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Thermo-Mechanically Stable, Liquid Metal Embedded Soft
Materials for High-Temperature Applications
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Liquid-metal embedded elastomers (LMEEs) have been demonstrated to
show a variety of excellent properties, including high toughness, dielectric
constant, and thermal conductivity, with applications across soft electronics
and robotics. However, within this scope of use cases, operation in extreme
environments – such as high-temperature conditions – may lead to material
degradation. While prior works highlight the functionality of LMEEs, there is
limited insight on the thermal stability of these soft materials and how the
effects of liquid metal (LM) inclusions depend on temperature. Here, the
effects on thermal stability, including mechanical and electrical properties, of
LMEEs are introduced. Effects are characterized for both fluoroelastomer and
other elastomer-based composites at temperature exposures up to 325 °C,
where it is shown that embedding LM can offer improvements in
thermo-mechanical stability. Compared to elastomer like silicone rubber that
has been previously used for LMEEs, a fluoroelastomer matrix offers a higher
dielectric constant and significant improvement in thermo-mechanical
stability without sacrificing room temperature properties, such as thermal
conductivity and modulus. Fluoroelastomer-LM composites offer a promising
soft, multi-functional material for high-temperature applications, which is
demonstrated here with a printed, soft heat sink and an endoscopic sensor
capable of wireless sensing of high temperatures.
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1. Introduction

Liquid metal elastomer (LMEE) compos-
ites are an emerging set of materials in
which thermal and electrical properties can
be tailored without affecting the mechani-
cal properties of the polymer matrix, which
is distinct from the use of rigid fillers.[1–7]

A variety of improvements can be made
to the polymer matrix with the use of liq-
uidmetal (LM) inclusions, including tough-
ness, dielectric constant, thermal conduc-
tivity, self-healing, and electrical conduc-
tivity, without stiffening or weakening the
soft material matrix.[2,7–16] Eutectic gallium
indium alloy (EGaIn) is frequently used
as a LM filler, owing to its low toxicity,
high thermal conductivity, and high elec-
trical conductivity.[2,17–23] Commonly used
polymer matrix materials include poly-
dimethylsiloxane (PDMS) materials, such
as Sylgard (Sylgard 184, Dow Corning
Corp.) and Ecoflex (Ecoflex 30, Smooth-
On), and polystyrene-block-polyisoprene-
block-polystyrene styrene (SIS), and these
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composites have been extensively studied in prior
works.[11,15,24–33] However, there remains a limited under-
standing of the effect of LM filler on the thermal stability of
materials. Such insights are especially important for applications
that demand high-temperature operation or exposure, including
thermal management or sensing and actuation in extreme
environments.[34–36] Applications may include aerospace and in-
space systems, where materials are exposed to wide temperature
fluctuations. Soft, thermally stable materials may be applied for
space-grade soft sensors, flexible thermal dissipation devices, and
rubbery interfaces for modular robotics. In particular, in-space
additivemanufacturing is of growing interest for on-demand fab-
rication and repairs, and the deposition of tough, soft materials
for repairs may be a promising direction. Few prior works have
investigated the thermal stability and temperature-dependent
effects of LM filler on elastomer composites, including a study
on thermal conductivity dependence on cyclic temperature
of EGaIn and copper particle composites.[37] Additionally, the
stability of thermal conductivity of an LM-aramid nanofiber
composite was studied.[38] For LMEEs, the effect of LM for low-
temperature applications was studied.[26] Overall, more needs to
be understood about the thermal stability of LM composites at
high temperatures and how it may be influenced by the choice of
elastomer matrix material. In particular, the thermomechanical
stability and maintenance of the rubbery mechanics of these soft
composites at high temperatures have not been demonstrated.
In contrast to the more commonly used elastomers, fluoroe-

