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Abstract

Progress in the fields of wearable computing, soft robotics and bio hybrid engineering depend on new
classes of soft multifunctional materials that match the mechanical properties of soft biological tissue
and possess high toughness, while having metal-like electrical and thermal properties. Elastomers
and polymers are popular because they are both soft (softer than skin, i.e. elastic modulus in the
order of hundreds of kPa) and highly stretchable (strain at failure of up to 700-900%). However
they generally have poor electrical and thermal properties, and low resistance to tear propagation.
Traditionally, rigid metallic and ceramic fillers have been embedded inside elastomers in order to
increase electrical, thermal and toughness properties of them. Even though these fillers can increase
the electrical and thermal functionalities of the composites, they significantly deteriorate their ex-
treme mechanical functionality; the same properties that make elastomers popular in the first place.
Due to the extreme mechanical mismatch between the soft host matrix and rigid inclusions, the fillers
significantly increase the stiffness and decrease the stretchability of the elastomers. I am taking a
different approach by embedding micro scale inclusions of liguid metals inside elastomers. Gallium
alloys (EGaln, eutectic gallium indium; or Galinstan, gallium indium and tin) are of particular in-
terest due to their low melting temperature (EGaln T, = 15.5°C, and Galinstan T,, = —19°C),
negligible vapor pressure, and non-toxicity. In an oxygenated environment a thin (0.5-3 nm) layer
of gallium oxide forms on the surface and makes the liquid moldable and printable. Since the liquid
metals have high electrical and thermal conductivity (o = 3.46 x 10°S/m and k = 26.4W/m.K),
using them as fillers enhances the dielectric and thermal properties of composites. The integration
of LM microdroplets increases the dielectric constant of liquid metal embedded elastomers (LMEEs)
to over 400% and displays a low dielectric dissipation factor. Importantly, This enhancement in
dielectric performance is achieved without degradation in mechanical compliance and stretchabil-
ity of the composite. The liquid inclusions inside the elastomer eliminates the internal compliance
mismatch occurs in rigid fillers composites and thus preserve the mechanics of host elastomer. By
shear mixing a soft silicone elastomer and EGaln, I achieved stiffness of less than 100 kPa and max-

imum strain at break of ~600%, virtually similar to the host material. Furthermore, soft dielectric
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materials typically exhibit poor heat transfer properties due to the dynamics of phonon transport,
which constrain thermal conductivity (k) to decrease monotonically with decreasing elastic modulus
(E). This thermal-mechanical trade-off is limiting for applications that require materials with both
high thermal conductivity and low mechanical stiffness. With LMEE composites, I overcome this
constraint with an electrically insulating composite that exhibits an unprecedented combination of
metal-like thermal conductivity, an elastic compliance. 1 achieve a ~ 25X increase in thermal con-
ductivity (4.7 £ 0.2 W/mK) over the base polymer (0.20 + 0.01 W/mK) under stress-free conditions
and a ~ 50x increase (9.8 + 0.8 W/mK) when strained. This exceptional combination of thermal
and mechanical properties is enabled by a unique thermal-mechanical coupling in which the liquid
inclusions can be elongated and align with each other to create thermally conductive pathways in
situ. In addition, this unique ultra deformability of liquid inclusions inside elastomers can give rise
to desirable fracture properties. Exploiting this high deformability of LMs, I observed that LMEEs
exhibit multi-modal toughening, where the fracture energy dramatically increases by means of (i)
increasing energy dissipation, (ii) adaptive crack movement, and (iii) effective elimination of the
crack tip. Using pure shear toughness measurements, I observed an increase in fracture toughness
by up to 50x (from 250 4 50 .J/m? to 11,900 4 2,600 .J/m?) over an unfilled polymer. The above-
mentioned combined properties arise from the deformability and dynamic rearrangement of the LM
inclusions during loading. Hence, the extent of temperatures in which the micron-sized inclusions
phase remains liquid is significantly important for reliable performance. Surprisingly, micro droplets
of EGaln inside a silicone elastomer remain liquid above T' = —65°C'. This reduction in freezing
temperature of EGaln particles is due to i) supercooling of the liquid metal ii) micron scale size of
the inclusions, and ii) existence of smooth layer of elastomer isolating each inclusion. In closing,
a combination of i) elasticity similar to soft biological tissue, ii) metal-like thermal and dielectric
properties, and iii) ultra toughness, with a wide range of temperatures that these properties remain
active, can enable elastomers to play a more active role in wearable computing, soft robotics and and

bio-inspired engineering applications.
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Stretchable, high-k dielectrics based on liquid metal embedded elastomers (LMEE).
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elastic modulus versus dielectric constant for a variety of insulating materials, 133139

showing the unique combination of low modulus and high dielectric constant of LMEEs.

3D microstructure of a silicone LMEE. The image presents an orthoview of a silicone
LMEE with ¢ = 50% acquired through 3D X-ray imaging using a nano-CT scanner.
The image shows the absence of a percolating network that could result in electrical

conductivity or shorting. The scale bar is 20 pm. . . . . . . . . ... ...

Particle analysis of silicone LMEE. Column 1, Optical micrographs of silicone (Ecoflex
00-30) LMEE ranging from ¢ = 10-50%. The scale bar is 50 gm. Column 2, Thresh-
olded image. Column 3, Ellipses fit to the particles in the thresholded image overlaid

on the optical micrographs. The size of the analyzed area is 400 x 300 gm. . . . . . .

Particle analysis histograms of silicone LMEE. (a) Histogram of the percent of analyzed
particles versus major radii for different loadings of liquid metal (eGaln), ranging from
10 < ¢ < 50. (b) Histogram of the percent of analyzed particles versus the particle
shape parameter (p = r3/r1). (c) Histogram of the percent of analyzed particles versus

particle area. The size of the analyzed area is 400 x 300 pm. . . . . . . . . ... ...
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Indentation of LMEE and measurement of conductivity (a) Films of LMEE materials
with ¢ = 50% were indented with the side of a rigid cylinder to examine if this
compression induced any electrical conductivity. EGaln was applied to the edges of
the indented area to improve electrical contact and ensure accurate measurement of
resistance across the compressed area. (b) Indentation was not found to induce any
conductivity in the silicone (Ecoflex 00-30) or polyurethane (Vytaflex 30) LMEEs,

demonstrating their robust dielectric properties. . . . . . . . . ... ... L.

Design and evaluation of silicone LMEE dielectric properties. a) Plot of relative per-
mittivity at 100 kHz frequency versus volume fraction loading of liquid metal (¢) in
the elastomer, the line is the theoretical prediction of Equation (2.4.1) with p = 1.49 +
0.36 and the shaded region is +1 s.d. in p. b) Plot of dielectric constant as a function
of testing frequency for ¢ = 0% and ¢ = 50% showing an increase of over 400% for the
filled system relative to the unfilled system. c) Plot of dielectric dissipation factor as
a function of testing frequency showing the low dissipation of the LMEEs. Error bars
= +1 s.d. and error bars smaller than the symbol size are omitted. d) Plot of effective
relative permittivity versus testing frequency for polyurethane LMEEs at ¢ = 0% and
¢ = 50%. b) Plot of dielectric dissipation factor ( D ) as a function of frequency for
the polyurethane LMEEs, showing low dissipation. ¢) The dielectric performance of
the LMEES is generalized by plotting effective normalized permittivity for both the
silicone and polyurethane LMEEs, where the data collapse onto a single line described
by Equation 2.4.1 with p = 1.49 4+ 0.36. Error bars = 41 s.d. and error bars smaller

than the symbol size are omitted. . . . . . . . .. ... .. oL
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Different EMT Models for silicone LMEEs. Plot of effective relative permittivity e,
versus volume fraction of particles ¢. Symbols with error bars are the silicone LMEE
experimental data. Black solid curve is Nan et al.["% formulation with aspect ratio of
1.49. Blue dashed curve is Maxwell-Garnett (MG), which can be recovered from the
Nan model when p=1 and (cos?§) = 1/3, and the red dotted line curve is Bruggemann
effective medium theory with the assumption of €, /¢, — co. The Bruggemann formula
is known to overpredict the effective permittivity when the ratio of particle to matrix

conductivity is assumed to be infinite, which is consistent with our experiments. [143:145]

Mechanical characterization of LMEEs. (a) Stress versus strain plot for LMEEs from
¢ = 0—50% tested until failure. The image shows the ¢ = 50% at 0% and 600% strain,
scale bar, 25 mm (b) Plot of elastic modulus (measured to 10% strain) as a function
of the volume fraction loading of liquid metal (¢), the dashed line is the prediction of
Equation 2.5.1 showing the increase in modulus due to the liquid metal inclusions (F;
= 320 kPa). (c) Strain at break for the LMEEs as a function of ¢. Error bars = £ 1

s.d. and error bars smaller than symbol size are omitted. . . . . . . . ... ... ...

Mechanical cyclic tests of LMEE. a) Stress vs. strain curves for 50% volume ratio of
LM. b) 10% elastic modulus after each strain step. ¢) converged values of 10% elastic
modulus after cyclic test until 200% strain, with strain at break for ¢ = 0%, 30%, and

BO%.

Stress vs strain curves of high cyclic mechanical tensile test for LMEE with ¢ = 50%.

Blue is the first cycle, green is the cycle number 1000, and red is cycle number 1M.

a) Electromechanical coupling strain to break curve showing the (left axis, blue circles)
increase of capacitance (C) relative to the initial capacitance (Cp) and (right axis, black
squares) dielectric constant calculated from Equation (2.6.1) as a function of stretch.
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Soft, thermally conductive composite. a) Highly deformable LMEE. (scale bars, 25
mm.) b) EGaln alloy is liquid at room temperature and shows fluid characteristics
as demonstrated by falling droplets. (Scale bar, 10mm.) c¢) Schematic illustration of
the LMEE composite where LM microdoplets are dispersed in an elastomer matrix
and, upon deformation, the LM inclusions and elastomer elongate in the direction of
stretching. d) Alternating strips of LMEE and unfilled elastomer are heated with a
heat gun, and the IR photo time sequence shows the LMEE dissipating heat more
rapidly than the elastomer (images correspond to t = 0, 5, 10, and 15 s after the heat
source is removed). (Scale bar, 25mm.) e) The ¢ = 50% LMEE composites described
here occupy a unique region of the material properties space when comparing thermal
conductivity with the ratio of strain limit to Young’s modulus. (Data points are from

refs [1507157,159,162])

Change in temperature (AT) versus time for a) glycerol and b) water. Data symbols
represent the average and the shaded areas correspond to the standard deviation for

the 50 measurements at each condition. . . . . . . . . . . .. ...

Change in temperature (AT) versus time for LMEE with & = 0—50% volume fraction.
Data symbols represent the average and the shaded areas correspond to the standard

deviation for the 100 measurements for each condition. . . . . . . . . . . . . . . ...

AT versus time for ® = 50% for the axial wire at ¢ = 0% and 400%, which demon-
strates good agreement with the three parameter fit explained in the supplementary
information. The symbols are the data points for each run and the lines represent the

corresponding three parameter fit. . . . . . . . .. ... oL
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AT versus time of ¢ = 0%, 30% and 50% for the axial and transverse wire up to
400% strain in 100% strain steps. Data symbols represent the average and the shaded
areas correspond to the standard deviation for the 5 measurements for each condition.
Hotwire lengths can vary between tests resulting in a non-monotonic temperature
change across strain steps. This is accounted for by q, the volumetric heating of the

wire per unit length, when calculating thermal conductivity. . . . .. .. ... .. ..

Thermal-mechanical behavior of the LMEE composite. a) Thermal conductivity versus
LM volume fraction (¢) in the stress-free state. The programmed sample refers to a
composite that has been stretched to 600% strain and then relaxed to an unloaded
state. Here the symbols are the experimental measurements, and the solid curve
represents the theoretical prediction from the Bruggeman EMT formulation (n = 100
volume fraction dependence, n = 5 programmed samples). b) Schematic of the THW
method to measure anisotropic thermal conductivity under deformation. c) Plot of
thermal conductivity in the stretch direction versus strain for the elastomer and the
LMEE composites. Upon stretching, the LMEE approaches the thermal conductivity
of stainless steel and is 50x greater than the unfilled elastomer. (n = 5). d) Optical
micrographs of the 30% LMEE microstructure during stretching, with the images
corresponding to 0 to 400% strain in 100% increments (from top to bottom). e)
Normalized thermal conductivity as a function of strain (black open symbols are ¢ =
30%, and cyan closed symbols are ¢ = 50%; n = 5). The solid line represents the
predicted behavior for the y direction, and the dashed line is the prediction for the
x and z direction from our model. The images are representative images of the LM
inclusions during the deformation process. f) Thermal conductivity comparison for

different LM volume fractions (¢) and stress states (n =15).. . . . . . ... ... ...
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3.7 Programmed material. a) Stress vs strain curve for fabrication of shape programmable
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LMEE with 50% volume ration of LM. b) Optical micrograph of programmed LMEE
with 50% volume ratio of liquid metal. Scale bar is 50 um. Change in temperature
(AT) versus time for c¢), axial and d), transverse wire for the programmed LMEE

samples. . ..o

Temperature dependence. a) Schematic of the testing setup. b) Compiled data show-
ing the ® = 50% thermal conductivity stretch dependence for 0°C, room temperature,
and 60°C (n=>5, error bars represent £ 1 s.d.). Good agreement is observed between the
three temperatures, with k, varying by an average of 8.3% from the room temperature
measurement over all strains (maximum variation of 17% at 400% strain and 60°C). c)
AT versus time of ¢ = 50% for the axial and transverse wire up to 400% strain in 100%
strain steps. Data symbols represent the average and the shaded areas correspond to
the standard deviation for the 5 measurements for each condition. Hotwire lengths
can vary between tests resulting in a non-monotonic temperature change across strain
steps. This is accounted for by q, the volumetric heating of the wire per unit length,

when calculating thermal conductivity. . . . . . . .. ... ... o000

Cyclic testing. a) Thermal conductivity for a ¢ = 50% composite tested at a strain
(€) of 0% and then stretched to 200%. The sample is then cycled 1000 times up to
a strain of 200%. Thermal conductivity is then evaluated after the 1000 cycles at a
strain of 200% (n=>5, error bars represent + 1 s.d.). b) 10% modulus and ¢) induced

plastic deformation as a function of number of cycles. . . . . . . .. ... ...
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3.10 Soft robot and stretchable electronics implementation of the LMEE composite. a) Soft

3.11

4.1

robotic fish composed of a silicone body and caudal fin connected by an LMEE-sealed
SMA actuator. b) Top-down view during forward caudal fin locomotion. ¢) LMEE,
unfilled silicone elastomer, and commercial thermal tape actuated at a frequency of 5
Hz. d) LMEE actuated at 1-, 5-, and 10-Hz signal. e) Time sequence images of the soft
robotic fish swimming with a stroke frequency of 0.7 Hz. f) XHP LED lamp mounted
on an LMEE composite stretched to 400% strain with a sequence of IR images during
LED operation. g) The same experiment on an elastomer sample where the sample
breaks at 60 s due to significant localized heating. h) Temperature versus time plots
for the IR image sequence, where the temperature is measured across the sample’s
length. LED is turned on and off at t = 0 s and t = 70 s, respectively. i) An XHP
LED is mounted to a strip of LMEE that is wrapped around the leg and shows high

brightness during j) running and k) cycling. . . . . .. ... ... o oL,

Theoretical prediction for dependence of effective modulus of inclusions (£*) on droplet
radius (R) for E = 85 kPa and v = 0.5 N/m. The prediction is based on a theory
reported in Style et al. '
A) A soft and tough LMEE film is notched and easily deformed without crack propa-
gation. The inset is an optical micrography of LMEE in an undeformed state. B) The
extreme tear resistance of LMEE is demonstrated by adding a notch to a 50% LM
volume ratio sample stretched to 300% strain. As stretching continues, the notch is
completely blunted through an autonomous tear elimination mechanism. C) Schematic
of different mechanisms of dissipating external mechanical work in a notched sample.
i) In an unfilled polymer, energy dissipation arises from intrinsic dissipation as poly-
mer chains break, I'g. ii) Addition of rigid inclusions increases the size of the process
zone and enhances the fracture energy by increasing the mechanical dissipation, I'p.
iii) Elongation of liquid droplets creates preferential and adaptive crack deformation

that eliminates the notch and increases mechanical dissipation by an amount I'4. . . .
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A) Horizontal crack movement in a notched experiment of an unfilled polysiloxane with
a sample at i) unstretched state, ii) 65%, and iii) 125% strain. B) Similar horizontal
crack movement in 30% volume fraction rigid particles at i) unstretched state with a
representative inclusion morphology shown, ii) 200% strain where the representative
rigid inclusion is undeformed, and iii) 325% strain. Representative optical micrographs
during stretching are shown at (iv-v). C) Longitudinal crack movement and crack
elimination in 50% volume fraction liquid metal inclusions, with the LMEE sample at i)
unstretched state with a representative inclusion morphology shown, ii) at 100% strain
where the representative liquid inclusion is elongated, iii, iv) with 400% and 500% and
vertical tear movement, and at v) 650% where the tear is completely eliminated. The
optical micrographs (vi-x) represent the circled regions in the photographs at the

corresponding strains. . . . . . . . ... L

Particle size distribution of a) 30% volume ratio of rigid Fields metal inside Ecoflex
00-30, b) 50% volume ratio of liquid metals inside Ecoflex 00-30, and ¢) 50% volume

ratio of liquid metals inside Dragon Skin 10 Slow, using image analysis?%l. . . . . . .
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A) Stress vs strain curve for pure shear tests performed on 70 mm x 10 mm samples
of unfilled Ecoflex and LMEE with 50% LM volume ratio. Black and dark green
are un-notched Ecoflex and LMEE. Brown and light green are Notched Ecoflex and
Notched LMEE. B) Comparison between the fracture energy I' of unfilled Ecoflex
(dark grey), 50% volume fraction of LM inside Ecoflex (green), unfilled Dragon Skin
(light grey) and 50% volume fraction of LM inside Dragon Skin with higher intrinsic
fracture energy (blue). C) Plot of critical strain €. (strain at the maximum force), as a
function of LM volume fraction. D) The increase in fracture energy as a function of LM
volume fraction. In region I, the fracture energy enhancement is due to the increase
in mechanical dissipation in a similar manner to rigid inclusions. In contrast, for
region II, large enhancement is due to a crack deflection and elimination mechanism.
E) Comparison between fracture energy of LMEE and RPEE in region 1. F) Relation
between enhancing the fracture energy and (})tensile modulus at the first loading cycle
of LMEE and RPEE composites. Dashed lines are curves corresponding to different

values of the elasto-adhesive length scale, p*. . . . . . . . ... . ... ... ... ...

