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Abstract

Liquid metal particulate composites (LMPCs) are super-stretchable conductors with promising
applications in soft electronics. Their conductance originates from the percolation networks of
liquid metal particles. This work aims at elucidating the effect of finite-size and sample shape on
the percolation and electromechanical properties of LMPCs, given that their dimensions range
from microns to centimeters. It is found that their percolation threshold is dominated by the
smallest dimension of the samples, not the shape or aspect ratio. A smaller sample size increases
the percolation threshold and makes it harder to activate the conductance. In addition, smaller
samples are more sensitive to local defects, which adversely impair the electromechanical
properties or even undermine the conductance. Finally, this work considers the influence of finite-
size on the piezoresistance effect, i.e., strain-dependent resistance. It is found that the
piezoresistance effect and finite-size effect are uncorrelated, if the samples are above the
percolation threshold. The findings provide not only fundamental insights on the finite-size effect
of percolation but also guidance on the design-fabrication process for LMPCs to achieve more
reliable electromechanical performance.
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1 Introduction

There has been a strong demand for soft conductive materials that maintain high electrical
conductivity under large and cyclic stretch for applications in soft electronics, soft robotics, and
stretchable sensors [1-3]. Developing such conductive materials requires not only identifying
material compositions and microstructures that offer desirable electromechanical properties but
also deep understanding of the underlying mechanisms that govern conductivity under large strain.
For a long time, researchers have focused on soft/flexible conductive composites embedded with
highly conductive hard fillers such as carbon- and silver-based nano-materials [2,3].
Unfortunately, these hard fillers inevitably cause limited stretchability of the soft composites under
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cyclic loading due to the rigidity-mismatch between the soft matrix and hard inclusions. To
overcome this issue, researchers have recently developed soft conductive composites embedded
with conductive liquid fillers [4,5], including liquid metal (LM) and electrolytes, to achieve superb
stretchability and high conductivity simultaneously. Moreover, hybrid filler-based conductive
composites [6] are also developed to exploit synergy advantages of hard and liquid fillers for
optimal conductance and stretchability.

Among soft conductive composites with liquid fillers, liquid metal particulate composites
(LMPCs) [7-10] are the most popular and promising ones because of their relatively high
conductivity and facile synthesis process. In the literature, LMPCs are also called liquid metal
embedded elastomers (LMEEs) [11]. Bulk LMs are very nasty to use directly due to their fluidic
nature and enormous surface tension, usually ten times higher than water [12,13]. The easiest way
to encapsulate and stabilize liquid metal is to embed it into an elastomer as particles or droplets
[9,10]. So far, this process is matured and various methods have been developed to synthesize
LMPC emulsions with particle sizes between tens of nanometers to microns [8,9,14]. Further, these
LMPC emulsions can form different shapes using molding, screen printing, spin-coating, 3D
printing, wet spinning, and electrospinning [15—17]. Potential applications of LMPCs have been
reported for soft electronics, soft robotics, sensing, actuation, and electromagnetic shielding
[1,10,18].

An unfavorable feature of LMPCs is that they are electrically insulated upon synthesis due to
the native surface oxide surrounding LM particles. A subsequent mechanical sintering process
[7,19] is usually necessary to activate the conductance. More specifically, mechanical pressure is
applied on LMPCs so that the LM particles can break and form percolation networks in the
composite. Other activation methods include freezing [20], laser sintering [21], and sonication
[22], although mechanical sintering is still the most convenient and effective method. All these
methods aim at realizing percolation of LM particles. There is no in-situ experimental observation
on how the percolation process happens at the microscale. But researchers have tried to use
numerical simulation to provide more insights. Cohen and Bhattacharya [23] performed finite
element analysis (FEA) for a representative volume element (RVE) of LMPCs containing one or
few particles. They found that the hydrostatic pressure in the deformed LM particles induces large
tensile stress in the elastomer matrix, which may lead to crack initiation and propagation.
Consequently, once LM flows into these microcracks, a conductive percolation network can be
formed. To date, there is no simulation on the crack propagation and percolation network
formation process yet. But researchers have attempted to study the electromechanical behaviors of
LMPC:s after percolation. One abnormal phenomenon of LMPC:s is that their electrical resistance
is strain-insensitive. Zolfaghari et al. [24] offered an explanation by studying the
electromechanical properties of LMPCs with various network topologies and concluded that a
tortuous percolation network results in the strain-insensitive resistance. In a following work [25]



from the same group, they studied the stochastic nature of the percolation network and the effect
of percolation probability on the resistance of LMPCs.