lastomers (FKM) offer an advantageous matrix material to em-
bed LM droplets. Common FKMs include poly(vinylidene di-
fluoride) (PVDF) and its copolymers with hexafluoropropylene
and vinylidene fluoride (PVDF-HFP).[24,39–42] Additionally, other
PVDF copolymers include piezoelectrics and ferroelectrics, such
as P(VDF-TrFE-CTFE). Owing to the high thermal stability, me-
chanical durability, and chemical resistance of FKMs, LM com-
posites with FKMs may realize new applications of soft materi-
als in high-temperature or extreme environment settings. PVDF-
HFP materials, such as Viton (Chemours), offer a wide working
temperature range up to 250 °C while maintaining soft mechan-
ics. Importantly, the embedding of LMdroplets in FKMmay offer
multifunctional materials suitable for high temperatures with-
out significantly affecting the excellent mechanical properties of
FKMs. Several studies included the use of an FKMmatrix to em-
bed nanomaterials, including a study reporting the high dielec-
tric constant of an LM-FKM composite, but the effect on the ther-
mal stability and suitability for high-temperature application of
the composite was not characterized.[39,43–48] One prior work in-
vestigated improving the thermal stability of FKMwith the use of
rigid nanoparticles.[43] Collectively, there is a limited understand-
ing regarding the impact of LM droplets on the thermal stability
of a soft composite and the potential of an LM-FKM composite
for high-temperature applications.
Here, we address this gap in knowledge of LM composites by

characterizing the thermal stability of the mechanical and elec-
trical properties after exposure to high temperatures. This ex-
ploratory work aims to provide a comprehensive introduction
into the effect of LM on the thermal stability of soft composites,
with a focus on LM-FKM properties. This includes comparison
across both LM-FKM (Figure 1a) and conventional LM-elastomer
(Figure 1b) composites at 0%, 20%, and 40% volume fill fractions

(𝜑) of LM. Figure 1 shows a comparison between composites us-
ing Viton as an FKM matrix and Ecoflex as a conventional elas-
tomer matrix. Composites were exposed to temperatures up to
325 °C to study the effects of LM on the temperature dependence
of modulus, ultimate strain, and dielectric properties. Thermo-
mechanical stability is evaluated to highlight the effects of matrix
material and LM volume fill fraction. As shown in Figure 1c–d,
LM-Viton composites offer a distinct improvement in thermo-
mechanical stability, with the effect of LM being broadly bene-
ficial to thermomechanical stability, although the results are vari-
able based on the matrix material. The effect of dielectric and
thermal properties (Figure 1e–h) were compared, where a Viton
matrix provides an increased baseline for dielectric constant (𝜖r)
and a similar thermal conductivity (k). This study of the ther-
mal stability of LM composites broadens the view on the effect
of LM, and the selection of an FKM matrix enables the applica-
tion of soft electronics and robotics in high-temperature environ-
ments. LM-FKM composites are shown to be compatible with 3D
printing (Figure 1i), which is applied to fabricate a soft heat sink
(Figure 1j). The use of thermally stable LM-FKM composites is
highlighted in an endoscopic sensor for wireless monitoring of
high temperatures (Figure 1k). Collectively, characterizing ther-
mal stability and the effect of an FKM matrix for LM composites
provides a broadened understanding of the effect of LM droplets.
While commonly used LM composites degrade at elevated tem-
peratures, thermally stable LM composites could lead to multi-
functional materials for soft robotics operating in extreme envi-
ronments, including aerospace, chemical, or high-temperature
settings.

2. Results and Discussion

2.1. Synthesis of LM-FKM Composites

LM-FKM composites and LMEEs with more conventional
choices of elastomermatrix material were fabricated with a range
of different matrix materials in order to highlight the effects of
LMon composite performance and on thermal stability.Figure 2a
illustrates the fabrication process for LM-FKM composites. FKM
materials include Viton A401C (PVDF-HFP), Daikin G801EL
(PVDF-HFP), PVDF-HFP (Sigma–Aldrich), PVDF, PVDF-CTFE,
and PVDF-TrFe. FKMwasmixed in solvent (dimethylformamide;
DMF) at a constant 22.5% mass ratio until a uniform solution
was achieved. EGaIn was added to the solution and mixed in
a planetary mixer. EGaIn was added in 0%, 20%, and 40% vol-
ume fractions with respect to polymer volume. The LM-FKM so-
lutions can be cast and dried to produce a thin composite film. It
should be noted that the ratio of solvent to FKM can be adjusted
to produce a higher viscosity ink compatible with 3D printing.
Elastomer-based composites were also created with PDMSmate-
rials of Sylgard 184 and Ecoflex 30, a urethane rubber (Vytaflex 30,
Smooth-On), and SIS, which were diluted with solvent (toluene)
for mixing with EGaIn.
Figure 2b shows optical images of Viton and LM-Viton, where