High resolution optical image of LMEE with ¢ = 50%, at strain of 100%. As a few
representative droplets are highlighted, inside the process zone the droplets are highly

elongated while outside of this zone the deformation is smaller and fairly uniform.

Notch sensitivity of LMEE with 50% volume fraction of liquid metal. This is the plot

of critical strain (corresponding to a maximum force) as a function of crack length. . .

Stress vs strain plots for pure shear experiments of LMEE Ecoflex samples with dif-
ferent volume fraction of liquid metal. As mentioned in the manuscript, the sample
lengths are 5mm and 10mm for region I (¢ < 40%) and region IT (¢ > 45%), respec-

tively. . .
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Mechanical cyclic (3 cycles) tests with strain steps at 20%, 40%, 60%, 80%, 100%,
150% and 200%. Mullins effect is observable in all three samples of 50% volume
fraction LMEE (green), 30% volume fraction LMEE (blue), and 30% volume fraction

A representative plot of Differential Scanning Calorimeter measurement for EGaln.
Differential Scanning Calorimetry for unfilled Elastomer, Ecoflex 00-30 . . . . . . ..
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Chapter 1

Introduction

Reference:

N. Kazem, T. Hellebrekers, and C. Majidi, “Soft Multifunctional Composites and Emulsions with
Liquid Metals”, Advanced Materials, 2017.

Machines and electronics composed of rigid metals, plastics, and semiconductors can be engi-
neered to be extremely precise, powerful, and applicable to a wide range of tasks.!!! However, these
technologies have poor capabilities for physical interaction with humans due to the extreme mechan-
ical mismatch between the building blocks of these machines and soft tissues. Furthermore, most of
the natural environment around us is comprised of soft materials that are able to deform and adapt
to their surroundings. Over the last decade, extensive research efforts have been directed toward
improving this mechanical mismatch with the goal of making machines and devices that can assist
humans and be safe around people. Interdisciplinary fields like soft robotics and bio-hybrid engineer-
ing have emerged to address challenges in human-machine interactions and bridge the technological

gap necessary to develop multifunctional and human-compatible machines.

To this end, material scientists, chemists, and mechanicians have an especially important role
and “should not miss the opportunity’ to be part of the revolution in robotics and human-machines
interaction.? In particular, these scientists can promote progress by introducing new classes of soft

multifunctional materials that match the mechanical properties of soft biological tissue, possess me-



chanical reliability (toughness), while having metal-like electrical and thermal properties. In the fol-
lowing sections, I discuss recent efforts to create multifunctional soft and stretchable systems. This
includes research in elastomer composites, >4 graft copolymers,®) deterministic architectures, ©7 soft
microfluidic, ®! and microsolidic['?! systems in which an elastomer is embedded with microchannels
of a fluid or low-melting-point material. Next, I review the material choices for engineering soft

multifunctional systems and close by presenting the objectives of this dissertation.

1.1 Background

Since the early 2000s, there has been remarkable progress in new classes of soft and stretchable elec-
tronics that are mechanically robust and compatible with human tissue. ! Some of these technologies
incorporate soft conductive materials that have been under development for decades: metalized tex-

[12-18] " and rubbery nanocomposites composed of a percolat-

tiles")| conductive conjugated polymers
ing network of metal nanoparticles or carbon allotropes embedded in an elastomer.**2%) There has
also been rapidly growing interest in the use of 1D and 2D nanomaterials for flexible and stretchable
electronics. ?'-2%1 This includes 3D aerogels with carbon nanotubes?6! and Ag nanowires?” (Fig. 1.1a)
and related efforts to perform Brownian dynamic simulations on generalized “patchy rods” networks
(Fig. 1.1b).28 Other approaches to stretchable functionality are based on patterning thin metal films
into wavy or serpentine shapes that can stretch through elastic bending or torsion.® A key advantage
of this approach is that it can be extended to thin semiconductor films for stretchable np junctions

o [20

and logic arrays.?” Using novel lithography techniques they can be integrated with conventional

microelectronics for creating fully-functional circuits on a stretchable carrier medium. 3039

In the last decade, there has also been extraordinary progress in the emerging field of soft-
matter electronics with Ga-based LM alloys such as eutectic gallium-indium (EGaln, Fig. 1.1d)
and gallium-indium-tin (Galinstan).**>! Such systems can be influenced by the unique wetting
properties and moldability of these alloys®? (Fig. 1.1e), which have a role in approaches like fluidic
injection®¥ (Fig. 1.1c and f). More generally, soft-matter electronics represent the class of electronic

materials and circuits that are composed entirely of soft condensed matter i.e. materials that deform



under light mechanical loading. These heterogeneous systems typically use soft elastomer®¥ as the
continuous phase and exhibit bulk mechanical properties similar to that of soft biological tissue.

In addition to liquid metal, soft-matter electronics have been successfully demonstrated using ionic

[55-59] 5 [60-62]

microfluidics and hydrogel

There have been several review articles that extensively cover the emerging field of Ga-based LM
microfluidic electronics. The focus of these articles range from circuit and sensing applications!4463:64
to emerging fabrication methods based on lithographic, additive, subtractive, and injection-based

techniques. 46:°095] More recent developments in LM microfluidics have been directed towards 3D

printing of microfluidic channels%%571 and applications of LM in antennas and resonators!45:48:51,68-76]

80-82]

electrodes!™ ™ and metamaterials! . In addition, there has been an increased focus on exploring

different phenomena like electro-chemistry [*83399 wettability, and interfaces[1%0193) of liquid metals.

Figure 1.1: a) 3D network of silver nanowire. ?” b) Brownian dynamic simulation of rigid patchy rods
showing percolation path at 30% strain.®® c) Microsolidics with low melting point alloys (LMPA)
embedded in polydimethylsiloxane (PDMS).[% d) Eutectic gallium-indium (EGaln) alloy is liquid
at room temperature (Indium Corp.). e) Deposition of EGaln showing “moldability” through for-
mation of GayOs skin.[? f) Strain and pressure sensing with microfluidic channels of LM in a soft
elastomer. 104



1.2 Materials Overview

Efforts to incorporate liquid metal into soft elastomers began in the mid-2000s, with early work
focused on Pb-based low melting point alloys (LMPA).[1%1%] When heated, the molten solder is
injected into a microfluidic channel embedded inside an elastomer and then allowed to solidify at
room temperature. These so-called “microsolidic” devices (Figure 1.1c) are soft and flexible and
represent an inexpensive method for rapid fabrication of flexible printed circuit boards (PCBs). In
those applications Field’s metal (instead of Pb-based solder) is typically used due to its low melting
point and negligible toxicity. Ga-based LM alloys such as eutectic gallium-indium (EGaln; 75%
Ga and 25% In by wt., Figure 1.1d and e) and gallium-indium-tin (Galinstan; 68% Ga, 22% In,
10% Sn) are also popular liquid metals for soft microfluidic electronics (Figure 1.1f).21%] Both
alloys have a volumetric electrical conductivity of 3.4x10% S/m!'%") and thermal conductivity of 26.4
W/m-K at ~30°C.19%10 Compared to Hg, Fr, Cs, and other metals that are liquid at (or near)
room temperature, Ga-based alloys are especially attractive for their low viscosity (2 mPa-s) 1] ow
toxicity "% and negligible vapor pressure. Moreover, in an oxygenated environment, they form a
self-passivating Gay,Os oxide skin that dramatically reduces its surface tension. 3112113 The GayOs
coating has a thickness of ~0.5-3 nm["41%) and behaves like an elastic membrane that can support

(106,116

a maximum surface stress of 0.5-0.6 N/m. ] When broken, it reforms almost instantaneously,

allowing the droplet to be structurally self-stabilizing and moldable. 5117

Referring to Fig. 1.2, LM and LMPA systems span a wide range of length scales and architectures:
mm-scale channels embedded in elastomer %1% (Fig. 1.2A B), traces deposited on a substrate

with a pressurized syringe® (Fig. 1.2C), microscale traces printed with soft lithography ! (

Fig.
1.2D), electrochemically manipulated LM traces and fingering phenomena of LMs!®? (Fig. 1.2E), LM
droplets fabricated with hundreds of microns length scale using microfluidic devices'?% (Fig. 1.2F),

121 In general, EGaln, Field’s

and LM nanospheres synthesized with ultrasonication (Fig. 1.2H).
metals, and other low melting point alloys provide a great opportunity for further development and
integration of thermal and electrical functionalities in materials that are soft and stretchable without

degrading their mechanical performances.
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Figure 1.2: Applications of liquid metal alloy at different length scales. A) Microsolidics with LMPA
embedded in polydimethylsiloxane (PDMS).[*”) B) Strain and pressure sensing with microfluidic
channels of LM in a soft elastomer.!'% C) EGaln strain gauges produced by direct writing using a
pressurized syringe.''® D) Fabrication of microscale EGaln traces with stamp lithography. ' E)
LM droplet manipulation with voltage-controlled wetting and electrochemistry. 33 F) Synthesis of LM
microdroplets with microfluidics. '?”) G) Nanoscale LM droplets produced with ultrasonication. 2!

1.3 Objectives and Overview of Dissertation

In my thesis, I study a new class of soft multifunctional composites that have the potential to
satisfy many desired material properties required in the fields of soft robotics, wearable computing,
and human-machine interactions. Compared to rigid fillers, liquid metals represent a promising
alternative for the dispersion phase in elastomer composites. I have focused special attention on
“liquid metal embedded elastomer” (LMEE) composites. In LMEE systems, since the inclusions are

liquid phase, they significantly reduce the stress concentration at the interface between the matrix and



the fillers. This reduction in stress concentration can result in maintaining the mechanical properties
of the host elastomer. In addition, the liquid metals are electrically and thermally conductive and
can be used to tailor electrical and thermal properties of elastomers. In order to understand these

composites, I have pursued the following:

( )

1) Examine the mechanical properties of LMEE composites
2) Study the enhancement in relative permittivity and thermal conductivity of LMEEs

3) Examine the influence of liquid metals on fracture toughness of the composite

4) Examine influence of temperature on the linear viscoelasticity of LMEEs

\ J

The rest of this document is organized as follows: I first discuss the enhancement in dielectric
properties of rubbers by embedding liquid metals. Additionally, I describe the microstructure of
LMEEs using optical microscope images and nano Computed-Tomography (CT) scan, and charac-
terize the mechanical performances of LMEEs under tensile tests (Chapter 2). This is followed by
a discussion about the enhancement in thermal conductivity (Chapter 3), and fracture toughness
(Chapter 4) of the composite. In all of the properties that are explained in the following chapters,
the ability of LMs to deform and elongate as a result of background strain, plays an essential role
in the high functionality of the composite. Therefore, in Chapter 5, I investigate the extent of tem-
peratures in which low melting point alloys stay liquid inside elastomers, and hence LMEEs remain
highly functional. In the end, I will make concluding remarks and give my perspective on the relevant

future research directions.



Chapter 2

Liquid Metal Embedded Elastomers,
High-k Dielectric and Mechanical

Properties



Reference:

M. D. Bartlett*, A. Fassler®, N. Kazem, E. J. Markvicka, P. Mandal, and C. Majidi, “Stretchable,

High-k Dielectric Elastomers through Liquid-Metal Inclusions’, Advanced Materials, 2016.
and

N. Kazem™®, M. D. Bartlett*, M. J. Powell-Palm*, X. Huang, W. Sun, J. A. Malen, and C. Majidi,
“High Thermal Conductivity in Soft Elastomers With Elongated Liquid Metal Inclusions”, Proceed-

ings of the National Academy of Science, 2017.

2.1 Introduction

Soft electronic systems capable of sensing, actuating, and energy harvesting are key components
for emerging applications in wearable electronics, bio-compatible machines and soft robotics. 1227126l
Traditionally, the electronic properties of rubbery polymers like silicones, polyurethanes or copoly-
mers such as styrene ethylene butylene styrene are tailored by adding 10 - 30 % by volume of
inorganic fillers such as Ag powder, Ag-coated Ni microspheres, structured carbon black (CB), ex-
foliated graphite, carbon nanotubes, BaTiO3, TiO2, or other metallic, carbon-based, or ceramic
micro/nanoparticles. 127132 Although rigid particles have been incorporated into silicones, ure-

[133] the loadings required

thanes and acrylate-based elastomers to increase their dielectric constant,
to achieve significant electric property enhancement can degrade the mechanical properties of these
soft and stretchable material systems.'3%1347136 The inherently rigid nature of the inorganic filler
particles creates a dramatic compliance mismatch with the soft, stretchable elastomer matrix that
leads to internal stress concentrations, delamination, and friction that increase bulk rigidity, reduces
extensibility, and results in inelastic stress-strain responses that can limit long term durability at the

(136,137

mesoscale. I One approach to reduce this compliance mismatch is to use fluid fillers. This has

been investigated by Style et al. where ionic liquid inclusions modified the mechanical response of

soft elastomers, but electrical properties were not investigated. 138!



2.2 Liquid Metal Embedded Elastomers

In collaboration with my former lab-mates, Drs. Michael Bartlett and Andrew Fassler, I incorporated
liquid metal (M) microdroplets into hyperelastic materials to create all soft matter systems with
exceptional electro-elasto properties (Fig. 2.1a-c). The integration of LM microdroplets increases the
dielectric constant to over 400 %, displays a low dielectric dissipation factor, and can be stretched
to many times their original length (Fig. 2.1d). This approach eliminates the internal compliance
mismatch of rigid fillers and thus preserves the mechanics of the host material, offering a unique
combination of low mechanical rigidity and a high dielectric constant (Fig. 2.1e). These liquid-metal
embedded elastomers (LMEE) can be tailored to match the elastic and rheological properties of soft
synthetic materials and biological tissue to enable signal transduction, rigidity tuning, and a rich set
of other functionalities for bio-compatible machines (artificial organs) and electronics (artificial skin

and nervous tissue).
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Figure 2.1: Stretchable, high-k dielectrics based on liquid metal embedded elastomers (LMEE). (a)
Material schematic showing the dispersion of liquid metal drops in a flexible and stretchable elastomer
matrix. (b) Top down optical micrographs of the ¢ = 50% silicone LMEEs at different length scales.
Scale bar, 100 pm and inset 25 um. (c¢) Nano-CT scan showing the 3D microstructure of the LMEE.
Scale bar, 25 pum (d) Photographs demonstrating the patterning and stretchability of the silicone
LMEEs from 0% (top) to 250% (middle) to 500% (bottom) strain. Scale bar, 5 cm. (e) Plot of elastic
modulus versus dielectric constant for a variety of insulating materials, 33139 showing the unique
combination of low modulus and high dielectric constant of LMEEs.

Composites are prepared by mixing the LM, eutectic Ga-In (EGaln) alloy (75% Ga - 25% In, by
wt.), with uncured liquid silicone (Ecoflex 00-30, Smooth-On) or polyurethane (Vytaflex 30, Smooth-

On) at volume loadings (¢) of LM from 0 to 50%. The shear mixing is done using a mortar and pestle

9



until a viscous emulsion is formed and the droplets appear to be less than 30 pm under microscope
(~10 minutes). EGaln is selected as the LM due to its low melting point (MP = 15°C), high
electrical conductivity (o = 3.4x10%S/m), low viscosity (n = 2mPa.s), and low toxicity (compared to
Hg).[10.141 Additionally, EGaln oxidizes in air to form a ~0.5-3 nm thick GasOs skin that allows the
liquid droplets to be broken apart and dispersed in solution without the need for emulsifying agents.
The microstructure of the EGaln-silicone composite (¢ = 50%) is investigated with top-down optical
microscopy (Fig. 2.1b) and through non-destructive 3D X-ray imaging using a nano-CT scanner
(Figs. 2.1c and 2.2, Xradia UltraXRM-L200). Together, these two levels of imaging show a disordered
but statistically uniform dispersion of droplets and the absence of percolating networks that could
result in electrical conductivity or shorting. The microdroplets are also generally ellipsoidal-shaped
with dimensions measured through two dimensional particle analysis on the order of ~ 4-15 um
(Figs. 2.3 and 2.4). Because the LMEE composite is a thermoset with a long working time (> 30
min), multiple fabrication techniques can be used to pattern liquid metal materials, including 3D
printing, soft lithography, laser ablation, or stencil lithography techniques.**? Thin films can also be
prepared and, as an example, a stencil patterned EGaln-silicone specimen is presented in Fig. 2.1d.
For materials with low volume percent EGaln, a higher concentration sample is prepared first and

diluted with the addition of further polymer.

