during the commercial processing of large area circuits (i.e. 

0.06 grams of waste per 4 inch × 4 inch LM conductor).  Material efficiency could be 

further improved with a thinner LM film, although this would be at the sacrifice of reduced 

conductivity.  The circuit writing speed, which is currently 5 cms-1 for single pulse aperture 



91 
 

writing, can be increased dramatically by scaling to higher repetition rate, using beam 

multiplexing, and adopting more powerful ultrafast lasers. 
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Chapter 5 

Sedimented Liquid Metal Elastomer 

Composite for Ultra-Stretchable, 

Wearable Triboelectric Nanogenerator 

5.1 Introduction 

Over the last few decades, stretchable electronics have shown great potential for emerging 

applications in wearables [101, 102] and sensor-integrated devices for human health 

monitoring [103-106].  However, further progress in wearable computing and sensing 

depends on the development of power sources that are also soft and deformable so that they 

can be incorporated into stretchable fabrics or attached to the skin. Compared to emerging 

battery technologies that are soft and stretchable [107-110], energy harvesting technologies 

are especially promising since they are renewable and self-sustaining (i.e., do not require 

recharging) and have the potential to generate adequate power for operating consumer-

grade wearable electronics [111-115].  Among various methods for energy harvesting, 

triboelectric nanogenerators (TENGs) are cost-effective and sustainable power sources that 

can transform mechanical energy into electricity by coupling the effect of contact 

electrification and electrostatic induction [116-119].  For most wearable electronic 
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applications, TENGs should be soft, flexible, and stretchable so that they can be 

incorporated into garments and conform to limbs and joints. Previous demonstrations of 

stretchable TENGs have typically focused on the following two use cases: self-powered 

active sensors [120-123], in which the mechanical stimulation is converted to a transient 

electrical response (e.g., to detect human motion), and mechanical energy harvesters [124, 

125], where mechanical energy is converted into electrical energy to power electronic 

devices. While both cases are important, the second case of triboelectric energy harvesting 

is particularly essential in addressing emerging needs in wearable electronics.  

Efforts in creating TENGs that are soft, stretchable, and wearable have largely focused on 

developing novel stretchable electrodes and interfacing TENGs with the human body.  

Common strategies for fabricating stretchable conductors include embedding rigid 

conductive fillers (e.g., carbon [119, 126], silver nanowires [121, 124], or gold nanosheets 

[120]) into a stretchable elastomer matrix to form conductive composites. However, 

conductive composites require high loading of rigid fillers to form percolating pathways 

that support electrical conductivity, and the high loading often results in degradation of 

desirable mechanical properties. Conductive composites become stiffer (higher Young’s 

Modulus) and less elastic (lower stretchability) with a high loading content of rigid filler 

[127]. An alternative approach is to use ionic conductors such as ionic hydrogels [125, 128] 

or saline solution [129]. However, ionic conductors have low electrical conductivity, and 

TENGs that use ionic conductors have low power generation and/or poor mechanical 

integrity (e.g. material delamination) [127]. Replacing ionic solution with liquid metal 

alloys such as eutectic gallium-indium (EGaIn) allows for considerably greater 

conductivity [85, 130, 131] and addresses the shortcomings of ionic fluids for TENG 
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applications [132].  Regardless, although capable of high stretchability and/or skin-like 

compliance [125, 128, 129, 132-136], these implementations have not taken advantage of 

TENG stretchability to harvest energy from limb motion to power wearable computing 

systems. To be truly enabling for wearable computing, stretchable TENGs should have the 

capability to be worn on parts of the body that undergo large deformability (e.g. knee joint, 

elbow) and harvest energy to power fully integrated computing systems, i.e. electronic 

devices integrated with sensors, microprocessors, and displays. 

5.2 Sedimented Liquid Metal Elastomer Composite 

In this chapter, I present an ultra-stretchable (strain limit >500%) TENG with skin-like 

compliance (modulus <60 kPa) composed of an elastomer embedded with sedimented 

liquid metal (SLM) microdroplets [137, 138](Figure 5.1a). When placed on the human 

body (e.g., knees joints, Figure 5.1b), the SLM-TENG harvests energy from body motion 

to fully power a wearable computing device composed of a digital hygro-thermometer and 

electronic display. Such an implementation takes advantage of the stretchability and 

compliance of the TENG. The combination of triboelectric effect and electrostatic 

induction generates energy when the SLM-TENG patch repeatedly touches (as the TENG 

patch stretches) and subsequently separates (as the TENG patch relaxes) from the skin.  