The electromechanical properties of LMPCs are dominated by the connectivity of percolation
networks [24,25]. In percolation theory, the percolation threshold shows some finite-size effect
[26-28], namely, a smaller sample size usually has a higher percolation threshold given the same
particle sizes. As shown in Figure 1, the LMPCs reported in the literature [11,17,29,30] exhibit
various shapes and sizes, ranging from microns to centimeters. In particular, the structures in
Figure 1 b-d only have ten or more LM particles along at least one dimension. In such cases, the
connectivity of the percolation network is crucial to the electromechanical properties of the
samples. Based on our experience with LMPC fibers [17], thicker fibers are usually easier to be
electrically activated by mechanical sintering while thinner fibers are more challenging to do,
which evidences some percolation size effect. So far, there is still poor understanding on the effect
of finite-size on the percolation and electromechanical behaviors of LMPCs. In addition,
percolation is not only influenced by the sample size but also the sample shape, and the latter is
rarely studied in the literature. Hence, this work aims to fill this knowledge gap and elucidate the
effect of finite-size and sample shape on the percolation and electromechanical behaviors of
LMPCs. To achieve this aim, we perform FEA for LMPC composites with rectangular shapes and
different sizes. In addition, we also study the roles of local defects and mechanical stretch on the
electromechanical behaviors of LMPCs. This work will provide more fundamental insights on the
percolation and electromechanical behaviors of LMPCs and soft conductive composites in general.
Note that the finite-size effect is different from the particle-size effect. In experiment, it is harder
to induce percolation when the LM particles shrink from microns to nanometers due to the surface
oxides [14]. In this work, we focus on the percolation behavior of a LM network, not how the
percolation is formed.
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Figure 1 LMPCs reported in the literature exhibit various shapes and sizes ranging from microns
to centimeters. (a) A thin film around 4 cm wide and a few mm thick [11], (b) 3D printed traces

around 400 um wide [30], (¢) Electrospun fibers [17] around 20 pm thick fabricated in the authors’
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lab, and (d) A thin film around 10 um thick [29]. (Graphs are adapted from the references with
permission.)

2 Computational modeling

2.1 The simulation model

It is impractical to simulate a large amount of LMPC models commensurate with experimental
samples [7,17,29,30]. In experiment, LMPCs usually contain randomly distributed LM particles
with varying diameters. After mechanical sintering, the LM particles percolate to each other but
the detailed morphology of percolated networks is still unclear from the literature. Considering the
stochastic nature of particle distributions and percolated networks, 3D FEA simulations will be
computational costly. Thus, in this work, we consider an ideal composite network model in 2D to
discover the effects of sample size and shape on the percolation and electromechanical properties.
Note that the simulation results will offer only qualitative rather than quantitative analysis for
LMPCs.
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Figure 2 Schematic illustrations of the 2D composite samples simulated in this work. (a) Square
and rectangular samples with different sizes and aspect ratios. Each unit cell consists of one LM
particle and four channels connecting neighbor unit cells. (b) Representative percolation networks
for specific percolation probability p. The open channels are electrically conductive and closed
channels are insulated. The open/closed channels are distributed randomly to capture the stochastic
nature of the percolation network.