Fig. 2.5, shows the indentation experiment to initiate conductivity in these composites. As shown,
even by applying 6250 N/m force the LMEE traces do not become electrically conductive. This
extreme resistance of the composite to rupturing and becoming electrically conductive is in contrast

137 that were composed of Sylgard 184 as

to LMEE composites previously studied by Fassler et. al.
the host matrix and exhibited permanent conductivity after the application of fairly low pressures.
This phenomena is expected to be influenced by the stretchability, flexibility and stiffness of the
polymer chains. As in Ecoflex 00-30 (Smooth-On), the chains are ~ 5x more stretchable than

Sylgard 184.

10



Figure 2.2: 3D microstructure of a silicone LMEE. The image presents an orthoview of a silicone
LMEE with ¢ = 50% acquired through 3D X-ray imaging using a nano-CT scanner. The image
shows the absence of a percolating network that could result in electrical conductivity or shorting.
The scale bar is 20 pm.

2.3 High-k Dielectric Properties

The electrical polarizability of the LMEEs is crucial for their use as soft, stretchable electronic
components. Figure 2.6a presents a plot of effective relative permittivity e versus ¢ for an EGaln-
silicone composite at a frequency of 100 kHz and 0% strain. The plot shows that as the concentration
of LM is increased, the effective relative permittivity increases nonlinearly. For the silicone system,
the effective relative permittivity of the sample with ¢ = 50% increases to over 400% as compared
to the unfilled system over the entire 1 - 200 kHz frequency range (Fig. 2.6b). In order to evaluate
the ability of the dielectric to store charge, we measure its dissipation factor (D) for the same range
of frequencies (Fig. 2.6¢). Also called the loss tangent, D corresponds to the ratio of electrostatic
energy dissipated to that stored in the dielectric.['33] For LMEEs, the dissipation factor is measured

to be similar to or less than that of the unfilled elastomer (D < 0.1) and well within the threshold for

11
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Figure 2.3: Particle analysis of silicone LMEE. Column 1, Optical micrographs of silicone (Ecoflex
00-30) LMEE ranging from ¢ = 10-50%. The scale bar is 50 pm. Column 2, Thresholded image.
Column 3, Ellipses fit to the particles in the thresholded image overlaid on the optical micrographs.
The size of the analyzed area is 400 x 300 pm.

dielectric functionality. In contrast, many high-k composites enhanced with conductive particulates
(such as Ag, Al, and CB) become lossy and demonstrate large D values due to non-negligible electrical

conductivity at volume fractions on the order of 30%. 128!
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Figure 2.4: Particle analysis histograms of silicone LMEE. (a) Histogram of the percent of analyzed
particles versus major radii for different loadings of liquid metal (eGaln), ranging from 10 < ¢ < 50.
(b) Histogram of the percent of analyzed particles versus the particle shape parameter (p = r3/ry).
(c) Histogram of the percent of analyzed particles versus particle area. The size of the analyzed area
is 400 x 300 pm.

2.4 Effective Medium Theory

To quantitatively understand the increase in relative permittivity, effective medium theory (EMT)
can be used to understand the dependency of electro-elasto properties on composition and microstruc-
ture. Two of the most common EMT models for a two-phase material with a dilute suspension of
spherical particles are the Maxwell-Garnett (MG) and Bruggeman formulations. 143144 However,
from microscopy the liquid metal inclusions have an ellipsoidal shape which is not captured in the
MG or Bruggeman models. A more accurate prediction can be obtained by directly solving Maxwell’s
equations with Green’s functions, however this approach is computationally intensive and especially
challenging for poly-disperse heterogeneous systems. 13145 Instead, we use a more general analytic
theory by Nan et al.["9 that allows for inclusions with ellipsoidal shapes with principal dimensions
r1 = ro and r3. Following Nan et al., the effective relative permittivity € is predicted by:

1+ [lz—fl“(l — (cos®0)) + %«COSQ )]

€r = €rm - (2.4.1)
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Figure 2.5: Indentation of LMEE and measurement of conductivity (a) Films of LMEE materials
with ¢ = 50% were indented with the side of a rigid cylinder to examine if this compression induced
any electrical conductivity. EGaln was applied to the edges of the indented area to improve electrical
contact and ensure accurate measurement of resistance across the compressed area. (b) Indentation
was not found to induce any conductivity in the silicone (Ecoflex 00-30) or polyurethane (Vytaflex
30) LMEEs, demonstrating their robust dielectric properties.

Here Ly, and L3z are geometrical factors dependent on the particle shape and are given by

p -1
Ly = — h fi > 1 2.4.2

where €, is the matrix relative permittivity at ¢ = 0%, p = r3/r; is the aspect ratio of the ellipsoids,
and 0 is the angle between the axis along which permittivity is being calculated and the principal
axis corresponding to the dimension r3. The Maxwell-Garnett formula can be recovered from the
Nan model when p=1 and (cos?#) = 1/3. For our materials, the average aspect ratio of the LM
inclusions measured through particle analysis is p = 1.49 £ 0.36 and (cos?6) = 1/3 for randomly
orientated ellipsoids. In Figure 2.6a, the solid curve is the effective relative permittivity, €, as a

Ty

function of ¢ as predicted by Equation (2.4.1) and the shaded region represents £+ 1 s.d. to capture

14



b 25 . . € 0.20

A" 4=50 A" $='50
2 O ¢=0 | O ¢=0 |
0 A A ATA 0.18
15 1 0.16
*,
W Q
o
10 0.04}
5 O o 0.02} 1
u] o u]
4 a A A
0 1 L 1 1 L 1 Ok 1 1 1 | 0.00 1 1 1
0 10 20 30 40 50 1 10 100 ' 1 10 100
¢ Frequency (kHz) Frequency (kHz)
d e f
60 T T 0.20 . 6 r : r
& ¢=50 O ¢=50 O Silicone LMEE
50 O ¢=01 O ¢=0 5 O Polyurethane LMEE
<o 0.15¢ i
40t @ Y g 4
*, O %
W 30 41 Q 010} ~N 3
§
20+ 2
0.05F o) i
L o | o
10f © o] o] 8 o 1
0 b L L 0.00 bt L L 0— . L L L L
1 10 100 1 10 100 0 10 20 30 40 50
Frequency (kHz) Frequency (kHz)

Figure 2.6: Design and evaluation of silicone LMEE dielectric properties. a) Plot of relative permit-
tivity at 100 kHz frequency versus volume fraction loading of liquid metal (¢) in the elastomer, the
line is the theoretical prediction of Equation (2.4.1) with p = 1.49 + 0.36 and the shaded region is
+1 s.d. in p. b) Plot of dielectric constant as a function of testing frequency for ¢ = 0% and ¢ =
50% showing an increase of over 400% for the filled system relative to the unfilled system. c) Plot
of dielectric dissipation factor as a function of testing frequency showing the low dissipation of the
LMEEs. Error bars = +1 s.d. and error bars smaller than the symbol size are omitted. d) Plot of
effective relative permittivity versus testing frequency for polyurethane LMEEs at ¢ = 0% and ¢ =
50%. b) Plot of dielectric dissipation factor ( D ) as a function of frequency for the polyurethane
LMEEs, showing low dissipation. c¢) The dielectric performance of the LMEES is generalized by
plotting effective normalized permittivity for both the silicone and polyurethane LMEESs, where the
data collapse onto a single line described by Equation 2.4.1 with p = 1.49 £ 0.36. Error bars = +1
s.d. and error bars smaller than the symbol size are omitted.

the polydispersity in particle aspect ratio. Although Nan et al. is based on multi scattering theory
and neglects interparticle interactions, the theoretical prediction is still in very good agreement with
the experimental data using only experimentally-measured parameters (i.e. no data fitting). Other
potential EMT models for a binary composite with a dilute suspension of spherical particles include
the Maxwell-Garnett (MG) and Bruggeman formulations (Fig. 2.7).[143144146] Tn particular, we also
find good agreement between our data and the MG model (Fig. 2.7), even though the MG model
assumes spherical particles. This suggests that the relatively low aspect ratio (p = 1.49 £ 0.36) of
the LM inclusions does not have a large influence on the dielectric response. The Maxwell-Garnett

formula can be recovered from the Nan model when p=1 and (cos?§) = 1/3.
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Figure 2.7: Different EMT Models for silicone LMEEs. Plot of effective relative permittivity €, versus
volume fraction of particles ¢. Symbols with error bars are the silicone LMEE experimental data.
Black solid curve is Nan et al.[1*?) formulation with aspect ratio of 1.49. Blue dashed curve is Maxwell-
Garnett (MG), which can be recovered from the Nan model when p=1 and (cos?§) = 1/3, and the
red dotted line curve is Bruggemann effective medium theory with the assumption of €,/€,, — .
The Bruggemann formula is known to overpredict the effective permittivity when the ratio of particle
to matrix conductivity is assumed to be infinite, which is consistent with our experiments. [143:145]

In addition to exploring LMEEs in silicone elastomers, we also investigated their behavior in
polyurethane elastomer matrixes at high volume loadings (¢ = 50%). Compared to LM-silicone
composites, the polyurethane-based LMEESs have a higher elastic modulus (E = 780 kPa) and a lower
average strain to break of 182%. Moreover, the dielectric constant of the polyurethane elastomers is
found to be considerably greater. Therefore, if extreme strains and moduli on the order of 100-200 kPa
are not required, the general strategy developed for silicone LMEEs can be extended to polyurethane
elastomers in order to achieve greater permittivity. As seen in Fig. 2.6d the dielectric constant
across the frequency range from 1-200 kHz for the polyurethane LMEEs at ¢ = 50% is above 42.
Additionally, the dissipation factor is below 0.1 (Fig. 2.6e). To connect the measurements from the
silicone elastomers and the polyurethane elastomers and provide a general understanding of LMEESs
as dielectric materials, we revisit Equation (2.4.1). When plotting the silicone and urethane LMEEs
on a plot of effective normalized permittivity €’ /e,.,, versus ¢ at 0% strain, we see that the results
collapse on a single line described by the theory (Fig. 2.6f). This clearly shows the applicability of
EMT models and the significant influence of LM inclusions on the dielectric constant of hyperelastic

media.
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2.5 Mechanical Properties

The mechanical behavior of LMEESs is studied under tensile loading for volume ratios (¢) ranging
from 0 to 50%. Three samples were evaluated at each concentration of LM. Figure 2.8a presents
representative stress-strain curves for silicone composites with images of a ¢ = 50 % LMEE sample
stretching to 600% strain. From this data, the influence of stiffness of the liquid inclusions is studied
by measuring the elastic modulus in the low strain regime (0 - 10% strain). These tests reveal the
mechanical properties of virgin LMEE samples. As I will explain in the next paragraphs, similar
to many particle filled elastomers, drastic changes happen to the composite after the first cycle.
This phenomena is know as the Mullins effect or stress softening. Figure 2.8b shows that, for the
virgin samples, as the amount of liquid metal increases from ¢ = 0 to 50% the measured elastic
modulus increases from 85 kPa to 235 kPa. As the elastomer and LM are virtually incompressible,
the composite is expected to maintain an infinite bulk modulus, i.e. K, = Kpy = 00 = K* = o0 V.
Utilizing Eshelby’s theory of composites and assuming incompressible elastic inclusions of modulus

FE; dispersed in a solid of modulus E, the effective modulus E* of the composite is expected to be

approximately: 134147
E.
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Figure 2.8: Mechanical characterization of LMEEs. (a) Stress versus strain plot for LMEEs from
¢ = 0 —50% tested until failure. The image shows the ¢ = 50% at 0% and 600% strain, scale bar,
25 mm (b) Plot of elastic modulus (measured to 10% strain) as a function of the volume fraction
loading of liquid metal (¢), the dashed line is the prediction of Equation 2.5.1 showing the increase
in modulus due to the liquid metal inclusions (£; = 320 kPa). (c¢) Strain at break for the LMEEs as
a function of ¢. Error bars = £+ 1 s.d. and error bars smaller than symbol size are omitted.

Equation 2.5.1 is plotted as a function of ¢ in Figure 2.8b for different regimes of inclusion
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stiffness. Three regimes are represented: stiff inclusions (1 MPa < E; <1 TPa), soft inclusions (129
kPa < E; < 1 MPa) and liquid inclusions with surface tension (0 kPa < E; <129 kPa). The limit
E; = 129 kPa is based on recent observations by Style et al.[1®¥ that liquid inclusions can stiffen
solids and exhibit an effective modulus E; = E x 24a/(10 4+ 9«), where E is the modulus of the
surrounding elastomer, o = v/ER, 7 is the surface tension of the liquid droplet, and R is the droplet
diameter. For values of v = 620 m.J/m? E = 85 kPa, R = 5.0 um, it follows that surface tension and
surface stress can effectively make the liquid act as an elastic inclusion with modulus E; = 129 kPa.
However, as observed in Fig. 3b, the LMEE composites have stiffnesses above those predicted by
this estimate but are well within the regime for soft inclusion. Specifically, good agreement between
the experimental data and Equation 2.5.1 is found with an inclusion modulus value of 320 kPa. The
larger inclusion modulus value used for fitting could be attributed to both the theory assuming that
the particles are non-interacting, which is likely violated at higher volume fractions, and that the
oxide skin on the LM drops can also act to stiffen the inclusions. Despite the stiffening effect in first
cycle, the composites are similar in modulus to soft synthetic materials and biological tissue. 122148l

These LMEE composites are also able to undergo significant strain. Fig. 2.8c shows that the LMEE

composites are able to stretch to strains on the order of 600%, similar to that of the unfilled elastomer.

2.5.1 Mullins Effect

LM-embedded elastomer show stress softening after initial loading cycle. This effect which is called
the Mullins effect, 1814 is a typical behavior of particle filled elastomer composites (Figure 2.9a)
in which big energy dissipation occurs in the first cycle of a freshly prepared (virgin) sample, and
vanishes with subsequent loading (unless the sample is stretched beyond its previous max strain). The
composite exhibits very little hysteresis (Fig. 2.9a), after the first cycle, when comparing the loading
and unloading curves. This suggests negligible internal friction and losses due to viscoelasticity.
Hence, after cycling and training of LMEEs, the 10% tensile modulus remains less than 90 kPa
(Figure 2.9b and ¢). The modest increase in elastic modulus (< 20%) for the LMEE composites can

be attributed to surface tension at the liquid-solid interface.
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Figure 2.9: Mechanical cyclic tests of LMEE. a) Stress vs. strain curves for 50% volume ratio of
LM. b) 10% elastic modulus after each strain step. c¢) converged values of 10% elastic modulus after
cyclic test until 200% strain, with strain at break for ¢ = 0%, 30%, and 50%.

2.5.2 High Cyclic Loading

The mechanical behavior of the composite at high cycles is crucial for many applications in electronic
devices and wearable computing. Due to the high vibrational state, any material being used would
undergo millions of cycles over the lifetime of the device. In order to understand long term behavior
of LMEE, we are using a jig-saw mechanical test setup developed by my lab-mate Eric Markvicka,
that can provide a low cost, high frequency and high cyclic tensile test. A sample of LMEE with
¢ = 50%, initial length of Ly = 51mm and thickness of ¢t = 2.6mm, is stretched between 76% and
135% of strain, with frequency of 5Hz, for 1 million cycles. The stress vs strain plot for cycles 1,
1k and 1M is plotted in Fig 2.10. According to the preliminary results (Fig. 2.10), the maximum
stress doesn’t significantly change after 1M cycling. However, an increase in plastic deformation can

be observed in the high cycles (1M), as the magnitude of stress goes to negative values.
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Figure 2.10: Stress vs strain curves of high cyclic mechanical tensile test for LMEE with ¢ = 50%.
Blue is the first cycle, green is the cycle number 1000, and red is cycle number 1M.

2.6 Electro-Elasto Properties

The electrical response to mechanical deformation is a significant parameter for stretchable dielectrics.
Fig. 2.11a and b presents results for the electrical permittivity and electromechanical coupling of
EGaln-silicone composites (¢ = 50%). Measurements are performed on a stretchable parallel-plate
capacitor composed of a LMEE dielectric and EGaln electrodes sealed in an additional layer of
silicone (Fig. 2.11a inset). The normalized capacitance, C'/Cy, where Cy is measured at 0% strain,
increases under tensile loading until the dielectric fails at over 700% strain. For a parallel plate
capacitor the initial capacitance can be calculated by Cy = ereo‘?—;), where ¢y = 8.85 x 10712 Fm ™! is
the vacuum permittivity, and Ay and ty are the initial planar area and thickness, respectively. Under
the assumption of incompressibility the dielectric constant of the LMEEs during stretching from an

initial length Ly to the instantaneous length L can be calculated as:

_ Cty 1

= —— 2.6.1
e E()AQ)\’ ( 0 )
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where A\ = L /Ly is the extension ratio. Using Equation 2.6.1, the dielectric constant is plotted in
Fig. 2.11a. It is observed that as the sample is loaded in tension, the capacitance increases by a
factor of over 4.5 while the dielectric constant decreases from 18 to 9 when stretched from 0% to
700% strain. To further study the durability of the LMEEs as dielectric materials we performed
cyclic testing experiments to 100% strain under tensile loading over 100 cycles (Fig. 2.11b). During
the experiments the capacitance increased slightly at both 0 and 100% strain during the first 10
cycles, but then stayed constant until the test is completed at 100 cycles. The ability to undergo
significant strain over 100 cycles without degradation of the electrical or mechanical properties further

demonstrates LMEEs as stretchable dielectric materials.
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Figure 2.11: a) Electromechanical coupling strain to break curve showing the (left axis, blue circles)
increase of capacitance (C) relative to the initial capacitance (Cj) and (right axis, black squares)
dielectric constant calculated from Equation (2.6.1) as a function of stretch. b) Cyclic testing of the
LMEE to 100% strain over 100 cycles.