Here, the skin functions as the second electrode, which is necessary to generate and 

separate charge during repetitive contact, e.g. during running [139].  
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Figure 5.1 Overview of triboelectric nanogenrator (TENG) using sedimated liquid metal 

elastomer (SLM) composite: (a) Schematic of the fabrication process of SLM-elastomer 

composite enabled by the gravitational sedimentation of liquid metal. (b) Photographs of 

wearable SLM-TENGs on knees (top) and a close-up view of the SLM-TENG (bottom), 

which can harvest energy from human motion (e.g., running). (c) Optical microscopic 

images showing SLM-elastomer composite with 20 vol% LM content: (left) top view, 

(right) cross section. (d) Schematic illustration of TENG made from SLM-elastomer 

compisite and skin. (e) Photographs of SLM-elastomer composites showing high 

stretchability. 

Referring to Figure 5.1a, the SLM-elastomer composite is fabricated by dispersing liquid 

metal (eutectic gallium indium (EGaIn)) into an uncured polysiloxane (EcoFlex 30, 

Smooth-On) matrix using manual stirring. Due to the large difference in density between 

EGaIn (6.25 g/cm3) and uncured silicone (1 g/cm3), EGaIn inclusions sediment near the 

bottom of the silicone matrix. After curing, the SLM-elastomer composite forms a gradated 

architecture that is phase-separated and has non-uniform electrical resistivity.  It consists 
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of a conductive EGaIn-rich region located at the bottom part and an insulating silicone-rich 

region located at the top part (Figure 5.1c). The EGaIn-rich region serves as the electrode 

of the TENG, and the silicone-rich part functions as a dielectric and serves as the 

triboelectric layer (Figure 5.1d). This SLM-elastomer composite is fabricated in one step 

and therefore forms a continuous silicone interface between the EGaIn-rich layer and the 

silicone-rich layer (Figure 5.1c). Compared to the inspiration work presented by Zhu et 

al.[138], the ultra-stretchable elastomer (EcoFlex 30) used in this work and the continuous 

interface allows for strong adhesion and mechanical integrity between the electrode and 

the tribolayer, thereby permitting ultra-stretchable functionality (Figure 5.1e). 

5.3 Method and Fabrication 

5.3.1 SLM-TENG Fabrication 

To synthesize the SLM-elastomer composite, bulk liquid metal (eutectic gallium indium 

(EGaIn, Ga 75%, In 25% by weight; Gallium Source LLC) was added into uncured 

polysiloxane (1:1 ratio of part A and part B, EcoFlex 00-30, Smooth-on). EGaIn was 

dispersed into the uncured elastomer by mixing with a wooden stirrer by hand for 3 min at 

~ 120 rpm. To fabricate samples for testing electrical output on the reciprocating motion 

system, a thin silicone layer (150 µm) was formed on a glass substrate that was coated with 

mold release. The SLM-elastomer layer was stencil printed with dimensions of 40 mm × 

40 mm × 1.5 mm onto a flexible conductive fabric (Sparkfun Electronics) using a thin film 

applicator (ZUA 2000.150, Zehntner). After printing, the mixture was placed into a – 16 

oC freezer at for 15 min to slow down the curing of the silicone matrix, promoting 
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gravitational sedimentation of LM inclusions. The final thickness of LM-composite is 

around 1 mm. Next, the mixture was cured at 100 ℃ for 2 h. The SLM-TENG was cut out 

using a razor blade and then peeled off from the glass substrate. For fabrication of SLM-

TENG patches to be worn on the knees, the same processing steps were used except that 

the SLM-elastomer composite area was 4.5 cm × 10 cm. For SLM-TENGs on fabrics and 

SLM-TENGs integrated into exercise clothing, the same process was again used except the 

SLM-elastomer composite was cast atop fabrics/clothing. After peeling of the SLM-TENG 

film from the substrate, we applied tensile stretching (around 200% strain) to fully activate 

the SLM-electrode. 