As illustrated in Figure 2a, we consider 2D rectangular models consisting of m unit cells in
length and # unit cells in width. Each unit cell is square shaped with an edge length of 10 um. A
unit cell consists of a circular LM particle in the center and four thin channels connecting neighbor
unit cells. Considering a volume fraction of 30 vol% for LM, the diameter of LM particles is about
6.18 um and the channel width is 1 um. In addition, the thickness of the 2D composite models is
set as 1 um in all simulations. As illustrated in Figure 2b, selected channels are filled with LM to
form a percolation network, mimicking the mechanical sintering process. It is noted that the
percolation behavior is dictated by the percolation probability p instead of the volume fraction of
LM. The volume fraction of LM only influences the magnitude of resistance but not the percolation
transition. Certainly, it is usually easier to achieve a greater percolation probability in experiments
if the volume fraction of LM is higher. The channels between LM particles are either open or
closed: open channels are conductive while closed ones are insulated. The open and closed
channels are distributed randomly once the percolation probability p of the whole model is given.
Herein, the percolation probability p is defined as the ratio of open channels among all channels,
and p=0 indicates no percolation while p=1 indicates fully-percolated. Usually, once the sample
size (i.e., m and n) is set and percolation probability p is given, we will generate numerous
simulation models randomly to consider the stochastic nature of the percolation network and
extract the statistical electromechanical properties. By default, we generated 170 simulation
models for each parameter set (m, n, p) unless otherwise specified. For a specific composite model,
the FEA simulation is conducted using a commercial package ABAQUS (v2020, Dassault
Systemes). A representative FEA model and the mesh are shown in Figure S1 of the
Supplementary Information.

2.2  Material models

The mechanical models used in the FEA are introduced first. Polydimethylsiloxane (PDMS)
is the most popular matrix material for LMPCs in the literature. Hence, we choose PDMS as the
soft matrix in our model. We do not specify the LM composition in our model. The most popular
ones are Garsslnogs and Gags.sInzi.sSnio. Both the PDMS and LM phases are modeled as nearly
incompressible neo-Hookean solids with a hyperelastic strain energy function [31] given as
W:0.5,u(7l ~3)+0.5x(J —1)*, where u, Tl , k, and J are the initial shear modulus, the first

deviatoric invariant of strain, initial bulk modulus, and volumetric deformation, respectively. For
both PDMS and LM, the bulk modulus is set as xk =50 to capture the incompressibility and

reduce computational cost meanwhile. Although LM is a liquid, researchers usually model it as a
soft solid with vanishing shear modulus [23]. In this work, the shear modulus of PDMS is
1" =21.6 KPa [32] and we choose a small shear modulus for LM, as z*" =0.054"""" . Note
that the computational cost will increase if even smaller shear modulus is set for LM. Table 1
exhibits the mechanical properties of the PDMS matrix and LM particles used in the FEA model.
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Table 1 Material properties of PDMS and LM used for the simulations.

Material u# (KPa) x (KPa) o, (S/mm)
PDMS 21.6 1080 0.1
LM 1.08 54 3000

The electrical conductivity o, is needed for the two materials to study the electromechanical

properties. A typical range of electrical conductivities for LMs is 3000-4000 S/mm [33]. Although
the PDMS matrix is insulated, it is considered to have a minimal conductivity in the FEA model
to avoid singularity of the electrical equations. Table 1 also exhibits the electrical conductivities
used in our simulations.

Specifically, the material properties are assigned in the following manner. The matrix and
particles are assigned as PDMS and LM, respectively. For the channels, we need to distinguish
between open and closed channels. The closed channels are insulated so they are assigned as
PDMS. For open channels, their electrical properties are taken as LM’s but their mechanical
properties are chosen as the same as PDMS. This particular setup will guarantee that the composite
still has mechanical strength even if all channels are percolated.

2.3 Electromechanical modeling

Electromechanical simulations were performed for the FEA models shown in Figure 2 using
ABAQUS. The computational procedure consists of a mechanical analysis step followed by an
electrical analysis step similarly reported by Overvelde [34]. More specifically, the electrical
analysis is performed on a pre-stretched model from the mechanical analysis step. The detailed
analysis procedure is introduced below. For the mechanical analysis, the composite model is
discretized by plane stress triangular elements CPS3. Uniaxial stretch deformation is imposed on
the left and right edges of the model. The top and bottom edges of the model are free. The
displacement fields of each frame are exported for the electrical analysis step. For the electrical
analysis step (i.e., coupled thermal-electrical analysis in ABAQUS), the composite model is
discretized by thermal-electrical triangular elements DC2D3E. Note that the mesh in the electrical
analysis step is identical to that in the mechanical analysis step. A constant voltage drop is imposed
on the left and right edges to induce a current flow; meanwhile the top and bottom edges are
electrically insulated.



To obtain the electrical resistance of samples, a voltage V' is imposed between the left and right
edges of the model. The total Joule heating power U of the whole FEA model is extracted from

ABAQUS directly. Finally, the electrical resistance R of the sample is given as R =V*/U . Note

that the resistance R depends on the mechanical deformation as well. So, for electromechanical
behaviors, we need to compute the R for each frame of the mechanical analysis step.