2.7 Conclusion

Because of their robust mechanical properties and ease of fabrication, the LMEE composites intro-
duced here are an excellent model system for examining the electro-elasticity of more general classes
of soft-matter heterogeneous materials. From an application’s perspective, these materials provide
opportunities for integration into soft electronics including sensors and soft energy harvesting devices.
In particular, hyperelastic capacitive strain sensors would be able to measure stretches well above

double their initial length with significantly improved sensitivity.

In this chapter, I introduced a novel LM-embedded elastomer composite. An enhancement of
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about 450% in dielectric constant of the composite over the base elastomer is observed. Due to
similarities between field equations of relative permittivity and thermal conductivity, I expect to see
similar enhancement in the heat conduction of LMEEs. Hence, in the next chapter I will look into
measuring and characterizing the thermal conductivity of LMEE composites and in particular will
take advantage of the ability of LMs to become highly elongated inside the elastomer. Subsequently,
LMEEs with combination of high thermal conductivity and high compliance will be implemented in

applications related to wearable computing and soft robotics.
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Chapter 3

High Thermal Conductivity in LMEEs

with Elongated Liquid Metal Inclusions
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Reference:

N. Kazem™®, M. D. Bartlett*, M. J. Powell-Palm*, X. Huang, W. Sun, J. A. Malen, and C. Majidi,
“High Thermal Conductivity in Soft Elastomers With Elongated Liquid Metal Inclusions”, Proceed-

ings of the National Academy of Science, 2017.

3.1 Introduction

Materials with high thermal conductivity are typically rigid and elastically incompatible with soft and
mechanically deformable systems. 17150154 In the general case of nonmetallic and electrically insulat-
ing solids, this limitation arises from kinetic theory and the Newton-Laplace equation, which imply
that thermal conductivity (k) will increase with a material’s elastic modulus (E) according to the
approximation k =~ (E/p)'/?(Cy1/3), where Cy is the volumetric heat capacity, [ is the average mean
free path of phonons, and p is the density.™>% For polymers like polyethylene, thermal conductiv-
ity can be enhanced through macromolecular chain alignment (from k ~ 0.3 W/mK to 100 W/mK),
but this also leads to a dramatic increase in elastic modulus from ~1 GPa to 200 GPa."" Likewise,
glassy polymer blends have been engineered to increase thermal conductivity through interchain
hydrogen bonding!'”, and relatively higher thermal conductivity has been observed in amorphous
polythiophene (k ~ 4.4 W/mK) ! but the high elastic modulus (E ~ 3 GPa) and low strain at

failure (<5% strain) of films make them unsuitable for soft functional materials. !>

To overcome this fundamental tradeoff with thermal transport in soft materials, attempts have
been made to engineer composites with various fillers, %% including metals, 159169 ceramics, 61 car-
bon fibers, 2 and nanomaterials such as carbon nanotubes and graphene. 1921631641 Anisotropic ther-
mal conductivity can arise in composite systems by using 1D fillers such as carbon fibers where ther-

r.1162l Thermal anisotropy can

mal transport preferentially occurs along the major dimension of the fille
also be induced in polymeric materials during drawing processes that increase chain alignment. 167
Although these composites exhibit increased thermal conductivity, they typically use rigid fillers that

result in mechanically stiff materials that cannot support stretchable functionality '°2%4 and in the

case of carbon-based fillers, become electrically conductive even at low-volume loadings, which can

24



EGaln-silicone

LMEE
102 | 1. &

100 .\
t-Global H-48
N PR

Jeong et al.

Buiseasou|

}

awl

20 30 40 50 60 70°C

104 Ybe Chen & Ting

Singh et al.\

Nanofibers

® Stretch @ & fiber-based

Strain limit / Young’s modulus (MPa")

=
o
5

=
o
&

composites
! @ @ 107 Ceramics
! & oxides
L= @ — —___________/
102 10 100 101 102 103
Liquid metal Soft elastomer + Liquid metal Highly deformable thermal conductor Thermal conductivity (W/m-K)

Figure 3.1: Soft, thermally conductive composite. a) Highly deformable LMEE. (scale bars, 25
mm.) b) EGaln alloy is liquid at room temperature and shows fluid characteristics as demonstrated
by falling droplets. (Scale bar, 10mm.) c¢) Schematic illustration of the LMEE composite where
LM microdoplets are dispersed in an elastomer matrix and, upon deformation, the LM inclusions
and elastomer elongate in the direction of stretching. d) Alternating strips of LMEE and unfilled
elastomer are heated with a heat gun, and the IR photo time sequence shows the LMEE dissipating
heat more rapidly than the elastomer (images correspond to t = 0, 5, 10, and 15 s after the heat
source is removed). (Scale bar, 25mm.) e) The ¢ = 50% LMEE composites described here occupy a
unique region of the material properties space when comparing thermal conductivity with the ratio
of strain limit to Young’s modulus. (Data points are from refs, [150:157:159.162])

interfere with functionality.['%! To date, the combination of low elastic modulus on the order of

biological tissue, large mechanical deformability, and high thermal conductivity remains elusive.

To examine thermal conductivity of LMEEs, I performed characterization studies in collabora-
tion with Dr. Michael Bartlett (Majidi Group) and Matt Powell-Palm (Malen Group). We showed
that LMEE composites consisting of elongated liquid metal (LM) microdroplets dispersed in a highly
deformable silicone elastomer (Fig. 3.1 a-d) exhibit an unprecedented combination of high ther-
mal conductivity (4.7 £ 0.2 W/mK under stress-free conditions; 9.8 + 0.8 W/mK at 400% strain)
with a low modulus (89 + 2 kPa after 200% prestrain) and high strain limit (>600%). This ap-
proach overcomes the Newton-Laplace scaling because the inclusions have a thermal conductivity

that is dominated by electrons, rather than phonons, and can deform with the surrounding matrix
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to support strain and thermal-mechanical coupling. A subsequent effort by another group attempted
to show enhanced thermal conductivity with a polydisperse suspensions of irregularly shaped LM

inclusions 160!

Although an enhanced thermal conductivity of 2.2 W/mK was measured at high
LM volume fraction (66% by vol.; 92.5% by weight), these samples exhibited an increased stiffness
(Young’s modulus increased from 0.65 MPa to 3.3 MPa) and reduced stretchability (strain limit
decreased from 150 to 50%), which limits the ability to elongate LM droplets in situ. Comparing
previous results with the exceptional performance reported here (Fig. 3.1e) highlights the critical im-

portance of LM microstructure (and not just material composition) in enabling elastomers to exhibit

metal-like thermal conductivity without altering their natural elasticity.

As shown in Fig. 3.1d, stretched and twisted strips of LMEE exhibit rapid thermal dissipation
compared to adjacent strips of unfilled elastomer subject to the same initial heating. As compared

(169 we have discovered that strain creates thermally

to previous attempts with LM-filled elastomers
conductive pathways through the in-situ elongation of the deformable liquid inclusions, which sig-
nificantly enhances thermal conductivity in the stretching direction. For permanent (stress-free)
and strain-controlled elongation of the LM inclusions, this enhanced thermal conductivity is nearly
25 — 50x greater than the unfilled elastomer (0.20 £+ 0.01 W/mK) and approaches the limit for
the parallel rule of mixtures of an EGaln-silicone composition!'%! without the aid of percolating
networks. Referring to Fig. 3.1le, the exceptional combination of thermal conductivity, low elastic

modulus, and high strain limit allows the LMEE composites to occupy an uncharted region of the

material properties space.

3.2 Hotwire Method

Thermal conductivity is measured using the transient hotwire (THW) method in which an embedded
wire simultaneously acts as a resistive heat source and thermometer that measures the change in
temperature (A7) as a function of time (t), which are related to thermal conductivity through the

167]

cylindrical heat diffusion equation: k = ¢/47¢.11%7 Here, q is the volumetric heating of the wire per

unit length, which is calculated using known current and resistance values and & = d(AT)/d[In(t)].
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3.2.1 Unstrained measurements

Test samples are prepared by first suspending a platinum wire (D = 25 pm, [ = 40 mm) in a 3D-printed
container with dimensions of 40 mm X 7mm X 7 mm. Next, uncured composite is poured around
the wire to ensure conformal contact. The composite is cured with the Pt wire inside an oven at
50°C for 16 h. The electrical resistance across the wire is measured before and after curing to ensure
that there is no mechanical interference in the wire due to thermal expansion or contraction. To
administer the tests, each sample is connected to a Keithley 2700 Digital Multimeter and a Keithley
6221 DC/AC Current Source in a four-point measurement configuration. A Heavyside current input
of I = 30 mA is applied, and 50 voltage values (V) are recorded over 0.9 s. With this voltage data
and a known current, the resistance (R) is determined as a function of time following Ohm’s Law:
R(t) = V(t)/I. This is used to calculate the change in temperature AT (t) = [R(t)/Ry— 1]/ and the
volumetric heating of the wire per unit length ¢ = I?Ry/l. Here, Ry = R(0) is the initial resistance
of the wire, 8 = 3.75 x 103K ! is the coefficient of thermoresistance of platinum, and / is the length
of the wire. Next, we plot AT versus time (t) and fit the curves using the following three-parameter
model: AT = byln(t — by) + bs, where the constants by, by, and by are the fitting parameters. The
fit is performed in MATLAB R2015a (The Mathworks, Inc.) using a nonlinear regression “nlinfit”
algorithm. The fitted coefficient b; corresponds to & = d(AT')/d[in(t)], and the thermal conductivity
is calculated as k = ¢/47€. Our data acquisition has an arbitrary delay relative to initiation of the
Heavyside function, and b, and b3 represent the delay time and resultant temperature rise that occur
during that period. The thermal conductivities measured for water and glycerol at room temperature
are 0.60 £ 0.07 and 0.33 £ 0.02, respectively, and are in good agreement with reference data. The
thermal conductivity is reported by taking the average k across all runs, and the error represents
+1 SD. Fig. 3.2 shows the AT versus t plots for these two validation measurements, where the
data symbols represent the average and the shaded areas correspond to the SD for 50 measurements.
Average AT vs. time for LMEE samples of varied LM volume fraction is shown in Fig. 3.3. Each
measurement is repeated 100 times for each volume fraction of LM composite. The data symbols
represent the average, and the shaded areas correspond to the SD for 100 measurements at each

volume fraction.
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Figure 3.2: Change in temperature (AT) versus time for a) glycerol and b) water. Data symbols
represent the average and the shaded areas correspond to the standard deviation for the 50 measure-

ments at each condition.
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Figure 3.3: Change in temperature (AT) versus time for LMEE with ® = 0 — 50% volume fraction.
Data symbols represent the average and the shaded areas correspond to the standard deviation for
the 100 measurements for each condition.

3.2.2 Thermal-mechanical testing

The thermal conductivity as a function of stretch is measured with two Pt wire probes orientated
parallel and perpendicular to the primary stretching direction (Fig. 3.6b). The probes are laminated
between two layers of material, which each have dimensions of 60 mm wide, 40 mm long, and ~5 mm
thick. Tests are performed with composites of ¢ = 0%, 30%, and 50% that are strained (¢ = AL/L0)

to 400% in 100% strain increments. A current of 30 mA is used for ¢ = 0% and 30% (with the
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exception ¢ = 30% at 400% strain, where a 60mA current is applied to improve signal to noise), and
100mA is used for ¢ = 50%. At each strain increment, five measurements are taken on each wire
at 2-min intervals. After each strain increment, the two layers of material are delaminated, freeing
the wire probes to prevent damage during stretching, then stretched equally in both directions using
linear actuators. At the next position, the layers of composite are relaminated around the wires, with
a clamping force applied to ensure conformal contact. Fig. 3.4 demonstrates the good agreement
with the three-parameter fit for the ¢ = 50% LMEE measured on the axial wire at ¢ = 0% and
400%. The symbols are the data points for each run, and the lines represent the corresponding three-
parameter fit. Fig. 3.5 presents AT vs. t curves for the axial and transverse wires in the ¢ = 0%,
30%, and 50% LMEE. At ¢ = 0%, the measured thermal conductivity for both the laminated parallel
and transverse sensors are in good agreement with the embedded sensors described in unstrained

measurements, proving that the wire is in intimate contact with the LMEE samples.

0.4 r . :
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o Run1 o Run1
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Figure 3.4: AT versus time for ® = 50% for the axial wire at ¢ = 0% and 400%, which demonstrates
good agreement with the three parameter fit explained in the supplementary information. The

symbols are the data points for each run and the lines represent the corresponding three parameter
fit.

3.3 Results

Experimental measurements are presented in Fig. 3.6a, which show that as LM volume fraction

(¢) increases thermal conductivity increases. These values are in good agreement with theoretical
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Figure 3.5: AT versus time of ¢ = 0%, 30% and 50% for the axial and transverse wire up to 400%
strain in 100% strain steps. Data symbols represent the average and the shaded areas correspond to
the standard deviation for the 5 measurements for each condition. Hotwire lengths can vary between
tests resulting in a non-monotonic temperature change across strain steps. This is accounted for by
q, the volumetric heating of the wire per unit length, when calculating thermal conductivity.

predictions obtained from the Bruggeman effective medium theory (EMT) formulation*3 (see Sec.
3.4) for a uniform dispersion of spherical EGaln inclusions (k = 26.4 W/mK!%)) in a silicone matrix

(k = 0.20 W/mK).

We further configure the THW method to enable directional measurements of thermal conduc-
tivity upon deformation by laminating LMEE strips around wires that are parallel (axial) and per-
pendicular (transverse) to stretch, as shown in Fig. 3.6b. Ellipsoidal heat spreading yields effective
anisotropic thermal conductivities in the axial and transverse directions that can be transformed to

measure the orthotropic (kg, ky, k.) bulk values.'631% This configuration enables examination of
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Figure 3.6: Thermal-mechanical behavior of the LMEE composite. a) Thermal conductivity versus
LM volume fraction (¢) in the stress-free state. The programmed sample refers to a composite that
has been stretched to 600% strain and then relaxed to an unloaded state. Here the symbols are
the experimental measurements, and the solid curve represents the theoretical prediction from the
Bruggeman EMT formulation (n = 100 volume fraction dependence, n = 5 programmed samples).
b) Schematic of the THW method to measure anisotropic thermal conductivity under deformation.
c) Plot of thermal conductivity in the stretch direction versus strain for the elastomer and the
LMEE composites. Upon stretching, the LMEE approaches the thermal conductivity of stainless
steel and is 50x greater than the unfilled elastomer. (n = 5). d) Optical micrographs of the 30%
LMEE microstructure during stretching, with the images corresponding to 0 to 400% strain in 100%
increments (from top to bottom). e) Normalized thermal conductivity as a function of strain (black
open symbols are ¢ = 30%, and cyan closed symbols are ¢ = 50%; n = 5). The solid line represents
the predicted behavior for the y direction, and the dashed line is the prediction for the x and z
direction from our model. The images are representative images of the LM inclusions during the
deformation process. f) Thermal conductivity comparison for different LM volume fractions (¢) and
stress states (n = 5).

the thermal-mechanical coupling between thermal conductivity and deformation. We find that upon
stretching the unfilled (¢ = 0%) homogenous elastomer, the thermal conductivity in the direction of
stretch (k, ~ 0.20 W/mK) remains largely unchanged (Figure 3.6¢). However, when stretching the
¢ = 50% LMEE, the thermal conductivity in the longitudinal direction (k,) dramatically increases

and reaches a value of 9.8 + 0.8 W/mK at 400% strain. This represents an increase of ~50x relative
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to the unfilled material and a value that approaches the thermal conductivity of some metals like
bismuth and stainless steel. Furthermore, we can “program” the material to achieve permanently
elongated LM inclusions in a stress-free state by stretching a virgin sample of LMEE to 600% strain
and then unloading to zero stress. An unrecoverable plastic strain of 210% is induced, enabling
elongated inclusions in an un-loaded (stress-free) state (Fig. 3.7). As shown in Figure 3.6a, thermal
conductivity of the programmed LMEE sample in the longitudinal direction (k) is 4.7 £ 0.2 W/mK,
which is ~25x greater than that of the base elastomer (Figure 3.6f). It is important to note that
when unstrained, both the ¢ = 0 and 50% samples exhibit values of k that are typically observed in

other polymeric composites. 163170
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Figure 3.7: Programmed material. a) Stress vs strain curve for fabrication of shape programmable
LMEE with 50% volume ration of LM. b) Optical micrograph of programmed LMEE with 50%
volume ratio of liquid metal. Scale bar is 50 ym. Change in temperature (AT) versus time for c),
axial and d), transverse wire for the programmed LMEE samples.

Such an unprecedented enhancement in k arises from a unique thermal-mechanical coupling in
which the deformable LM inclusions elongate into needle-like microstructures along the pre-strained
or mechanically loaded direction to create enhanced thermally conductive pathways (Figure 3.6e).