5.3.2 Electrical Output Performance Measurement 

We built a reciprocating motion system (Figure 5.2) to apply the contact-separation 

movement between a 2 cm × 2 cm aluminum sheet and the SLM-TENGs. For open-circuit 

voltage measurements, we built a circuit (Figure 5.3a) that included a voltage divider, a 

voltage follower (OPA445, Texas Instruments) to match the impendence, and an 

oscilloscope (DSOX 1102G, Keysight). For short-circuit current and external loading 

measurement, we built a circuit (Figure 5.3b) that included a current preamplifier (LI76, 

NF Corporation), a voltage divider, a voltage follower (OPA445, Texas Instruments) to 

match the impendence, and an oscilloscope (DSOX 1102G, Keysight). For short-circuit 

current measurement, we set adjustable resistance as 1 kΩ. The data was collected through 

Keysight BenchVue software after the electrical outputs were stable (after ~100 tapping 

events). 
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Figure 5.2 Reciprocating motion system built using a jigsaw to apply cyclic mechanical 

tapping to TENG. (a) Schematic diagram of reciprocating motion system. (b) Schematic 

diagram of TENG holder. (c) Photograph of reciprocating motion system. (d) Photograph 

of TENG holder.  
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Figure 5.3 Circuit diagrams for measurement of: (a) Open-circuit voltage and (b) Short-

circuit current and current at different resistance loadings. 

5.3.3 Mechanical and Electromechanical Test 

For tensile tests, samples were prepared in a dog bone shape (ASTM D412) and tested 

using a material test system (5969, Instron) at a strain rate of 5 mm/s. The SLM-elastomer 

composite was stencil printed at the dog bone center with dimensions of 8 mm × 120 mm 

× 1.5 mm. After printing and curing, another silicone layer (same thickness with SLM-

elastomer composite) was used to fill a larger area outside the composite. The sample was 

cut into a dog bone shape using a laser cutter (VLS3.50, Universal Laser System). For the 

measurement of resistance change with applied stain, two conductive fabric strips 

(Sparkfun Electronics) were placed before stencil printing. The external analog data from 

the materials testing machine and voltage signal from the voltage divider circuit were 

collected using a USB DAQ (USB-6002, NI) with a sampling rate of 300 Hz through the 

serial interface (MATLAB, 2019a). For electrical output measurement at different strain, 
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SLM-TENG samples were fabricated in dimension of 25 mm × 70 mm × 1.5 mm, and we 

built an acrylic stretching holder to apply the desired strain to SLME-TENG samples. 

Cyclic stretching was conducted with materials testing machine as well. After desired 

number of stretching, the SLM-TENG was released from materials testing machine and 

tested using the reciprocating motion system. 

5.4 Influence of LM Concentration on Electrical Performance 

I first evaluated TENG output during cyclical mechanical tapping of SLM-elastomer 

composites with LM concentrations (ϕ) varying from 10 vol% to 50 vol%.  The 

reciprocating motion system was employed to repeatedly tap (i.e., contact-separation 

movement) the SLM-TENGs with a frequency of 1 Hz.  An aluminum sheet (2 × 2 cm2) 

was used as the second electrode in the characterization tests, whereas human skin was 

used for the wearable demonstrations presented later. As shown in Figure 5.4, SLM-

TENGs with different ϕ exhibit similar average peak open-circuit voltage (Voc) and peak 

short-circuit current density (Jsc) in the range of 557 ~ 604 V and 11.8 ~ 12.9 µA/cm2, 

respectively. Similarly, the average of the peak transferred charge density at short circuit 

(σsc), which is determined by integrating Jsc over each tapping time, was comparable for all 

ϕ and within a range of 483 ~ 501 nC/cm2.  As the microscopic images of cross section of 

SLM-TENGs shown in Figure 5.5a to Figure 5.5e, the thickness of PDMS-rich layer 

decreases as the increasement of LM concentration. However, there is no significant 

difference in the thickness of PDMS-rich layer. The reason is that the process of mixing 

EGaIn at different LM concentration leads to different LM droplets size. Lower LM 

concentration leads to larger LM size which results in lower package density, i.e. more 
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PDMS between LM conclusion, as the example shown in Figure 5.5f (10 vol%) and 

Figure 5.5g (50 vol%). The similar PDMS-rich layer thickness and sufficient percolation 

of LM inclusion in LM-rich layer (enough electrical conductivity) result in similar 

electrical parameters of SLM-TENGs with different LM concentration. 