3 Results and discussions

A few factors are studied in this section to uncover the effects of sample size and shape on the
percolation and electromechanical properties of LMPCs. At first, we consider square and
rectangular samples with various sizes, aspect ratios, and percolation probability. The effect of
finite-size and shape on the percolation threshold will be introduced. Next, we consider the effect
of local defects on the percolation and conductivity of rectangular samples. This analysis will be
useful for the reliability design of LMPCs. Finally, the influence of mechanical stretch on the
electromechanical behaviors is studied.
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Figure 3 (a) Mean resistance versus percolation probability p for various sizes m of square
samples. (b) Mean resistance versus m for different p. (c¢) Standard deviation of resistance versus



percolation probability p for various sizes of square samples. (d) Standard deviation of resistance
versus m for different p.

3.1 Size effect

A square model with m*m unit cells is considered first to uncover the finite-size effect of
percolation for LMPCs. We first calculate the electrical resistance of 170 models for each
parameter set (m, p). The resistance data is analyzed and plotted in Figure 3 in logarithmic scale.
The raw data is also plotted in Figure S2. Figure 3a presents the mean resistance R for different
sample sizes m and percolation probability p. The resistance shows a sudden drop as the
percolation probability p increases across the percolation threshold. Meanwhile, the composite
changes from an insulator to a conductor. For LMPCs, a lower percolation threshold means that
the conductance can be activated easily by mechanical sintering. In contrast, a higher percolation
threshold means that it is harder to activate the conductance. From Figure 3a, we find that the
percolation threshold decreases when the sample size m is bigger. Herein we consider a wide range
of sample sizes. The small model m=4 and big model m=20 almost correspond to the upper and
lower bounds of the percolation threshold, respectively. Figure 3b shows the same set of data in
an alternative way. The finite-size has a significant effect on the sample resistance when the
percolation probability p is close to the percolation threshold. Considering the stochastic nature of
the percolation network and resistance response, we also plot the standard deviation of resistance
in Figure 3c-d. It is observed that the standard deviation peaks when the percolation probability is
close to the percolation threshold. This phenomenon is easy to understand because that the
resistance values of samples vary a lot around percolation, i.e., insulator-conductor transition. In
summary, our results from the square models show that the sample size has a strong influence on
the percolation threshold of LMPCs. When the sample size shrinks to only a few particles along
one dimension, it is challenging to activate its conductance and achieve reliable electromechanical
responses. Of course, the finite-size effect disappears when the unit cell number m is large enough.
We found that this effect is almost negligible when m >14.

3.2 Shape effect

As shown in Figure 1, most LMPCs have distinct feature sizes along different dimensions. For
example, LMPC fibers in Figure 1c are extremely long but ultra-thin with only a dozen of particles
along the diameter direction. The thin films in Figure 1d are wide in-plane but very thin along the
thickness direction. How does the sample shape affect the percolation and electromechanical
properties? We will address this question by performing simulations for rectangular samples with
different sizes and aspect ratios. Herein, we consider both narrow (n=5) and wide (n=10) samples
with four aspect ratios m/n. The results are presented in Figure 4 and raw data are also shown in
Figures S3-S4.



Figure 4a-b show the mean resistance of rectangular samples with different aspect ratios and

width. In theory, the resistance is proportional to the aspect ratio (i.e., R oc m/n) and independent
to the width n, which is confirmed in Figure 4a-b. Thus, the aspect ratio m/n of the rectangular

samples does not affect the percolation threshold. By comparing Figure 4a and 4b, we found that
the percolation threshold of the narrow samples (#=5) is much larger than the wide samples (7=10).
In other words, a narrower sample is harder to be electrically activated or mechanically sintered,
which is consistent to our findings when we process LMPC fibers. From Figure 4a-b, we conclude
that the percolation threshold of rectangular samples is dictated by the smaller dimension, not the
shape (or aspect ratio). In addition to the mean resistance, we also present the standard deviation
of resistance in Figure 4c-d. Again, the standard deviation peaks around the percolation threshold.
The comparison of standard deviations does not provide much useful information given that the

mean resistance values replies on the aspect ratio m/n.