This is further demonstrated in Figure 3.6d, in which compositions with ¢ = 30% and 50% EGaln
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(by vol.) are subject to strains ranging from 0% to 400% in increments of 100%. As shown, the
thermal conductivity in the y (stretching) direction increases by greater than a factor of five beyond
300% strain. To theoretically capture this behavior we create an EMT model (see chapter 3.4) based
on the Bruggeman formulation to explain the relative increase in directional thermal conductivity
as a function of axial strain (e). As seen in Figure 3.6e, we find good agreement between the
experimentally-measured values (markers) and our theoretical predictions (curves), which capture
the large increase in thermal conductivity in the stretching direction (k,) and the slight decrease in
the orthogonal directions (k., k). The agreement with theory is achieved without data fitting and
supports the claim that the observed anisotropic thermal-mechanical response is controlled by the

directional change in aspect ratio of the LM inclusions.

Strain-dependent thermal conductivity is also evaluated at elevated (60 + 3C) and reduced (0
+ 3 C) temperatures. A thermocouple embedded in the LMEE is used to monitor temperature,
and measurements are conducted when a variance of no more than 0.1 °C is observed over a 1-min
period. Thermal conductivity measurements are then performed as described above. In between
each strain increment, the LMEE is allowed to reach room temperature and then stretched. The
LMEE is then reheated or cooled for the next measurement. These measurements, which were taken
at room temperature, are in good agreement with tests performed on samples that were either cooled

or heated.

In addition, we performed cyclic loading experiments where the composite is stretched to 200%
strain over 1000 cycles. In Fig. 3.11a, we show the thermal conductivity measurements in x and y
direction, before starting cyclic test, after 1 cycle, and after 1000 cycles. The material is robust to
cyclical loading, with only a slight increase in thermal conductivity measured after 1000 cycles of
200% strain. As shown in Fig. 3.11b and ¢, the modulus slightly drops (from 182 kPa to 176kPa)
and plastic deformation slightly increases (by ~ 4%) with number of cycles. The slight increase in
the thermal conductivity k, could be attributed to the Mullins effect and permanently increasing

aspect ratio of LM particles.
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Figure 3.8: Temperature dependence. a) Schematic of the testing setup. b) Compiled data showing
the ® = 50% thermal conductivity stretch dependence for 0°C, room temperature, and 60°C (n=>5,
error bars represent + 1 s.d.). Good agreement is observed between the three temperatures, with k,
varying by an average of 8.3% from the room temperature measurement over all strains (maximum
variation of 17% at 400% strain and 60°C). ¢) AT versus time of ¢ = 50% for the axial and transverse
wire up to 400% strain in 100% strain steps. Data symbols represent the average and the shaded areas
correspond to the standard deviation for the 5 measurements for each condition. Hotwire lengths
can vary between tests resulting in a non-monotonic temperature change across strain steps. This
is accounted for by ¢, the volumetric heating of the wire per unit length, when calculating thermal
conductivity.

3.4 Effective Medium Theory

As discussed in the result section, the experimental measurements of thermal conductivity are in
good agreement with predictions obtained from effective medium theory (EMT). The EMT model is
based on a Bruggeman formulation that has been adapted to predict the orthotropic bulk values of the
thermal conductivity (k,, k,, k.) as a function of both LM volume fraction and stretch. The principal
directions are parallel to the sample’s orthogonal surfaces, with the y-direction corresponding to the

axis along which the sample is stretched.
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Figure 3.9: Cyclic testing. a) Thermal conductivity for a ¢ = 50% composite tested at a strain (e)
of 0% and then stretched to 200%. The sample is then cycled 1000 times up to a strain of 200%.
Thermal conductivity is then evaluated after the 1000 cycles at a strain of 200% (n=>5, error bars
represent + 1 s.d.). b) 10% modulus and ¢) induced plastic deformation as a function of number of
cycles.

3.4.1 Modified Bruggeman Formulation

In order to explain this experimentally-observed thermo-elastic coupling, we modify the Bruggeman
formulation to account for the stretch-induced deformation of the ellipsoidal LM inclusions. For
simplicity, we assume that all particles initially have a spherical shape (initial aspect ratio, pg = 1)
and that the composite is incompressible. During uniaxial stretch in the y-direction (A, = A), the
inclusions will become elongated in the direction of loading and have an aspect ratio of p = poA©/2).
The change in the shape of particles leads to anisotropic thermal conductivity of the effective medium.
Following Sen et al. '™l T use a self consistent EMT that takes into account the shape of the ellipsoidal

particles. I start from a Coherent Potential Approximation with depolarization factor L:

ke — km

K
Lke+ (1 — L)k, '

m

-
=¢ ka (3.4.1)

This equation does not include particle-particle interactions and is more appropriate for a dilute
composite. In order to account for interparticle interactions with the surrounding medium, I use

differential effective medium theory.!!*3 In this scheme, I incrementally introduce an infinitesimal
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suspension of particles to the dispersion medium (step s) and then use this mixture as the reference
matrix for evaluating the influence of the next increment (step s+ 1). At each incremental step, I
assume that the dispersion phase and medium share the same anisotropy in thermal conductivity.

This implies the following relationship between thermal conductivity at steps s (k) and s+ 1 (kgyq):

ks+1 - ks AU;D kp - ks
= 4.2
Lkgiy + (1 — L)k, (vm+vp){Lkp+(1—L)k5} (34.2)
The differential equation is:
dk dv, k, —k
ki 3.4.3
k <vm+vp {Lk:p+(1—L)k:} ( )

Defining ® = V,,/(Vi, +V,), it follows that d®/dV, = (1 — ®)/(V,, +V,). Taking the integral from

kp, to k. for thermal conductivity and from 0 to ¢ for @,

Fe Lk, +(1—-L)k . [ 1

/k ’Ekp_k)k dk_/o —1_(I)d<I> (3.4.4)
kp — ke kmyp
(kj_km)(k—c) =1-9¢ (3.4.5)

Here, I modify L to predict the effective thermal conductivity as a function of stretch. For an
incompressible material under uniaxial extension (A, = A) the deformations orthogonal to the primary
stretching direction are equal, i.e. A\, = \,. Therefore, the aspect ratio of an incompressible particle

as a function of )\, is p = )\f/ %,

1—¢? 1+e
_ P Py
L, = 2 {ln(1 — ep> 2e,} (3.4.6)
ep=1/1—1/N3/2 (3.4.7)
L,=L,=(1-L,)/2 (3.4.8)

For spherical particles with p=1, it follows that L=1/3, which recovers the original Bruggeman
formula. Using this formula I was able to find a good agreement between experimental data for
the increase in thermal conductivity of LMEEs with two different volume fraction of LMs and the

theoretical prediction (Fig. 3.6e), without any data fit. Furthermore, using effective medium theories
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(modified Bruggeman), I can now select the aspect ratio of embedded conductive particles in order
to achieve a desired design criteria. As an example, this could be used to determine the extent of
deformation required to get the necessary through-plane heat conduction for application of a thermal

interface material in electronic devices.

3.5 Selected Applications

Because the LMEE composites are intrinsically soft and deformable, they can be incorporated as
thermal interface materials into wearable computing!® or thermally activated shape-programmable
structures!'™ and soft robotic systems!!"17 without altering the natural mechanics of the host. For
such applications, high thermal conductivity is not enough; the material must be sufficiently soft to
limit mechanical resistance to deformation. We demonstrate this functionality through a thermally
activated soft “artificial muscle” that is actuated with embedded wires of Ni-Ti shape memory alloy
(SMA) and used for caudal fin locomotion of a silent, soft swimming robot (Fig. 3.10 a and b).
Compared with thermally insulating silicone and relatively stiff thermal tapes, sealing the SMA wires
in LMEE allows for significant enhancements in actuation frequency, deflection, and duration (Fig.
3.10 ¢ and d). Specifically, the LMEE is able to actuate for more than 10,000 cycles at a frequency
of 5 Hz (33.3 min) with no observed degradation in amplitude (14 £+ 1 degrees). In contrast, the
unfilled silicone elastomer becomes saturated with heat and ceases to actuate after 2 s. Although the
commercial tape can support cyclical loading, its relatively high mechanical stiffness results in a low
steady-state amplitude of ~3 degrees. When incorporated into the robotic fish, the LMEE-sealed
SMA enables forward swimming at ~0.15 body lengths per second (Fig. 3.10e). Furthermore, we
demonstrate the LMEE’s potential as an exceptional material for thermal management in stretchable
electronics and wearable computing by comparing infrared temperature maps of an extreme high
power (XHP) LED lamp on stretched LMEE and unfilled silicone elastomer membranes. The poor
thermal conductivity of the unfilled silicone elastomer results in excessive heat accumulation that
leads to thermal degradation and dramatic mechanical failure. In contrast, the LMEE effectively

dissipates heat and allows continuous operation of the LED (Fig. 3.10 f-h). To demonstrate the
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potential use of LMEESs as heat spreaders for low-profile wearable applications, an XHP LED lamp
is mounted to a strip of LMEE that is wrapped around the thigh. This wearable lamp can operate
during running, hiking, and cycling to provide exceptional visibility at night without the need for a
socket mount (Fig. 3.10 i-k). It runs at power outputs greater than 1W and produces substantially
more light and heat than standard indicator LEDs, which run on milliwatts of power. The XHP LED
is representative of a broader range of heat-generating devices (e.g., processors, transformers, power

supplies) that could potentially be used in wearable computing and stretchable electronic circuits.
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Figure 3.10: Soft robot and stretchable electronics implementation of the LMEE composite. a) Soft
robotic fish composed of a silicone body and caudal fin connected by an LMEE-sealed SMA actuator.
b) Top-down view during forward caudal fin locomotion. ¢) LMEE, unfilled silicone elastomer, and
commercial thermal tape actuated at a frequency of 5 Hz. d) LMEE actuated at 1-, 5-, and 10-Hz
signal. e) Time sequence images of the soft robotic fish swimming with a stroke frequency of 0.7 Hz.
f) XHP LED lamp mounted on an LMEE composite stretched to 400% strain with a sequence of IR
images during LED operation. g) The same experiment on an elastomer sample where the sample
breaks at 60 s due to significant localized heating. h) Temperature versus time plots for the IR image
sequence, where the temperature is measured across the sample’s length. LED is turned on and off
at t = 0sand t = 70 s, respectively. i) An XHP LED is mounted to a strip of LMEE that is wrapped
around the leg and shows high brightness during j) running and k) cycling.
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3.6 Conclusions

Electrically insulating solids with high thermal conductivity are typically rigid due to the dynamics
of phonon transport within an elastic medium. In this Chapter, I reported a soft elastomer composite
that overcomes this constraint and exhibits the highest-ever combined values of thermal conductivity
and stretchability (Fig. 13.1e). This high performance is accomplished by exploiting the unique
thermal-mechanical interactions of LM microdroplets that are suspended within a silicone elastomer.
The composite achieves an exceptional combination of low elastic modulus (<100 kPa; i.e., softer
than human skin), high strain limit (>600%), and high thermal conductivity (k), which ranges from
4.7 W/mK (stress-free state) to nearly 10W/mK (when stretched). This represents a 25x to 50x
increase in thermal conductivity compared with soft rubbers, i.e., similar in magnitude to some

metals (e.g., bismuth, manganese, stainless steel) while having a 105 to 10° lower elastic modulus.

The ability to achieve high thermal conductivity with an elastomer without altering its elastic
properties is enabled through LM microstructure and the distinctive thermal-mechanical coupling in
which the deformation of an elastomer matrix creates needle-like LM inclusions in situ. Previous
studies of LM suspensions in elastomer did not explore such critical factors and hence failed to
capture the breakthrough performance presented here. These experimentally measured values are
also found to be in strong agreement with predictions from a theoretical model that I derived based
on Bruggeman EMT. Such agreement is achieved without the aid of data fitting and provides further
evidence for the critical role of in situ elongation of LM inclusions. As previously shown by Style
et al.,['™! altering the size of liquid inclusions in a compliant matrix can result in changes to the
elastic modulus of the composite. However, according to my EMT model, inclusion size has little
influence on thermal conductivity (which is instead largely dependent on LM volume loading and
inclusion aspect ratio). This difference in dependency can be used for matching the elastic properties

of composites without altering the thermal properties.

The combination of high thermal conductivity and elasticity is especially critical for rapid heat
dissipation in applications such as wearable computing and soft robotics, which rely on soft and

stretchable functionality. I show that LMEE composites can be used to manage heat within an
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Figure 3.11: Theoretical prediction for dependence of effective modulus of inclusions (£*) on droplet
radius (R) for E = 85 kPa and v = 0.5 N/m. The prediction is based on a theory reported in Style
et al.[17]

SMA-powered swimming robot and stretchable, body-mounted circuits for high-power illumination.
Together, these examples show the potential for LMEEs to dramatically improve thermal manage-
ment in applications that require electrically insulating materials with both rapid heat conduction
and soft elastic functionality. In particular, I anticipate that this class of materials will be enabling
for soft robotics, shape-changing programmable matter, stretchable electronics, and soft-matter tech-

nologies designed for physical interaction with humans.

Until now, I have presented the mechanical, dielectric and thermal properties of LMEEs. During
the mechanical tensile experiments, I occasionally (in about 30-40% of tested samples) observed
premature failure of unfilled elastomer samples at deformation less than 50% of maximum strain
at break that was measured for other samples. The premature failures were due to propagation of
small cracks that was introduced inside the tensile samples during fabrication procedure. On the
other hand, all of the LMEE tensile samples with 50% volume fraction of LM were able reach the
maximum strain at break without experiencing pre-mature failure. This behavior made me think
about the influence of microscale LMs on the tear resistance of elastomers. Hence, in the next
chapter, I systematically investigate the fracture toughness of LMEE composites and compare them

with other synthetic soft and tough materials.
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Chapter 4

Extreme Toughening of Soft Materials

with Liquid Metal
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4.1 Introduction

Soft and tough materials are critical for engineering applications in medical devices!'™ stretchable
and wearable electronics!!™, and soft robotics!!l. Toughness in synthetic materials is mostly accom-
plished by increasing energy dissipation near the crack tip with various techniques from mesoscale
approaches like particle-filled composites to molecular scale techniques including hybrid and double
network gels and polymers 1178181 - However, bio-materials exhibit extreme toughness by combining

t [182183] and blunt an advancing crack tip 4.

multi-scale energy dissipation with the ability to deflec
In this Chapter, I demonstrate a synthetic materials architecture that also exhibits multi-modal
toughening, where by embedding a suspension of micron sized and highly deformable liquid metal
(LM) droplets inside a soft elastomer, the fracture energy dramatically increases by up to 50x (from
250 50 J/m? to 11,900 + 2,600 J/m?) over an unfilled polymer. For some LM-embedded elastomer
(LMEE) compositions, the toughness is measured to be as high as 33,500 + 4, 300 J/m?, which far
exceeds the highest value previously reported for a soft elastic material. This extreme toughening
is achieved by means of (i) increasing energy dissipation, (ii) adaptive crack movement, and (iii)
effective elimination of the crack tip. Such properties arise from the deformability and dynamic
rearrangement of the LM inclusions during loading, providing a new mechanism to not only prevent

crack initiation, but also resist the propagation of existing tears for ultra tough, highly functional

soft materials.

Natural materials like skin and bone have extreme toughness because of their ability to dissipate
mechanical energy at multiple length scales and deflect or blunt the tip of an advancing crack 183184,
In bone, for example, it requires far more energy (I' ~ 31,000 J/m?) to extend a short crack (500 um)
through the cross section than to split it along the length (T' ~ 50 —200 J/m?), which results in crack

deflection /twist and an increase in the resistance to crack propagation!®3l. Additionally, soft bi-
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Autonomous Tear Elimination

Tearing

Figure 4.1: A) A soft and tough LMEE film is notched and easily deformed without crack propaga-
tion. The inset is an optical micrography of LMEE in an undeformed state. B) The extreme tear
resistance of LMEE is demonstrated by adding a notch to a 50% LM volume ratio sample stretched
to 300% strain. As stretching continues, the notch is completely blunted through an autonomous
tear elimination mechanism. C) Schematic of different mechanisms of dissipating external mechanical
work in a notched sample. i) In an unfilled polymer, energy dissipation arises from intrinsic dissi-
pation as polymer chains break, I'g. ii) Addition of rigid inclusions increases the size of the process
zone and enhances the fracture energy by increasing the mechanical dissipation, I'p. iii) Elongation
of liquid droplets creates preferential and adaptive crack deformation that eliminates the notch and
increases mechanical dissipation by an amount I 4.

ological tissues like rabbit skin are extremely difficult to tear because they are composed of fibril
networks that adapt their microstructure by means of straightening, reorienting, stretching, and
sliding to redistribute internal load and dissipate energy.'®¥) However, whereas natural materials
use multi-scale, multi-modal mechanisms for toughening, most existing synthetic materials only ex-
ploit energy dissipation in the proximity of a crack through molecular and mesoscale dissipative
mechanisms. %186 In the case of traditional, particle-filled polymers and elastomers!!8719] energy

dissipation and reinforcing effects have been designed through the bonding and composition of the
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polymer and filler. [178:191,192]

Moreover, fiber-reinforced gels and elastomers have shown an increase
in critical fracture energy['#19] due to the dissipation of energy during fiber pull out. In addition
to increasing fracture toughness, however, these approaches alter the bulk mechanical response of
the material, typically observed as a dramatic increase in stiffness or tensile modulus relative to
the unfilled gel or elastomer. This stiffness increase is typical for rigid filler systems and is limiting
for emerging applications in wearable computing, medical devices, and soft robotics that require
high mechanical compliance, high deformability and toughness. Recently, many studies have also
focused on fabricating soft and tough hydrogels.!'®¢ One of the most successful approaches is to
create double networks (DN) of interpenetrated polymers. In DN hydrogels, one of the networks
breaks upon stretching and dissipates most of the applied mechanical work while the other network
maintains structural integrity and provides stretchability. 611 While extensive developments in DN
hydrogel engineering have resulted in materials with 0.1-1 MPa stiffness and fracture energies of
10% — 10* J/m?, the synthesis is highly specialized and only a few polymers (PAAM, alginate and

agar) have been used to achieve DN architectures. 1%

Progress in this field depends on discovering
new architectures to enhance fracture toughness by combining energy dissipating mechanisms with
the ability to deflect crack tip efficiently without introducing extreme stiffness in composites, and

that are compatible with a broader range of soft materials.