 

Figure 5.4 Electrical output measured by the open-circuit voltage (Voc), areal short-circuit 

current density (Jsc), and areal transferred charge density (σsc), of SLM-TENGs for various 

LM concentration from 10 vol% to 50 vol%. The solid traces represent repeated cycles for 

each volume content and correspond to the bottom x-axis. The solid dots represent average 

values over n = 4 cycles. The dashed traces are guides for the eye to connect each volume 

content (referenced on the top x-axis). 

 

Figure 5.5 Microscopic images of cross section of SLM-TENG with different LM 

concentration of (a) 10 vol%, (b) 20 vol%, (c) 30 vol%, (d) 40 vol%, and (e) 50 vol%. 

Microscopic images of top view of SLM-TENG with LM concentration of (f) 10 vol%, 

and (g) 50 vol%. 
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5.5 Influence of LM Concentration on Mechanical Properties 

We next studied the mechanical properties of SLM-TENGs under tensile loading for LM 

concentration ranging from ϕ = 0 vol% to 50 vol%. Three specimens were tested at each 

LM concentration. Representative stress-strain curves for SLM-TENGs are presented in 

Figure 5.6a. From this data, we extracted the strain limits of SLM-TENGs (Figure 5.6b) 

and calculated elastic moduli at low-strain regime (0-30%) (Figure 5.6c) for each ϕ.  The 

results in Figure 5.6b show that these SLM-TENGs can undergo large deformations (strain 

limit>500%). In addition, stiffness is reduced as LM concentration increases, e.g., 59 kPa 

± 3.8 kPa at ϕ = 10 vol% and 44 kPa ± 1.2 kPa at ϕ = 50 vol% (Figure 5.6c). This skin-

like stiffness makes SLM-TENGs an excellent candidate for wearable energy harvesting. 

The SLM-TENGs (Figure 5.7) also exhibited very little additional hysteresis relative to 

the unfilled material in the mechanical properties when comparing the unloading with the 

following loading stress-strain curves. 

 

Figure 5.6 (a) Representative stress-strain curves of pristine silicone and SLM-TENGs with 

different LM concentrations. (b) Strain at break as a function of LM concentration. (c) 

Tensile modulus (measured to 30% strain) as a function of LM concentration. 
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Figure 5.7 Stress-strain curves of laminated LM-elastomer composites with different LM 

content at cyclic tensile loading highlighting hysteresis: (a) Pristine, (b) 10 vol%, (c) 20 

vol%, (d) 30 vol%, (e) 40 vol%, and (f) 50 vol%. 

5.6 Electromechanical Performance 

The dependence of strain on the electrical resistance of the SLM-TENG electrodes was 

also monitored for different LM concentrations (Figure 5.8a). For three of the composites, 

the resistance increased slightly with strain, although this increase is much less than that 

expected from Pouillet’s Law, which states that resistance increases as the length increases 

and the cross-section area decreases. For two of the composites, the resistance decreased 

with strain, with a step-like dependency at certain values of strain. We attribute these 

decreases in resistance to the stress-induced rupture a coalescence of LM inclusions[140, 

141]. In either case, compared to the large internal resistance of the SLM-TENGs, these 

changes in resistance with strain will have negligible effect on the electrical output of SLM-

TENG[142]. We then studied the electrical output of a 10 vol% SLM-TENG at different 

tensile strain. As shown in Figure 5.8b, the Voc, Jsc, and σsc decreased from 0% to 200% 
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strain and then were stable from 200% to 500%. We believe that this trend is due to the 

competing effect of capacitance change of TENG, which is controlled by change in 

thickness of PDMS-rich tribolayer, and strain-induced change in the dielectric constant of 

the PDMS-rich tribolayer during stretching. 