We can also speculate that for 3D LMPCs in general, the percolation threshold is dictated by
the smallest dimension, not the shape or aspect ratio. If there are only a few tens of particles along
one dimension, we will need to consider the finite-size effect on the percolation and
electromechanical properties. This is crucially important to achieve reliable electromechanical
performance when engineers design and fabricate LMPC-based devices.
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Figure 4 Mean resistance versus percolation probability p for rectangular samples with different

aspect ratios: (a) n=5, (b) n=10. The corresponding standard deviation is shown in (c) =5 and (d)

n=10. The percolation threshold is dictated by the smaller dimension rather than the aspect ratio.

3.3 Effect of local defects

When a conductive network has finite-size, its resistance is not only related to the overall
percolation probability but also the spatial variation of percolation, especially when local defects
exist. Empirically, the effect of local defects is significant when the dimension is small along at
least one direction. In practice, local defects exist in LMPCs either induced in the manufacturing
process or incomplete mechanical sintering. For example, the LMPC fiber [17] in Figure 5a
contains a defect region due to manufacturing defects. This local defect region impairs
electromechanical properties of the LMPC samples. The adverse effect of local defects can be
devastating when the samples are thin and long. In order to gain some insights on this phenomenon,
we consider a rectangular model (40*10 unit cells) with a local defect region (4*10 unit cells) in
the middle, as shown in Figure 5b. The two ends of this sample are highly conductive with a high
percolation probability p=0.85 while the defect region has a lower percolation probability ps=
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0.25~0.85. We expect that when pq increases from 0.25 to 0.85, the sample will transit from an
insulator to a conductor, which is confirmed in Figure 5c¢ from the mean resistance data. The
standard deviation of resistance in Figure 5d peaks around the percolation threshold, similar to
previous observations. Moreover, the length of the defect region also exhibits some finite-size
effect. The percolation threshold of a defect region is lower when the defect region becomes
longer. This study provides some guidance on the reliability design of LMPC components.
Generally, when any dimension is small, e.g., for thin films or fibers, there is a large chance that
any local defects will impair the electromechanical properties significantly, and efforts are needed
to reduce local defects caused in the manufacturing and sintering processes. In contrary, when the
dimension of the sample is large, it is easy to find percolation pathways and is less sensitive to
local defects.
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Figure 5 (a) Optical microscopy of a LM fiber with a defect region caused from manufacturing
defects. The defect region will impair the electromechanical properties. (b) A simplified
simulation model for a rectangular sample with a defect region. The percolation probability pq of
the defect region is lower than the rest of the sample p=0.85. (c) Mean resistance versus
percolation probability pq of the defect region. (d) Standard deviation of resistance versus
percolation probability pq of the defect region.
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3.4 Effect of stretch

LMPCs are highly stretchable conductors due to the fluidic nature of LM (see Figure 6a).
Generally, the resistance of a conductor is strain-dependent, which is also called the
piezoresistance effect. The normalized resistance of an ideal conductor follows a Pouillet’s law

[24], R/ R, = A*, with R, the initial resistance, R the resistance under stretch, and A the stretch

ratio. Surprisingly, the resistance of LMPCs is found to be insensitive to stretch [24]. Previous
studies have attributed this abnormal phenomenon to possibly tortuous percolation pathways in
LMPCs after mechanical sintering [24,25]. As shown in Figure 6b, under uniaxial stretch, the
resistance increase of horizontal channels is compensated by the resistance decrease of vertical
channels, which results in a strain-insensitive resistance in LMPCs [25]. Previous study [25] also

found that the normalized resistance R/R, is less sensitive to the stretch ratio A when the

percolation probability p decreases, which is also confirmed by our simulation results in Figure 6d
or Figure S6 for the case m=n=10.