4.2 Experimental Results

Here, I introduce an approach to dramatically increase the fracture energy of soft materials through a
combination of energy dissipation, crack deflection, and crack blunting. I accomplish this by embed-
ding elastomers with microscale droplets of liquid metal (LM) alloys (Fig. 4.1A). Recently, it has been
shown that liquid droplets dispersed in a soft material can alter its mechanical stiffness 175195197,
LM alloys like eutectic gallium-indium (EGaln), %1%l are of particular interest, because their high
conductivity can also be used to tailor the thermal and electrical properties of a wide variety of

polymers including silicones, urethanes and other conventional rubbers.!!%! EGaln is additionally

non-toxic™? and is known to form a thin (0.5-3 nm) oxide shell in the presence of oxygen.['® One
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Figure 4.2: A) Horizontal crack movement in a notched experiment of an unfilled polysiloxane with a
sample at 1) unstretched state, ii) 65%, and iii) 125% strain. B) Similar horizontal crack movement in
30% volume fraction rigid particles at i) unstretched state with a representative inclusion morphology
shown, ii) 200% strain where the representative rigid inclusion is undeformed, and iii) 325% strain.
Representative optical micrographs during stretching are shown at (iv-v). C) Longitudinal crack
movement and crack elimination in 50% volume fraction liquid metal inclusions, with the LMEE
sample at i) unstretched state with a representative inclusion morphology shown, ii) at 100% strain
where the representative liquid inclusion is elongated, iii, iv) with 400% and 500% and vertical tear
movement, and at v) 650% where the tear is completely eliminated. The optical micrographs (vi-x)
represent the circled regions in the photographs at the corresponding strains.

especially important attribute of these soft heterogeneous systems is that the liquid droplets deform
with the matrix and elongate along the direction of loading.?°” This is in contrast to rigid particles,

which induce an internal mechanical mismatch that results in a non-uniform deformation with stress

45



concentrations at the particle/matrix interfaces. To demonstrate the extreme resistance of LMEE to
tearing, I stretched a sample with 50% volume ratio of LM to 300% strain and cut a notch with a
pair of scissors inside the material (Fig. 4.1B). By stretching the sample further, the crack becomes
blunt and eventually disappears. This autonomous tear elimination allows notched samples with 50%
LM volume fraction to approach the same strain limit (~ 600%) as un-notched samples. Tradition-
ally, observations of longitudinal tear movement, referred to as knotty tearing, have been reported

201,202 " and more recently in a bi-continuous hydrogel 2%, Accord-

in carbon-black-filled elastomers
ing to Gent et. al.[?%, knotty tearing happens only over certain temperature ranges and strongly
depends on the type of carbon black and specific elastomer being used. Although the toughening
mechanisms of rigid particle-filled composites have been extensively studied and implemented in a
variety of material systems, the fracture behavior and toughness of a liquid-filled composite has not
been thoroughly investigated. Here, I show that embedding a polydisperse suspension of randomly
distributed droplets of LM alloy can increase fracture energy of the base elastomer by up to 50x.
This toughening effect is examined in soft polysiloxane elastomers and composites by performing
notch fracture experiments with in-situ microscopy techniques to observe micro-structural evolution

during crack propagation. This allows for the investigation of crack deflection and crack elimination

mechanisms that are not typically observed in soft and tough synthetic materials.

Since low melting point alloys can be embedded inside elastomers in either liquid or solid phases
at room temperature (depending on the alloy) with similar microstructure and morphology, they
are an ideal model material to study different mechanisms to enhance fracture energy. I shear-mix
Field’s metal (eutectic of bismuth, indium and tin with melting point at ~ 62°C) and the elastomers
in an oven at temperatures above 70°C while the metal is in a liquid state. Field’s metal is mixed
into part A and B of the elastomers separately using a pestle and mortar, for 5-7 minutes, until the
desired particle size (~ 15 um, Fig. 4.3) is achieved. The pestle and mortar are placed inside the oven
before mixing, to avoid solidification of the liquid Field’s metals during shear mixing. After mixing
inside the oven, the Field’s metal emulsions are cooled for 30 minutes inside a freezer (T ~ —15°C)
and then equilibrated at room temperature for 10 minutes. Component A and B are then mixed
and molded into samples using mask deposition. The Field’s metal inclusions inside the elastomer

become rigid at room temperature and stay undeformed inside the soft elastomer during elongation
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experiments at ambient temperature.
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Figure 4.3: Particle size distribution of a) 30% volume ratio of rigid Fields metal inside Ecoflex 00-30,
b) 50% volume ratio of liquid metals inside Ecoflex 00-30, and ¢) 50% volume ratio of liquid metals
inside Dragon Skin 10 Slow, using image analysis 2.

I show that the inclusion of liquid droplets can provide similar energy dissipation methods that
already exist in unfilled polymers and rigid-filler composites, as well as additional dissipative modes,
due to tear deflection and elimination. In an unfilled polymer, according to Lake and Thomas, [186:206]
the fracture energy, I'g, is due to the release of energy in a polymer chain after a failure in one of the
atomic bonds (Fig. 4.1C i). In order to enhance critical fracture energy of a material, the necessity to

engineer dissipating mechanisms to absorb the external work is well established. 297298] Accordingly,

the inclusion of rigid fillers inside a polymer allows the microstructure to dissipate more energy (I'p)
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through a variety of mechanisms, including load sharing between multiple molecules and one filler

209 glipping of molecular chains from surface of fillers!?” and detaching polymers from

particle
fillers?1% (Fig. 4.1C ii). In contrast to rigid fillers, liquid inclusions can be stretched and elongate
with the background strain field and deform into needle-like ellipsoids as the composite is stretched
(Fig. 4.1C iii). Such elongation causes the tear to bifurcate and redirect along the direction of
stretch. This is in stark contrast to crack propagation in other soft materials, where tears typically
propagate in the transverse rather than longitudinal direction (Fig. 4.1C i-ii). When the tear reaches
the top and bottom edges of the LMEE sample, it vanishes and the composite can be stretched to its
natural (intrinsic) strain limit. This adaptable crack movement can allow the composite to dissipate
an additional energy associated with autonomous tear elimination I'4 (Fig. 4.1C iii), and increase the
total energy dissipation to I'r = T'g+'p+1"4. This new mode of crack deflection/elimination, extends
energy dissipation (I'4) throughout the whole area of the composite and activates significantly larger

area compared to the smaller area of process zone inside particle-filled composite. This increase in

active dissipation area can dramatically enhances the total energy dissipation (I'r).

4.2.1 Pure Shear Test

To measure fracture energy, I use a pure-shear fracture test method that had previously been adopted
for soft materials. 61211 In this method, a notch is cut into a sample and then the sample is stretched
to determine the onset of failure (maximum force). The fracture energy I' corresponds to the energy
required to stretch an un-notched sample to the same displacement, divided by the cross-sectional
area. As shown in Fig. 4.2A, a sheet of homogenous (unfilled) silicone (Ecoflex 00-30, Smooth-
On) with a notch is stretched. The tensile force reaches a maximum at ~100% of strain, at which
point the notch continuously propagates horizontally to complete failure. In order to compare the
effects of liquid inclusions with rigid inclusions, I embedded micro droplets of rigid, indium-based
low melting point alloy (Bi-In-Sn; Field’s metal) inside the same silicone matrix. With the addition
of rigid inclusions, energy dissipation increases near the crack tip. Fig. 4.2B shows a sample of rigid
particle embedded elastomer (RPEE) with 30% volume ratio of rigid inclusions. The optical image at

0% strain shows the morphology of polydispersed rigid inclusions, with major axes of 14.2 + 4.4 um
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close to the crack tip (Fig. 4.3). As the sample is stretched, the rigid inclusions do not deform and
are observed to slip and tear from the surrounding rubber. This is due to the stiffness mismatch
between the host elastomer and the particles and results in an increase in the overall stiffness of
the composite. As shown in the optical image of crack tip at 200% strain, the debonding of rigid
inclusions create many voids, around which the surrounding polymer is highly stretched (Fig. 4.2B
iv-v). This delamination and localized stretching greatly increases the dissipation of energy and the
resistance against the propagation of tear. The crack eventually unzips horizontally through the

sample (similar to the unfilled elastomer) and causes complete failure at a strain of ~320%.
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Figure 4.4: A) Stress vs strain curve for pure shear tests performed on 70 mm x 10 mm samples
of unfilled Ecoflex and LMEE with 50% LM volume ratio. Black and dark green are un-notched
Ecoflex and LMEE. Brown and light green are Notched Ecoflex and Notched LMEE. B) Comparison
between the fracture energy I' of unfilled Ecoflex (dark grey), 50% volume fraction of LM inside
Ecoflex (green), unfilled Dragon Skin (light grey) and 50% volume fraction of LM inside Dragon Skin
with higher intrinsic fracture energy (blue). C) Plot of critical strain €. (strain at the maximum
force), as a function of LM volume fraction. D) The increase in fracture energy as a function of LM
volume fraction. In region I, the fracture energy enhancement is due to the increase in mechanical
dissipation in a similar manner to rigid inclusions. In contrast, for region II, large enhancement is due
to a crack deflection and elimination mechanism. E) Comparison between fracture energy of LMEE
and RPEE in region I. F) Relation between enhancing the fracture energy and (})tensile modulus
at the first loading cycle of LMEE and RPEE composites. Dashed lines are curves corresponding to
different values of the elasto-adhesive length scale, p*.
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The mechanical response of the LM-embedded elastomer (LMEE) composite is significantly dif-
ferent from those with RPEEs and unfilled silicone. As can be seen in Fig. 4.5, in contrast to rigid
inclusions, liquid droplets can deform with the surrounding elastic medium. In Fig. 4.2C, I show
different snapshots of a notched LMEE sample with 10 mm initial length and 50% volume ratio of
LM. The major axis of an inclusion at 0% strain (Fig. 4.2C vi) is 21 + 6 um (Fig. 4.3), similar to
what is measured in an RPEE. As the notched sample is stretched, the liquid inclusions elongate
with the background strain field. Subsequently, close to the crack edge, the high local strain field
results in higher droplet elongation compared to those that are far from the tear. The length scale of
the process zone is around 650 um (Fig. 4.5). A new mechanism of toughening emerges for LMEE
composites with a high volume fraction of liquid metal (¢ > 50%). As shown in Fig 4.2C-iii, a small
step-like crack located in the process zone starts moving longitudinally along the direction of stretch.
During this longitudinal movement, the tear moves along the interface of elongated liquid inclusions
and elastomer. It occasionally ruptures a liquid droplet or transmits to the neighboring inclusion and
moves vertically (Fig. 4.2C iii, iv and viii). This adaptive movement of the tear leads to a complete
elimination of the initial notch (Fig. 4.2C v and ix). Eventually, the tensile strain limit of the LMEE
sample with a notch approaches that measured for ultimate strain at break of an un-notched sample

(Fig. 4.4A).

In the pure shear test, it is assumed that the process zone in the front of the crack tip is small
relative to the overall dimensions of the sample such that the boundaries (clamps) don’t have any
influence. However, this assumption is not valid for the case of vertical crack movement where the
crack travels along the applied load. For the case of LMEE samples (¢ = 50%) with shorter sample
length (L = 5 mm), the longitudinal crack reflects from the walls, and the boundary interference
leads to premature failure. In order to remove the boundary effects, I have performed the pure-shear
fracture test with longer sample lengths. My experimental results show an increase in fracture energy
of LMEE (¢ = 50%) as the length increases from L = 5 mm to L=7.5 mm (green bars in Fig. 4.4B).
However, for L. > 7.5 mm, T" is invariant to sample length and reaches its peak value. Hence, all
the values for fracture energy of LMEEs with vertical crack movement (¢ > 45%) are reported for
L=10 mm. As shown with grey bars in Fig. 4.4B, such a length dependency on fracture energy is

not observed for the case of unfilled elastomer, which only exhibits horizontal crack movement for all
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200 um

Figure 4.5: High resolution optical image of LMEE with ¢ = 50%, at strain of 100%. As a few
representative droplets are highlighted, inside the process zone the droplets are highly elongated
while outside of this zone the deformation is smaller and fairly uniform.
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sample lengths. Moreover in Fig. 4.6, I show that by changing the crack length of LMEE samples
with ¢ = 50%, from 10 mm to 30 mm, the critical strain (e.) remains similar. Depending on the
volume fraction of LM (¢), I observe two distinct regions. Fracture behavior in region I (¢ < 40%)
is dominated by energy dissipation of inclusions, while in region II (¢ > 45%) it is dominated by
longitudinal crack movement and notch elimination. Fig. 4.4C and 4.7 show the increase in strain
at maximum tensile force for notched samples with different liquid metal loadings. The increase in
critical strain is smooth and monotonic up to ¢ = 40%. In this region, the fracture energy increases
steadily from I' = 25050 J/m? for the unfilled elastomer to I' = 2, 3604160 J/m? for a 40% volume
ratio LMEE (Fig. 4.4D). In region I, the RPEE shows a similar trend and slightly higher fracture

212))  which could be attributed to more

energy compared to LMEE (with 95% confidence bound!
energy dissipation due to slipping and friction between rigid particles and the polymer (Fig. 4.4E
and Fig. 4.8). However, in region II (¢ > 45%), the LMEE shows a sharp increase in critical strain
as well as fracture energy. For these materials, the crack moves longitudinally and enhances the
fracture energy significantly. However, by increasing volume fraction of LM even higher than 50%,
the critical strain decreases (Fig 4.4C, region II) and our experimental data shows a slight decrease
in the fracture energy (Fig. 4.4D, region II).'3l Additionally, Fig. 4.4F, shows the enhancement in
fracture energy as a function of tensile modulus (the slope of stress vs strain curves between 10%
and 20% of strain) measured during the initial loading cycle (before the effect of strain softening, i.e.
Mullins effect, appears). The dashed lines are the curves for different values of the elasto-adhesive
length scale, p* = I'/E, which is indicative of the length in front of crack tip where the material
experiences large strain.!'®¢ As shown here, LMEE increases the length of active energy dissipation
from ~3 mm to more than 50 mm, in contrast to RPEE where the increase in p* is modest (p* <10
mm). Hence, I observe that liquid inclusions are much more effective in increasing tear resistance
while maintaining greater compliance and stretchability when compared to composites with rigid

inclusions.
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Figure 4.6: Notch sensitivity of LMEE with 50% volume fraction of liquid metal. This is the plot of
critical strain (corresponding to a maximum force) as a function of crack length.

4.3 Discussions

In both composites with rigid and liquid inclusions, the presence of filler increases the size of the

process zone and delocalizes the strain energy in front of a crack tip, thereby increasing the total en-

[214 215]

ergy dissipation. ' Recently, Zhang et. al’?'?l showed that high energy dissipation can be attributed
to the Mullins effect. In their theory, I'/Ty = 1/(1 — @hnas), Where Ay, is the ratio between the
energy dissipated and maximum mechanical work being done on the material, and 0 < o < 1 is
a non-dimensional number depending on the stress-strain hysteresis. The maximum enhancement
predicted by this theory is around 10x, which is generally in agreement with our results for ¢ <
40%. However, it severely underpredicts the toughening enhancement of the sample with adaptable
crack movement observed at high volume fractions of LM (> 50%), which is on the order of 50x.
This discrepancy is due to the special role of the elongated liquid inclusions, which guide the crack
to move vertically and prevent propagation of the tear across the whole sample. This mechanism is
analogous to that in tough bones, where a micro crack starts moving perpendicularly to the loading
direction and then twists.'®®l Based on the theory by Cook and Gordon, if the interfacial binding

energy of LM and polymer is comparable to the cohesion energy, a vertical crack will be initiated

that moves perpendicular to the direction of original crack.') Accordingly, this secondary crack
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Figure 4.7: Stress vs strain plots for pure shear experiments of LMEE Ecoflex samples with different
volume fraction of liquid metal. As mentioned in the manuscript, the sample lengths are 5mm and
10mm for region I (¢ < 40%) and region II (¢ > 45%), respectively.

greatly decreases the stress concentration in front of the existing crack and results in an increase
in the energy dissipation and toughness of the composite. As shown in Fig. 4.4B, I observe an
enhancement in fracture energy I' of up to 50x compared to the host silicone elastomer for Ecoflex
LMEE with 50% volume ratio of LM. This additional toughening behavior is not only a result of
higher energy dissipation of filler inclusions, but also arises from the geometrical effect of adaptable
crack movement. Using a silicone elastomer composite with 50% LM loading and a higher base frac-
ture energy (Dragon Skin 10 slow, 'y = 930 £ 80 J/m?) I was able to enhance the fracture energy
of the composite to I' = 33,500 + 4,300 J/m? (Fig. 4.4B blue bars and Fig. 4.3). In addition
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to achieving ultra toughness, the resistance to tearing is omni-directional in LMEE composites as
the inclusions adapt their orientation to the loading direction. This is in contrast to most other
engineered or biological tough materials (e.g. fiber reinforced composites and bones), which have
anisotropic toughness and resistance against tearing only along certain loading directions. For these
materials, the relative angle of the initial crack can have a significant influence on fracture strength.