 

Figure 5.8 (a) Resistance change of electrodes of SLM-TENGs with different LM 

concentrations as a function of applied tensile strain. (b) Electrical output of SLM-TENG 

(10 vol%) at different tensile strains. The solid traces represent repeated cycles for each 

applied strain. The solid dots represent average values over n = 4 cycles. The dashed traces 

are guides for the eye to connect each applied strain. 

Before the energy generated in the TENG is released to the external circuitry, the total 

charge of the TENG device should be conserved (net charge = 0). Thus, we can define the 

total charge on the EGaIn-rich electrode as Q; on the silicone-rich dielectric as (σ·S); and 

on Al electrode as (-σS-Q). The value σ is the charge density of transferred electrons on 

the surface of triboelectric layer. S is the area of alumina electrode. The voltage across the 

TENG can be modeled as two capacitors in series (Figure 5.9), where the voltage across 

one capacitor, Vcap = Qcap/Ccap, with Qcap and Ccap representing the charge on either plate 

and the capacitance of the capacitor, respectively. The open-circuit voltage can be 

expressed as: 

𝑉𝑜𝑐 = 𝑉1 + 𝑉2 =
𝑄−𝜎𝑆

𝑆𝜀𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒(𝜆)
𝑑(𝜆) +

𝑄

𝑆𝜀0
𝑥  

where εsilicone(λ) is dielectric constant of silicone-rich tribolayer and dependent on strain. ε0 

is dielectric constant of vacuum. d(λ) is the thickness of silicone-rich dielectric tribolayer, 

dependent on strain. V1 is the voltage between alumina electrode and the surface of PDMS-

rich tribolayer. V2 is the voltage between the surface of PDMS-rich tribolayer and EGaIn-
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rich electrode. x is the thickness of air layer. We assume the SLM-TENG is incompressible, 

and thus the thickness of the silicone-rich layer can be expressed: 

𝑑(𝜆) =
𝑑0

√𝜆
 

where λ is the elongation ratio of SLM-TENG. The open-circuit voltage can then be 

expressed as: 

𝑉𝑜𝑐 =
𝑑0(𝑄−𝜎𝑆)

𝑆
⋅

1

𝜀𝑠𝑖𝑙𝑖𝑐𝑜𝑛𝑒(𝜆)⋅√𝜆
+

𝑄

𝑆𝜀0
𝑥 , 

where 
𝑄

𝑆𝜀0
𝑥  and 

𝑑0(𝑄−𝜎𝑆)

𝑆
 can be considered as constant when Voc reaches maximum value 

at different strain. The dielectric constant of the silicone-rich layer (εsilicone (λ)) decreases 

with stretching [38].  Note that the Al electrode has a constant area, so there is no 

dependence of the Voc on the changing area during stretching. In this way, it is possible for 

the open-circuit voltage to decrease with stretch up to 200% strain and then remain constant 

when stretched beyond 200% strain due to the competing effects of reduced dielectric 

constant and thickness of the silicone-rich tribolayer.  

 

Figure 5.9 Schematic of SLM-TENG for calculation of voltage as a function of strain 

5.7 Long-term Repeatability of SLM-TENG 

The long-term repeatability of the SLM-TENG was evaluated by performing cyclic 

stretching (Figure 5.10a) and tapping (Figure 5.10b). For long-term stretching tests, we 

cyclically applied tensile stretching to the SLM-TENG up to 100% strain. After an arbitrary 

number of stretching cycles, the output performance of the SLM-TENG was evaluated at 

0% strain.  Figure 3a shows stable output performance of SLM-TENG over 10,000 
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stretching cycles.  For the long-term tapping test, the SLM-TENG exhibited stable output 

performance over 10,000 tapping events (Figure 5.10b) after an initial break-in period 

(~100 tapping events). At the end of the break-in period, the accumulation of transferred 

charge from the tribolayer due to contact triboelectrification was saturated. Because of this 

break-in characteristic, the previous data of output performance was collected after the 

composites exhibited stable electrical characteristics. 