There are still two fundamental questions yet to be answered. Firstly, does the piezoresistance
(i.e., stretch-resistance) responses show a finite-size effect like percolation? Secondly, how does
the standard deviation of normalized resistance change under stretch? To address the first question,

we compared the normalized resistance R/R, of a 10*10 square model and a 5*5 square model

for p=0.85 so both models are percolated. Herein we assume that the percolation probability keeps
constant under stretch, although in practice it may increase. The comparison in Figure 6d shows
that the stretch-resistance responses of two samples with different sizes are almost identical. This
observation indicates that once the samples are percolated and become conductors, the finite-size
has no influence on the piezoresistance response. In other words, above the percolation threshold,
the finite-size effect and the piezoresistance effect are uncorrelated. To address the second
question, we plot the standard deviation of normalized resistance in Figure 6e. We found that the
finite-size effect does have an effect on the standard deviation of normalized resistance, given the
fact that the smaller sample with 5*5 unit cells has much greater variance than the bigger sample
with 10*10 unit cells. This effect implies that it is more challenging to obtain reliable
electromechanical performance when the sample sizes are smaller. In addition to the finite-size
effect, it is found that the standard deviation usually increases under stretch, implying larger
variance of the piezoresistance responses. In addition, the standard deviation decreases once the
percolation p increases, because p is further away from the percolation threshold, where the peak
of standard deviation is. Although the results in Figure 6 are for samples with 30 vol% of LM, the
findings still hold true for higher volume fractions. The electromechanical behaviors of LMPCs
with 50 vol% are shown in Figure S7. It is confirmed that the volume fraction only influences the
magnitude of the responses but not the general trends. The findings from Figure 6 have practical
implications for the design-fabrication of LMPC sensors. For instance, to achieve high reliability
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and accuracy for the piezoresistance responses, these LMPC sensors need to be better percolated,
exhibit a relatively big size, and operate under an allowable stretch ratio.
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Figure 6 (a) Optical microscopy of a LMPC before and after stretch. The edges of two particles
are highlighted to show the deformation. Scale bar is 20 um. (b) A square sample with 10*10 unit
cells before and after stretch. The percolation probability is p = 0.75. (¢) Influence of the stretch
ratio A on the mean resistance. (d) Influence of the stretch ratio A on the normalized resistance. The
finite-size effect has no correlation with the stretch-resistance responses. (¢) Influence of the
stretch ratio A on the standard deviation of the normalized resistance. A smaller sample size induces
greater variance of the normalized resistance. Each data point is averaged from 50 simulation
models.

4 Conclusions

LMPCs are super-stretchable conductors with promising applications in soft electronics, soft
robotics, sensing, etc. Normally, LMPCs are insulated right after synthesis and an activation
process is necessary to achieve conductance, e.g., employing mechanical sintering. The underlying
principle of the activation process is to create percolation networks for the embedded LM particles.
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The LMPCs reported in the literature have different dimensions ranging from microns to
centimeters. In many cases, the LMPCs only have limited size along one or two dimensions. This
brings up an issue to the percolation network due to the finite-size effect. This work aims at
elucidating the effect of finite-size on the percolation and electromechanical properties of LMPCs.
More specifically, we studied various factors such as the size, aspect ratio, local defects, and
stretch. We discovered that the percolation threshold is mainly dominated by the smallest
dimension of the sample, not the shape or aspect ratio. A smaller sample size will unfortunately
increase the percolation threshold and make it harder to activate the conductance. In addition, the
existence of local defects or incomplete percolation regions will adversely impair the
electromechanical properties and sometimes undermine the conductance. Smaller samples are
more sensitive to local defects. Finally, we also studied the influence of finite-size on the
piezoresistance effect, i.e., strain-resistance relations. We discovered that the piezoresistance effect
is not correlated to the finite-size effect, if the samples are above the percolation threshold. The
findings in this work provide not only insights on the finite-size effect of percolation for LMPCs
but also guidance on their design-fabrication process to achieve better and more reliable
electromechanical performance for soft electronics applications.

Future research can be towards multiple directions. Firstly, there is still a knowledge gap on
the experimental study for the reported finite-size effect of LMPCs. The technical challenge is that
one needs to fabricate samples with precise sizes and design experiments to control the percolation
probability through mechanical sintering. Secondly, the major findings from 2D models of this
work are still valid for 3D LMPCs such as thin films [16,29]. But the detailed electromechanical
responses and defect structures are more complicated and deem further simulation study. Thirdly,
our work is limited to uniform particle distributions. Recent literature has reported LMPCs with
non-uniform particle distributions induced by sedimentation [35-38]. The percolation and finite-
size effect of these gradient microstructures are complicated, which require simulations using 3D
realistic models.
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