This can be of critical importance in applications where cracks are initiated in random directions.
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Figure 4.8: Mechanical cyclic (3 cycles) tests with strain steps at 20%, 40%, 60%, 80%, 100%, 150%
and 200%. Mullins effect is observable in all three samples of 50% volume fraction LMEE (green),
30% volume fraction LMEE (blue), and 30% volume fraction RPEE.

4.4 Conclusion

In closing, I showed that embedding microscale droplets of liquid metal within a soft elastomer can
increase fracture energy by up to 50x. I attribute this significant enhancement to a two-fold mecha-
nism. First, enhancement comes from the conventional mechanical dissipation and Mullins effect that
have also been observed in rigid particle-filled elastomers and gels. Based on the theory by Zhang

1[215}

et. a , up to 10x increase can be expected for this type of mechanism. The second contribution
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to this enhancement comes from the longitudinal crack deflection due to highly dense and elongated
LM droplets embedded in a soft elastomer. This Cook-Gordon mechanism for enhancing fracture
toughness has been observed previously for tough and hard materials like bones and here, for the
first time, I introduce it in soft materials (nearly six orders of magnitude softer than bone). Although
previous work in soft DN hydrogels?'"l has shown high fracture energies of up to 16,000 .J/m?, I am
able to achieve even higher toughnesses with LMEE composites (I'" up to 33,000 J/m?). Significantly,
LMEEs also display superior thermal and electrical properties through the functional properties of
the liquid metal phase. 137:19%:200] Thig extraordinary combination of properties allows soft elastomers
to have a more central role in emerging applications. These include improving the biomechanical
compatibility of electronic devices by replacing rigid and brittle materials with soft, stretchable and
tear resistant elastomers for applications in wearable computing and soft robotics, where robustness

of the device is highly dependent on the tear resistance of the elastomeric materials.

One important question is the extent of temperature that gallium alloys can remain liquid. All
of the functionalities that I characterized previously, have been at room temperature; and high
deformability of LMs played a crucial role. So, as a natural extension of this work, In the next chapter,
[ investigate the extent of temperatures in which droplets of low melting point alloys (LMPAs) remain

liquid.
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Chapter 5

Temperature and Supercooling Effects on

Functionality of LMEEs
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In the previous chapters, I showed that adding LM inclusions to elastomers significantly enhances
dielectric permittivity, thermal conductivity and fracture toughness of soft elastomers without signifi-
cantly increasing stiffness of the composite. All of these behaviors are characteristics of suspensions of
liquid metals inside elastomer. The liquid inclusions can deform and adapt to large background strain
field without inducing much resistance against deformation. This is in contrast to rigid inclusions
where the mismatch in the modulus of particles and host elastomer creates high stress concentrations
and results in large deduction in strain at failure and an increase in the modulus of the composite.
However, the extent of temperature in which the micron-sized inclusions’ phase remains liquid is not
fully understood. In this chapter, I experimentally investigate and characterize the phase change of

low melting point alloy (LMPA) droplets inside an elastomer.

It is often challenging to freeze liquid metals at their absolute melting temperature. This is
due to the supercooling effect, in which the liquid can be cooled down to temperatures way lower
than absolute melting temperature while still remaining liquid. For the solidification to happen, an
initial crystal needs to be formed and propagate. The solidification in supercooled liquids can be
catalyzed by initiating the crystallization from introducing a defect or embedding another crystalline

[218,219

object (like a piece of metal) as a starting point for crystallization. I One method of reducing

the probability of crystallization in the supercooled metals is to cover the surface of inclusions by a

220] yeported on a shear mixing technique (Shearing Liquids Into

smooth polymer layer. Tevis et. al.!
Complex Particles, i.e. SLICE) to produce nano to micron scale droplets of LMPAs inside different
solutions and polymers. SLICE is a multi step method in which LMPAs are first segregated into
small scale droplets inside a solution with control over its temperature. After washing and filtering
the inclusions, they can be embedded into elastomers following another mixing step. Using this
technique, inclusions of Field’s metals (7, ~ 62°C') can remain liquid at room temperature with
a solid shell surrounding them.?!) The room temperature supercooled liquid inclusions of Field’s

metals have applications in heat-free soldering and stiffness tuning materials. 197:221]

2221 The droplet sizes

Gallium-rich alloys are also known to experience this supercooling effect,
can have significant impact on the supercooling temperature as well. As reported by Turnbull 28],

the supercooling temperature observed in small droplets with the particle size of 50um to absolute
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melting temperature is of the order of AT n4:/Tm ~ 0.2 (in Kelvin), while in larger droplets this
ratio is generally < 0.05. Further reduction in size reduces the supercooling temperature. In the most
extreme case reported, Parravicini et. al., studied the crystallization temperature of Ga droplets with
particle size of 3-15nm. They reported that these nano-droplets can remain liquid at T" = 90K for
several days (AT max/Tm ~ 0.7).1223) These experimental data are consistent with the hypothesis
that the probability of finding accidental nucleation points to promote crystallization is much lower

in small droplets than larger droplets. 28!

LMEEs can be a model system to investigate many different aspect of supercooling in metals.
Similar to SLICE technique, a layer of elastomer covers each liquid droplet (due to high bonding
affinity of the oxide skin and polymers) and provides a smooth boundary that further prevents the
nucleation of crystallization. Additionally, the simplicity of the fabrication technique allows different
types of host matrix to be investigated rapidly. In order to understand different contributions to
the supercooled temperature, I use two sets of experiments. First, I perform Differential Scanning
Calorimeter (DSC) experiment to identify the supercooling effects of LMPA-embedded elastomers
with micron to nanometer particle sizes, in a static state. Next, I use a Dynamic Mechanical Analyzer
(RSA-G2) to perform oscillatory tension at a wide temperature range, to identify crystallization and
melting point and its influence on mechanical properties of the composites in a dynamical system.
These investigations are done for Eutectic gallium indium and Field’s metal embedded inside elas-
tomers. In order to understand size dependency of supercooling temperature of LM inside elastomers

I perform the experiments for different sizes of inclusions from ~20 pm to hundreds of nanometer.

5.1 Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) can be used to identify critical temperatures like melting,
crystallization, and glass transition. In DSC, the difference of heat flow (W) required to keep the
temperature between a sample pan and a reference pan is measured. The points of crystallization and
melting are characterized by exothermal and endothermal peaks in plots of heat flow vs temperature.

All tests are performed with samples between 5-16 mg inside of an Al pan and lid (Tzero, TA
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Instrument) and temperature ramp of 5°C'/min.

5.1.1 LM and Unfilled Elastomer

In Fig. 5.1a, I plot a representative DSC curves for the Eutectic Gallium Indium (EGaln). The
bulk EGaln has melting temperature of 7,, = 16.9°C' which is close with reported values in litera-
ture. 196222 However during the cooling ramp, the bulk EGaln experiences supercooling effect and an
exothermic peak, which is observable at a lower temperature (7, ~ —6°C' for this sample) than T,,.
Due to the nature of random nucleation of the crystallization, the supercooling temperature varies

for different samples with average and standard deviation of —26.6 £+ 13°C' (for 3 samples).
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Figure 5.1: A representative plot of Differential Scanning Calorimeter measurement for EGaln.

I perform DSC measurements on two samples of unfilled Ecoflex 00-30 and plot the curves in
Fig. 5.2. As shown, In the cooling ramp I can detect a crystallization point at T, ~ —66°C' for
the Ecoflex. Silicone elastomers, like polydimethylsiloxane (PDMS, Ecoflex 00-30), have shown semi-
crystallinity behavior where the polymers structure consists of crystalline and amorphous parts.
DSC measurements of end-linked polydimethylsiloxane (PDMS) in the literature, ?2422°l have shown
crystallization points at temperature of T, ~ —80°C' and glass transition of T, < —120°C'". Consistent

with literature, I observed a crystallization peak at higher temperature than glass transition. I expect

60



to see the glass transition at lower temperatures, however, temperatures lower than —90°C' are not
accessible with our current DSC setup. Subsequently in heating ramp, the Ecoflex00-30 melts at

T, = —41°C.
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Figure 5.2: Differential Scanning Calorimetry for unfilled Elastomer, Ecoflex 00-30

5.1.2 Liquid Metal Embedded Elstomers

The influence of adding rigid particles on glass transition and crystallization kinetics of silicone
elastomer have been investigated before. Bosq et. al.?** reported that addition of silica nanoparticles
inside PDMS does not significantly influence the glass transition of the polymer but does promote
initiation of crystallization in the elastomer. Here, I study the crystallization behavior of composites
of low melting point alloys embedded inside elastomers. I embed micron size droplets of LM inside
ecoflex using shear centrifugal technique. Fig. 5.3 shows the DSC measurement on LMEE composite
(red curve) with using Ecoflex 00-30 as the host elastomer and EGaln as the fillers. Additionally, the
DSC curve for unfilled Ecoflex 00-30 (scaled to have similar elastomer mass used in the LMEE sample)
is plotted with red line. I see dramatic changes in both crystallization and melting temperature of
EGaln microdroplets. Interestingly, both crystallization and melting temperatures of EGaln shift to

lower temperatures. Since the majority of the microdroplets remain in liquid state (until temperatures
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close to the crystallization point of elastomer), their presence do not alter the crystallization point
of the elastomer. The onset of exothermic peak starts close to the crystallization temperature of the
elastomer at T¢. ;yrpr = —65°C. This shows the extreme resistance of micro droplets of liquid metals

inside the elastomer against freezing and crystallization.
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Figure 5.3: a) Differential scanning calorimetry for LMEE with ¢ = 50% in red, and Ecoflex 00-30
in blue. b) Size distribution of LM particles inside the elastomer, and c) optical micrograph of the
LMEE composite.

Additionally, the exothermic heat flow has two distinct peaks that show lagging between crystal-
lization of LM droplets. This double peak behavior of crystallization point can be a result overlapping
crystallization peaks of the elastomer and LMs microdroplets. Furthermore, during the heating ramp,
I see one endothermic peak at T),,; = —41°C', and another one at T,,, = —25°C". The first melt-
ing peak corresponds to melting of the elastomer, and it is consistent with DSC curve for unfilled
Ecoflex 00-30. However, the second melting peak that should be corresponded to melting of EGaln
microparticles occurs at much lower temperatures compared to known melting point of bulk EGaln

which is at Tm—EGaIn = 15.5°C.
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5.1.3 LM Droplets, no Elastomer

To further investigate the supercooling effect of EGaln, I fabricate the liquid metal droplets using
sonication. With the help of my lab-mate Dr. Malakooti, we use a fabrication method suggested
by Lt. Col. Carl Thrasher to functionalize the surface of EGaln particles by polymer brush of 11-
phosphonoundecyl acrylate (PUAc, Sigma Aldrich). In this method, we add 200mg EGaln, 10mg
PUAc and 10 mL of EtOH to a 20mL vial. We then bath sonicate the solution for 2 hr at 50°C
followed by a centrifuging step and replacing the EtOH three times in order to remove any excess
PUAc away. Fig 5.4b shows the SEM image of the LM particles. This SEM image shows a wide
range of particle sizes ranging from 5 pum to 300 nm. Most of the particles are spherical with some
larger particles that show some irregular shapes. The surface of those particles with irregular shapes
are more rough, indicating not a full coverage by the polymer brush. In order to understand the
supercooling temperature of these micro-nano particles assembly, I perform DSC measurements with
2 cycles of cooling and heating for this system. As shown in Fig 5.4a, in the cooling curve I first
observe a continuous exothermic bump starting from 7' ~ —45°C' followed by a peak at —60°C.
I subsequently observe additional exothermic crystallization peak with higher magnitude at -85°C'.
During the heating ramp, I see melting peak at T" = —26.5°C', similar to what was also observed in

previous LMEE samples, with the addition of another small peak at T'= —10.7°C.

5.1.4 LM Droplets, with PPBMA

The droplets that were fabricated with sonication (in the previous section) consist of LMs with wide
range of sizes from a few microns to hundreds of nanometer. I hypothesize that the appearance of
another crystallization peak at lower temperature (7" = —85°C') is corresponding to droplets with
nanometer scale size (~ hundreds of nanometer). In order to test this hypothesis, I use a technique
to embed highly uniform droplet size of EGaln inside a polymer brush. By using Atom Transfer

226] (with help from Jiajun Yan, Matyjaszewski lab), polymer

Radical Polymerization technique,
brush of PBMA are grown on the surface of NPs in which stabilizes them in a gel. As shown in the

TEM image (Fig. 5.5), the size of nano-particles are very uniform with average of 125 nm. Fig. 5.5¢,
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Figure 5.4: a) DSC curves for EGaln micro-nano droplets (first cycle red and second cycle blue). b)
SEM image of the EGaln droplets

shows the DSC curve of the NP-PBMA and the unfilled PBMA for 2 cycles. The volume fraction
of LMs is estimated by TGA to be 8.2 % in this system. In the cooling ramp, the crystallization

happens at T, = —85°C, which is in excellent agreement with second peak of samples with

NP—gels
Thrasher’s method. Furthermore, the peak previously seen at T = —65°C' for systems with larger
particle sizes disappears here, indicating the influence of monodispersity of nano-droplets. In the

heating ramp, similar to the LMEE sample and LM droplets with Thrasher’s methods, I see melting
peak at T' = —26.6°C.

5.1.5 Field’s Metals Embedded in Elastomers

As an extension of this work, I replace EGaln fillers with Field’s metals which has higher melting
temperature. Since Field’s metals also have relatively low melting point, I could use similar shear
mixing techniques (mortar and pestle) to get similar morphology with using Field’s metals instead of
EGaln. In Fig. 5.6, I have shown DSC measurements for the bulk Field’s metals and the composite of
Ecoflex and Field’s metal with 30% volume fraction of fillers. The Field’s metal melts at T}, = 62°C'
(consistent with literature) and shows a super cooling temperature at T, = 58°C. Furthermore,

the DSC curves for 30% volume fraction of Field’s metal embedded in Ecoflex shows a decrease in
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Figure 5.5: EGaln nano-droplets embedded inside PBMA. a) DSC curves for unfilled PBMA in green
and LM-embedded droplets inside PBMA (first cycle red and second cycle blue). b) TEM image of
EGaln nano droplets

crystallization temperature. The crystallization of micro droplets of Field’s metals happen at a tem-

peratures between 36°C' < T, < 42°C. Here, I see emergent of a shoulder in the crystallization

CRPEE

peak of RPEEs with Field’s metal.
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Figure 5.6: Differential scanning calorimetry for Field’s metal (in green) and 30% volume fraction of
Filed’s metal embedded in Ecoflex 00-30 (in red).

In this section, I studied the crystallization of micro and nano scale size droplets of EGaln and
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Field’s metals. I showed that at LMEEs, the crystallization occurs at temperatures lower than
—65°C. This reduction in crystallization temperature comes mainly from the reduction in size of
liquid metals. Embedding the micron size droplets inside elastomer would isolate the particles from
each other and reduces the chance of crystal nucleation in them. Furthermore by reducing the size
of droplets to nano scale with a narrow size distribution, the crystallization peak was pushed further
to lower temperatures of —85°C. As an important step, in the next section, I study the influence
and onset of crystallization of liquid fillers inside elastomers on the mechanical properties of the

composites.

5.2 Dynamic Mechanical Analyzer

In order to investigate the mechanical behavior and supercooling transition of LMEEs in a dynamic
state, I perform oscillatory tensile test using a Dynamic Mechanical Analyzer (DMA RSA-G2) over a
wide temperature range. Using DMA, I obtain storage and loss modulus from dynamic measurements
that involve applying sinusoidal deformation and recording corresponding force response. While
elastomers can store energy in terms of storage modulus, liquids mostly dissipate energy by turning it

into heat.??”) For a general oscillatory compression/tension, the deformation rate tensor becomes: [22%!
K.w =4 = yocos(wt) (5.2.1)

where vy is the strain amplitude, and w is the frequency of oscillation. The corresponding stress
would be a harmonic oscillation with some phase lag ¢. Taking the Fourier Transform of stress

component, we have:

ofl = Z Iy sin(Nwt) + Z I} cos(Nwt) (5.2.2)
N N

Where the Fourier coefficients, I}, and 7, are:

Ope Sin(Nwt)dt , Iy = g/w O cOS(Nwt)dt (5.2.3)
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and finally the storage modulus, loss modulus, and phase angle will be:

Il [// G/
! N " N N
== =, tan = . 5.2.4
N o N o (on) G ( )

For linear viscoelastic materials the first mode, N = 1, is the dominant mode. However, by going
beyond the linear regimes, other modes appear to become more significant. To identify the onset
of solidification of LM droplets, I run small strain DMA experiments (linear regime) with strain
oscillation of 1%, and a temperature sweep ranging between —70°C' < T' < 20°C' for composites with
EGaln (7,,, = 15.5°C'), and —40°C' < T' < 80°C for the composites with Field’s metals (T, = 62°C)
fillers. I chose T,;,, = —70°C" due the lowest useful temperature that is recommended for Ecoflex
00-30 (Smooth On). The sample dimensions are b5mm x 5mm, with a thickness ranging between

250-300m.