 

Figure 5.10 (a) Electrical output of SLM-TENG at relaxed state after stretching to 100% 

strain for up to 10,000 cycles. (b) Electrical output of SLM-TENG for up to 10,000 tapping 

events. 

5.8 Representative Applications 

5.8.1 SLM-TENGs Integrated Fabrics 

One important characteristic of wearable TENGs is their versatility of design when 

considering integration with textiles and clothing. Wearable devices may be integrated 

directly into clothing, which could be made of various material compositions and surface 

topographies. SLM-elastomer composites demonstrate great versatility of integration with 

fabrics, and SLM-TENGs are compatible with different commercially available fabrics 

including different material compositions (e.g. nylon, spandex and polyester) and different 
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surface textures (e.g. knitted, meshed, and textured) (Figure 5.11a). Figure 5.11b presents 

corresponding electrical output of SLM-TENGs integrated into various fabrics.  These 

results highlight the potential for wearables that use SLM-TENGs and demonstrate that 

SLM-TENGs would not be limited to a restricted design space regarding manufacturing.  

 

Figure 5.11 SLM-elastomer composites integrated with various stretchable fabric materials 

demonstrating SLM-TENGs on materials relevant for wearable technologies. (a) 

Photographs of SLM-elastomer composites incorporated into various stretchable fabrics of 

different material composition and weaves/textures. The textures of the fabrics are shown 

in the inset. (b) Electrical output of corresponding SLM-TENGs. The scale bars are 10 mm 

and 2 mm for main photographs and insets, respectively. 
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5.8.2 Wearable SLM-TENGs as Power Source for Electronic Devices 

 

Figure 5.12 (a) Circuit diagram of the power management system for the SLM-TENG that 

is used to power a wrist-mounted digital hygro-thermometer. The inset shows a photograph 

of the digital hygro-thermometer. (b)-(d) Voltage of capacitor power bank under charging 

and discharging cycle using reciprocating tapping between charging and discharging: (b) 

100 mH/470 µF, (c) 10mH, 470 µF, (d) 100 mH, 100 µF. 

To power wearable electronics, the pulsed and alternating current output from SLM-

TENGs must be converted to direct current and stored as electrostatic energy, enabling 

useful power generation from human motion. As the circuit diagram shown in Figure 

5.12a, this power management system is composed of a bridge rectifier, a capacitor, an 

inductor, a diode, and a switch. The bridge rectifier converts alternating current from SLM-

TENG to direct current, which then charges the capacitor power bank. The inductor is used 

to stabilize the discharging current. Before harvesting energy from the wearable SLM-

TENGs, we first evaluated the power generation using the experimental setup used in 
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previous experiments. The voltage of the capacitor power bank was recorded during 

charging and discharging cycles using a 100 mH inductor and a 470 µF capacitor (Figure 

5.12b). The first charging cycle took SLM-TENG ~ 900 s when tapping at 1 Hz to boost 

the voltage from 0 V to 1.35 V. The generated voltage powered the digital hygro-

thermometer for ~ 20 s until the voltage of capacitor power bank dropped below ~ 0.9 V. 

The second charging cycle needed ~ 600 s to boost the voltage back to 1.35 V. The 

subsequent charging and discharging cycles were repeatable, suggesting stable power 

generation and management.  We also evaluated power management with different 

combinations of inductor and capacitor, which show similar charging and discharging 

behaviors as observed for the first set of inductor and capacitor (Figure 5.12c and Figure 

5.12d). 

To demonstrate the potential of this wearable SLM-TENG as a power source, two 

representative wearable SLM-TENGs (Figure 5.13a) were fabricated to convert energy 

from human motion generated during running on a treadmill (Figure 5.13b) to electrical 

energy that can power a commercially available digital hygro-thermometer for 

environmental sensing (Figure 5.12a-inset). Wearable SLM-TENG patches were placed 

on my knees(Figure 5.13a-left) to demonstrate the potential to harvest energy from human 

motion during running on a treadmill. We selected a 100 mH inductor and a 470 µF 

capacitor for this demonstration. The SLM-TENGs were placed loosely on top of the knees 

to enable a repeated contact-separation movement of the SLM-TENGs relative to the 

kneecap (Figure 5.13b). Two stretchable fabric strips were used to mount the SLM-TENG 

patches in place.  As shown in Figure 5.13c, ~ 600 s running on treadmill charged the 

capacitor from 0 V to 1.6 V, which can drive the digital hygro-thermometer and electronic 
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display for ~22 s. We also integrated two SLM-TENGs into exercise clothing, curing the 

SLM composite directly atop the fabric (Figure 5.13-right). While running on the 

treadmill, the SLM-TENG exercise clothing had a contact-separation movement with the 

skin of the thigh to harvest motion energy. Due to the clothing patch having a larger 

working area compared to the knee-mounted patch, the capacitor power bank was able to 

charge from 0 V to 1.8 V within 133 s and could power the hygro-thermometer and display 

for 47 s. After this initial charging of the capacitor power bank, the wearable SLM-TENG 

power system could nearly power the digital hygro-thermometer continuously. 

 

Figure 5.13 (a) Photographs of stretchable SLM-TENG patches: on the knees (left), 

integrated into exercise clothing (right). (b) Photographs of SLM-TENGs patches on knees 

during running on treadmill showing contacted and separated TENGs on knees. (c) Voltage 

of capacitor power bank while charging and discharging during running, using the SLM-

TENG patches on the knees to harvest energy from human motion. Photographs of the 

patches and the contact area of the skin are shown in the inset. (d) Voltage of capacitor 

power bank while charging and discharging during running, using the SLM-TENGs 

integrated into exercise clothing to harvest energy from human motion. Photographs of the 

patches and the contact area of the skin are shown in the inset. 
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We note that when measuring the SLM-TENGs under different conditions of relative 

humidity (Figure 5.14), the device that operated in lower relative humidity (38 % at 19.8 

oC) had higher VOC than the device which operated in higher relative humidity (99% at 16.5 

oC). Notably, humidity conditions can change in different parts of the world, or even while 

exercising, so these considerations are important for evaluating and improving TENG 

power generation. 

 

Figure 5.14 Photographs and electrical output characteristics of SLME-TENGs under 

different relative humidity: (a) Low environmental humidity, and (b) High environmental 

humidity 

5.9 Summary 

In this chapter, I introduced a SLM-elastomer composite as an enabling material for 

wearable TENGs that can convert energy from human motion into electrical energy for 

near continuous operation of a fully integrated computing system with a processor, sensors, 
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and display.  The SLM-TENG exhibits a combination of ultra-stretchability (strain >500 

%), skin-like softness (modulus < 60 kPa), and electrical and mechanical durability 

(functional for >10,000 stretching cycles and >10,000 tapping events). Moreover, it is 

compatible with commercially available fabrics, which widens the design space for 

wearable TENGs. To demonstrate functionality, we integrated the SLM-TENGs into 

elastic garments that can be worn on the body and convert motion from running into 

sufficient electrical energy to charge a capacitor and power a hygro-thermometer device 

with a digital display. Such a demonstration shows that it is possible to create a soft and 

stretchable TENG that can be incorporated into clothing and harvest energy from repetitive 

body motion to power a body-mounted consumer electronic device. 

Possible future work could include multifunctional SLM-TENGs (e.g., combining power 

generation, sensing, and actuation) that can be synthesized using other polymer matrix 

materials such as shape memory polymers or liquid crystal elastomers. Electrical output of 

SLM-TENGs could be improved through careful matrix material selection or by modifying 

the surface to maximize charge generation.  As an engineering challenge, large area SLM-

TENGs integrated into clothing could be explored for continuous power generation. The 

concept SLM-TENGs outlined in this report can guide these future studies and serve as a 

foundation for future stretchable power sources used in wearable electronics.  
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Chapter 6 

Conclusions and Future Research 

6.1 Conclusions 

With the continued growth in stretchable electronics, researchers have been putting effort 

into developing soft and stretchable electronic materials that have better electrical and 

mechanical functionalities.  This includes novel material architectures with  higher 

dielectric permittivity for dielectrics, higher electrical conductivity for conductors, larger 

stretchability, and skin-like softness. Here, I have presented four soft and stretchable 

electronic materials that exhibit unique combinations of electrical and mechanical 

properties.  