5.2.1 Results and Discussion

The DMA and DSC measurements can be complimentary to each other, since they can identify similar
transitioning points. Peaks in tan J measurements can be used to identify phase change in DMA
measurements. When the sample undergoes internal transitioning and readjustment in arrangement
between particles, tan ¢ (which is the ratio between loss and storage moduli, tan § = E”/E") becomes
maximum. ??l In Fig. 5.7, I plot DMA measurements for LMEE 50% (5.7a), and Ecoflex 30 (5.7b).
The storage modulus of LMEE with 50% volume fraction of liquid metals remains constant until
temperature drops to 1, ypr ~ —65°C', where I see a sharp increase in the modulus. Consequently
in the heating ramp, there are two transitional points. First, the elastomer melts and the storage
modulus drops to ~ 700k Pa. In between melting of Ecoflex and melting of the LM, a portion of the
inclusions are rigid and the modulus of the composite is 5x higher than the composite with liquid
fillers. This can be used as a direct comparison between the stiffness of a composite with liquid and
rigid fillers (even though only ~ 40% of the fillers are rigid according to DSC analysis). Increasing
the temperature will initiate melting of EGaln inclusions and the storage modulus becomes similar

to the original values. The phase changes can be identified from the peaks in tan § measurements. |
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identified onset of freezing of LMEE, melting of Ecoflex and melting of EGaIN at T¢, .. ~ —69°C,
Tnpeopiea ~ —42°C, and Ty, ., ~ —25°C', respectively. They are in excellent agreement with DSC
data presented in previous section. As a control sample I perform DMA test on the Ecoflex 30. The
plot in Fig. 5.7 shows an increase in storage modulus of Ecoflex30 at ~ —65°C' in the cooling ramp.
Since the modulus of Ecoflex is very low, the measurements for loss modulus is in the range of tens
of kPa and hence the tan ¢ values are noisy, as a consequence, the crystallization of Ecoflex can not
be clearly identified in this test. In the heating ramp, storage modulus decreases and tan ¢ reaches a
maximum at 7,

mEcosies — —42°C'. Above the melting point, the storage modulus goes back on top of

the the original value before crystallization point and remains similar until room temperature.
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Figure 5.7: Dynamic Mechanical Analyzer measurement for a) a sample with 50% volume fraction
of EGaln embedded inside ecoflex at temperature between 20°C' and —70°C', and b) ecoflex 00-30 at
similar temperature range.

By using Field’s metal I could decouple the freezing of the fillers from the elastomer. Based on
DSC measurements, the melting of Field’s metals inside Ecoflex happens at a temperature around
40°C'. In Fig. 5.9, I showed the DMA curves for RPEE and Ecoflex at temperature between -40°C
and 80°C'. As can be seen in Fig. 5.9b, in this temperature range the Ecoflex doesn’t undergo a
phase change and the storage modulus and loss modulus remain fairly uniform with a slight increase
in storage modulus with increasing temperature. On the other hand, in the first cycle for RPEE,
the storage modulus decreases from 3 MPa at T" = —40°C' to 800 kPa before the melting of Field’s
metal. This rapid decrease in the storage modulus with increasing temperature could be attributed

to the softening of Field’s metal inclusions during the heating ramp. At T" = 60°C', the tan  reaches
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a maximum and storage modulus drops significantly. At this point, the Field’s metal inclusions melt
and the composite becomes 4x softer. Since the DMA sample is at 40% of initial strain, after the
inclusions melt they turn into ellipsoidal shapes (As shown in Fig. 5.8). In the cooling ramp, the
storage modulus increases at a temperature of around 40°C'. This increase in the storage modulus
could be explained by the crystallization of the Field’s metal inclusions. However, the inclusions
solidify in the ellipsoidal shapes and the storage modulus doesn’t become as high as the first cycle.
Mullins effect as well of the influence of ellipsoidal inclusions on the storage modulus of the composite
could explain this behavior.
a b
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Figure 5.8: Dynamic Mechanical Analyzer measurement for a) a sample with 30% volume fraction
of Field’s metals embedded inside ecoflex at temperature between —40°C' and 80°C', and b) ecoflex
30 at similar temperature range.

After Melting

Figure 5.9: Optical image of an RPEE sample with 30% volume fraction of Field’s metals a) before
and b) after oscillatory tensile test.
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5.3 Conclusion

In this chapter, I investigated the extent of temperatures in which micro and nano scale liquid fillers
stay in liquid phase inside elastomers. Surprisingly, micro droplets of EGaln inside elastomer remain
liquid above T' = —65°C. This reduction in freezing of EGaln particles is due to i) supercooling of
the liquid metal ii) micron scale size of the inclusions, and iii) existence of smooth layer of elastomer
isolating each liquid inclusion from others. At T = —65°C', the crystallization of Ecoflex 30 nucleates
crystallization in only about 40% of the droplets. Furthermore, I showed that reduction in size of
inclusions will result in further reduction in super cooling temperatures. I observed a melting peak
at T'= —85°C' for EGaln droplets with 125nm size inside a polymer brush. Similar to EGaln fillers,
I observed a reduction in the crystallization temperature of microdroplets of Field’s metals (melting

temperature 7T,,, = 62°C') inside ecoflex by 25°C'.

Accordingly, the increase in modulus of the composite due to freezing of 40% of inclusions is
about 5x. Most of the functionalities of LMEEs shown in the previous chapters depends on high
deformability of liquid inclusions inside elastomers. Now I have experimental observation of a wide
range of temperatures (as low as —65°C') in which the composite maintains its material properties.
This wide temperature range of functionality can open up new possibilities and applications of LMEEs

in extreme environments like space applications.
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Chapter 6

Conclusions and Future Research
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In closing, for elastomers to play a more active and functional role in the development of ma-
chines and devices in the emerging fields of soft robotics, stretchable electronics and human-machine
interaction, they must acquire high thermal and electrical functionalities and high toughness without
sacrificing their mechanical compliance and stretchability. As summarized in Fig. 6.1, carbon, metals
and ceramic oxide have been traditionally used due to their high electric and thermal properties but
they lack the compliance and flexibility desired for soft matter applications. Rigid-filled polymer
composites can increase the functionality of elastomers but with a deterioration of mechanical per-
formances due to extreme elastic mismatch between fillers and polymers. However, as I showed in
this thesis, LMEEs can be engineered to have compliance and stretchability similar to elastomers
(Fig 6.1a and b) with an elastic modulus of less than 100 kPa and stretchability of ~ 600%. The
high compliance in LMEEs is achieved while at the same time exhibiting a 4x increase in relative
permittivity (e = 20 — 45), ~ 25x increase in thermal conductivity (4.7 £ 0.2 W/mK) under stress-
free conditions and a ~ 50x increase in thermal conductivity (9.8 £ 0.8 W/mK) when strained, over

the base polymer.
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Figure 6.1: Comparison of LMEE composites with other materials’ properties

To quantitively understand the increase in dielectric and thermal properties of the composites, I
used Effective Medium Theories. With the use of Maxwell-Garnett or Nan et al (for ellipsoidal inclu-
sions) I was able to capture the dielectric behavior of composites. Bruggeman approximation made
a significant improvement over Maxwell-Garnett to capture the behavior at larger concentrations.

Following Sen et al. (35), I use a self-consistent EMT that takes into account the shape of the ellip-
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kc—km _ ¢ kp_knL

Thot Dk = P I was able to capture thermo-mechanical

soidal particles. Using this equation

coupling in LMEEs with no data fitting.

In addition to increasing the electrical and thermal properties of elastomer, I showed that em-
bedding micro-droplets of liquid metals increases the fracture energy of silicone elastomers by up to
50x (from 250 450 J/m? to 11,900 42,600 J/m?) over an unfilled polymer. For some LM-embedded
elastomer (LMEE) compositions, the toughness is measured to be as high as 33,500 + 4, 300 J/m?,
which far exceeds the highest value previously reported for a soft elastic material. This enhancement
in toughness is possible due to i) increase in dissipation energy, ii) adaptive crack movement and iii)
effective elimination of the crack tip. Micro droplets of EGaln in their elongated state, can provide a
preferred crack movement along the LM and elastomer interface. This results in tear movement along
the loading direction and virtual elimination of crack, hencem causing a significant energy dissipation

before a catastrophic failure.

The adaptive deformation of liquid metals inside elastomers is the key advantage of them in
comparison with embedding rigid fillers. I showed that micro droplets of eutectic gallium indium
(EGaln) inside elastomers can remain in liquid state about 80°C' lower than their melting temperature
(1), = 15.5°C'). The LMEE with Ecoflex 30 has a crystallization point at ~ —65°C', makes it suitable

for applications in extreme temperatures like space suits and ETC.

6.1 Recommendation For Future Research

LMEEs have shown very promising properties and are poised to have huge impact not only in
emerging fields like soft robotics and flexible electronics, but also on the traditional electronics and
automotive industries. They can be used as thermal interface materials between the heat sink and
high heat generating chips (i.e CPUs, GPUs and etc.) where high compliance and high thermal
conductivity is highly desired to have low heat resistance interfaces. However, there are still remaining
questions to be answered that can make LMEEs suitable for industrial applications. Additionally,
other research directions are proposed here to understand LMEEs in more details and improve the

current design. Furthermore LMEEs can be used as a model system to make future discoveries in
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material science and chemistry.

6.1.1 Influences of Oxide Skin and Surface Tension on Mechanical Prop-

erties of LM EEs

In Fig. 6.2, Equation 2.5.1 from Style et. al.['3¥ is plotted (in blue) and compared with experimentally
measured values for elastic modulus of LMEEs after the training steps described in Sec. 2.5.1. In
the Style et. al. formulation the influence of surface tension of liquid inclusions is included in
the overall mechanical properties of soft solids with liquid inclusions. Here, the surface tension of
the inclusions is assumed to be v = 620 mN/m, and the elastic modulus of the unfilled elastomer is
Ey = 75kPa. Asshown here, droplet size have a significant influence on the predicted elastic modulus
in Style et. al. formulation. Our experimental data falls in between predicted values from Style et.
al for droplet radii between 5 — 10 um. This model is representative of liquid inclusions without
taking into account the oxide skin. However, during the shear mixing of LMEEs in an oxygenated
environment, oxide layer GayOs forms on the LMs. Khan et. al.[®¥ reported that formation of
oxide skin reduces the surface tension of liquid metal to virtually zero value. Hence, assuming that
the oxide skin significantly reduces the surface tension, application of the Style et. al. formulation
becomes less relevant in this system. Alternatively, using Eshelby theory for liquid inclusions with
infinite bulk modulus and zero shear modulus will result into reduction in the elastic modulus, as
shown in Fig. 6.2 (in red). As shown in the figure, Style et. al. and Eshelby theory could be
two limiting cases for the LMEE composites. The elastic oxide layer with a surface yield stress of
oy = 500mN/m!'%! can be an important factor that must be considered in future research projects
to better understand the influence of LMs on mechanical properties of LMEEs. Furthermore, in
future research projects, the influence of oxide skin on fracture toughness of LMEEs can be further
investigated by performing fracture experiments in an oxygen-free environment. Experimentally
this influence can be investigated by preparing LMEE samples inside a glove-box and subsequently

performing the pure shear test without existence of oxygen in the chamber.
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Figure 6.2: Comparison between experimental measurements for elastic modulus of LMEEs (in grey),
prediction of Style et. al. for a composite of soft solids and liquid inclusions with high surface tension
(v = 620mN/m and Ey = 75 kPa, in blue), and Eshelby Theory (in red)

6.1.2 Programmable LMEE for High Thermal Conductivity Through

Thickness

The shape programmability of liquid metals inside elastomers offers a wide range of possibilities for
tuning anisotropic behaviors in elastomers. I showed that by stretching LMEEs up to 600% strain
and inducing plastic deformation I was able to elongate liquid inclusions in stress-free state. However,

there is more that can be done to program the geometry of liquid inclusions inside LMEEs.

In order to achieve high thermal conductivity through thickness, I could attempt to elongate
the inclusions along the thickness. In order to get the highest elongation of liquid inclusions, the
stretching of LMEEs should be done while the elastomer is curing. The elongation should be done
in between the cross linking process where elastomers have just enough integrity to elongate the
inclusion but still large portion of cross linking would happen in the later stages where the inclusions
have already formed ellipsoidal shape. This procedure could significantly increase the elongation of

particles in stress-free state. By using an Instron with an environmental chamber (as sketched in
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Fig. 6.3), one could optimize the temperature profile, rate of elongation and maximum displacement

to achieve highest elongation of LMs inside elastomers.

AL

S PFPENSES

Figure 6.3: A method to program LM shapes inside elastomer, by tuning temperature ramp, strain
rate and maximum deformation.

6.1.3 Embedding Nanoparticles of EGaln Inside Elastomers and Its Im-

plications

A current limitation in fabrication of LMEEs is how to reliably achieving small particle size of
the liquid metals embedded inside elastomers. I have achieved up to ~ bum particles size with a
distribution of a few tens of um. A future research could be on developing fabrication techniques in

order to achieve mono-dispersed LM particles with small radius (hundreds of nanometers).

Fabrication

A popular method to fabricate nano droplets of EGaln is to use a sonication technique. There have
been a few publications on how to stabilize the nano droplets with small size distribution. 2! ethanol
has shown to be the most effective solution to disperse and stabilize the nano-droplets. However it

is challenging to get high concentration of nanoparticles.?% Additionally the next step would be

76



developing a method to get highly efficient nanodroplet of EGaln embedded inside elastomers. There
are some scientifically interesting questions that could be attacked by embedding nanodroplets inside
elastomers. In the next 3 sections, I am going to try my best to paint the picture of what would

encourage (or maybe discourage) researchers to attack this challenge.

Mechanical Behavior

The ability to embed nano-droplets of EGaln inside elastomers can open up very interesting ways
of controlling the nano structure and assembly of nano-droplets. By Using Atom Transfer Rapid
Polymerization (ATRP)[??% it is possible to carefully make polymer brushes to control the nanos-
tructure of LMEEs and program the assembly. Through this technique, the possibility of designing

anisotropic composite with interesting properties in different direction worth pursuing.

However, due to the effect of surface tension on deformation of liquid droplets, smaller particles
would induce higher stiffening effects than larger droplets. As seen in Fig. 6.4, particles with 10 nm
size distribution would behave ~ 5x stiffer than particles with 10um size (LMEEs with currently
available technique). This could be a discouragement for pursuing this fabrication technique if the

desired application is in the soft matter space.
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Figure 6.4: Theoretical prediction for dependence of effective modulus of inclusions (E*) on droplet
radius (R) for £ = 85kPa and v = 0.5 N/m. The prediction is based on a theory reported in Style
et al.[138]
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Dielectric Constant and Voltage Breakdown

Inclusions of micro droplets of liquid metals inside elastomer increases the dielectric constant of the
composite by 4 fold. However this increase comes with a price of reducing the voltage breakdown from
16 KV/mm to ~1 KV/mm. For applications in dielectric elastomer actuation and energy harvesting,
the combination of high compliance, high dielectric constant and high voltage breakdown is required.
In this work, the dielectric measurements was done with a LMEE sample fabricated using pestle and
mortar. In this fabrication method the shape of particles are highly irregular with high fraction of
particles with sharp edges. When voltage is being applied on a LMEE layer, charge can build up
more on the sharp edges and cause lower voltage breakdown. A hypothesis (to be checked in future)
is that by having nano-droplets with highly rounded shapes and uniform structure could improve the
voltage breakdown. However there is a trade of in reducing the particle size if the LMs, in which the

surface to volume ratio increases and consequently voltage breakdown can go down.

In closing, even though fabrication of LM nano-particles and embedding them inside elastomers
is scientifically interesting and intriguing, there are competing effects in order to get highly desirable
properties for soft matter applications. However as a curious scientist, I believe these investigation

must be pursued.

6.1.4 System Integration of LM EEs with Soft Electronics

The next challenge, that will constitute a larger set of parameters, is the integration of soft, stretch-
able, and multifunctional materials with current existing sensing, actuation and computing elements
to build a fully functional soft devices. Accomplishing this requires innovation in design guidelines,
system integration and synthetic techniques. A proposed device that includes a multilayer design

composed of a heat management layer, active layer and an electronics layer is illustrated in Fig. 6.5a.

e Layer 1 - Sensing, control, and power regulation consists of flexible electronics rapidly
developing in the last decade.?®! Some of the great work here include wavy and serpentine

electronics from John Rogers group, " Liquid metal and silver paste conductive electronics. 23!
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Figure 6.5: a) Proposed robotic material composed of three functional layers: electronics with b)
wavy electronics®” or ¢,d) LM microfluidics ?*"; actuation and stiffness tuning with e) shape memory
alloys or f) conductive thermoplastic elastomers?**233l: heat management with g) LMEEs, which is
composed of LM microdroplets embedded in a soft silicone rubber.

e Layer 2 - Actuation and stiffness tuning materials that change shape and/or stiffness
in response to electrically powered Joule (Ohmic) heating; these will be composed of some

combination of shape memory alloy (SMA; Fig. 6.5¢), or conductive thermoplastic elastomers

(Fig. 6.5f232:2331)

e Layer 3 - Heat management thermally conductive rubber (“LMEE”) composite (Fig. 6.5g)
that will spread and dissipate heat generated by the shape/stiffness-tuning elements in Layer
2: by simultaneously matching the compliance of soft silicone and the thermal conductivity of
metals like stainless steel, the LMEE has the unique ability to manage heat without introducing

mechanical stiffness.
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