• For the stretchable dielectric material, I developed liquid metal (LM) elastomer 

nanocomposites that enhance dielectric permittivity without degrading mechanical 

properties (stretchability and softness) and dielectric breakdown strength 

significantly. Due to these combined properties, the actuation force of DEAs and 

the energy converting efficiency of DEGs (form mechanical work to electrical 
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energy) increase 80% and 44% respectively by using LM-elastomer 

nanocomposites. This LM-elastomer nanocomposite has potential to enable high 

energy efficiency transducers.  

• For the stretchable conductive material, I introduced a phase segregated silver-

silicone (PS3) materials architecture that exhibits a combination of high electrical 

conductivity with small silver content, robust thermal stability (small TCR), and 

high mechanical stretchability (strain limit > 100%).  The unique performance 

combination of PS3 composites are enabled by the presence of core-shell silver 

coated PDMS beads and offers the potential to enable soft electronics to be used in 

high temperature environments that arise in manufacturing, materials handling, and 

cooking.  

• For a soft and stretchable multifunctional electronic material, I introduced 

transparent conductors with high elastic deformability and transparency typically 

suffer from significant electromechanical coupling and/or hysteresis. I developed 

liquid metal grid based elastic conductors that exhibit an exceptional combination 

of low sheet resistance (Rs = 2.95 Ω/sq), high stretchability (strain limit > 100%), 

high optical transparency (transmittance up to 85.3% at 550 nm).  The combination 

of properties demonstrated in this chapter and the versatile fabrication method of 

direct laser writing are attractive for enabling new applications in “second skin” 

wearable computing, human-computer interaction, and soft robotics that depend on 

soft, elastic, and optically transparent functionality.  

• For a soft energy harvesting material, I developed a new class of sedimented 

liquid metal (SLM) elastomer composites that are designed to have both a dielectric 
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elastomer-rich layer and conductive LM-rich layer. This SLM-elastomer can be 

directly used as stretchable and wearable triboelectric nanogenerators (TENGs). 

This SLM-TENG exhibits ultra-high stretchability (strain limit>500% strain), skin-

like compliance (modulus <60 kPa), reliable device stability (>10,000 cycles), and 

appreciable electrical output performance (max peak power density = 1 mW/cm2). 

6.2 Future Work 

Stretchable electronics have great potential to be used in biomedical devices or implants 

due to the similar mechanical properties between stretchable electronics and biological 

tissues.  For the safety of stretchable electronic devices for practical biomedical 

applications, biocompatibility of electronic materials with cells and tissues is essential.  As 

with the materials mentioned in this dissertation, most soft electronic materials are 

compose of organic polymers (e.g. PDMS) and inorganic components (e.g. metal particles). 

The organic polymers support the mechanical properties and inorganic components 

facilitate the electrical functionality. Organic polymers such as PDMS usually have 

excellent biocompatibility. Thus, the first step of testing the biocompatibility of stretchable 

electronic materials is to conduct cytotoxicity tests of the inorganic components (e.g. 

EGaIn, silver flakes). Live/dead assay is a typical protocol to test cytotoxicity of materials. 

The basic idea of live/dead assay is to stain cells with two different dyes after treatment of 

subject material. Different colors indicate live or dead state of cells which can reveal the 

cytotoxicity of subject material. For example, the subject material can be determined as 

cytotoxic if most/all cells are dead.  
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It should be noted that the selection of cell lines for cytotoxicity test is very important when 

performing cytotoxicity tests. For future studies of soft electronic materials, muscle cell, 

neuron cell, and cardiomyocyte could all be potential candidate cell lines for cytotoxicity 

test. The choice of what cell line to use is partially dictated by the intended use case.  

Applications of stretchable electronics in biomedical field are usually used to record 

bioelectrical signal or apply electrical stimulation to muscular, neural, or cardiac tissue. In 

cases when the inorganic material used for stretchable electronics in biomedical 

applications exhibits cytotoxicity, proper encapsulation with organic polymer may be a 

reliable solution for protecting contacting tissue. 
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