a darkening color is observed as LM is added. Microscopy images
show the dispersion and size of LM droplets. In this work, while
a constant 22.5% mass ratio of solvent to FKM was maintained
across all tested materials, the resulting viscosities of FKM so-
lutions were varied. As a result, the dispersion and structure of
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Figure 1. Comparison of LM-Viton and conventional LM-Ecoflex composites for high thermo-mechanical stability. a) Image of a stretched LM-FKM
composite using Viton. SEM image of an unstrained composite shows the dispersion of LM droplets. b) Image of a stretched conventional LM-elastomer
composite using Ecoflex with SEM image of embedded LM in an unstrained state. Viton offers advantages across mechanical, thermal, and chemical
stabilities. c,d) Stress-strain curves of c) LM-Viton and d) LM-Ecoflex composites after being exposed to (top) room temperature, (middle) 175 °C, and
(bottom) 325 °C for 10 min. An Viton matrix offers heightened stability while elastomer matrix composites show mechanical degradation. e) Dielectric
constant and f) thermal conductivity of LM-Viton composite at 0% and 20% volume fraction. g) Dielectric constant of LM-Ecoflex composite is lower
than that achieved with Viton as the matrix material, while h) thermal conductivity is in a similar range as FKM-LM composites. i) Photo of printing of an
LM-FKM composite. j) Image of a printed heat sink for thermal management. k) Image of a temperature-sensing endoscope consisting of FKM-based
materials.

LM droplets within the composites varied between matrix mate-
rials (Figure 2c; Figure S1, Supporting Information). In general,
LM droplet size diameters for composite films presented in this
study were between 50–100 μm. While this work compares the
thermal stability of composites within this range of LM droplet

sizes, future work will include tuning the LM droplet size for
a given matrix material to understand how droplet size affects
thermal stability. Thermal stability may depend on droplet sizes
as previous works have shown effects on a variety of material
properties.[7,24,26,48]
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Figure 2. Overview of fabrication process and microstructures for LM-FKM composites. a) Schematic of fabrication steps involving mixing of FKM with
solvent and adding EGaIn before mixing. Solutions can be created for casting or printing procedures. b) Images of LM-Viton composites of 0% (left),
20% (middle), and 40% (right) volume fractions. Optical images show the dispersion of LM droplets. c) Optical images of LM-FKM composites and
LMEEs with conventional elastomer matrix with 40% volume fill fraction of LM.

2.2. Thermo-Mechanical Characterization

Thermogravimetric analysis (TGA) is a commonly used tech-
nique to evaluate the thermal stability of polymers, where the
mass of a polymer is measured with increasing temperature.
Massmay change due to decomposition and vaporization, among
other reactions, as temperature increases. Here, TGA is per-
formed with composites of 0% and 40% volume fractions of
LM to understand the effect of LM on the thermal stability of
FKMs and elastomer composites. Figure 3a,b shows the remain-
ing mass of each composite as the temperature was increased
up to 800 °C (additional materials in Figure S2, Supporting In-
formation). Without the addition of LM, FKMs showed increased
thermal stability in comparison to the conventional elastomers of
Sylgard, Ecoflex, Vytaflex, and SIS. A 5% mass loss occurred at
349 and 343 °C for Sylgard and Ecoflex, and at 270 and 386 °C for
Vytaflex and SIS. For comparison, Viton, Daikin, and PVDF-HFP
showed a 5%mass loss at 415, 407, and 435 °C, respectively. With

LM added to the polymer material, only minor changes in these
mass losses and temperatures were observed. While the addition
of LM droplets decreased the total mass lost over the tempera-
ture range, the remaining mass at 800 °C compares well with the
mass of EGaIn added in each composite. These results indicate
the embedding of LM droplets does not interfere with the ther-
mal stability of the polymer matrix materials, which indicates the
potential to embed LM in thermally stablematerials to offer high-
temperature, multifunctional composites.
While TGA offers a measure of thermal stability, it does not

provide insight into whether thematerial is mechanically degrad-
ing at elevated temperatures. To provide further insight, thermo-
mechanical responses were evaluated to determine the effects of
LM inclusions on the ability of the composite to maintain a soft,
rubber-like form after exposure to high temperatures. Tensile
testing was performed on LM-composites after exposing the ma-
terial to 100, 175, 250, and 325 °C for 10 min and then compared
to samples exposed to only room temperature. All materials were
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Figure 3. Thermo-mechanical evaluation of LM-FKM and conventional LM-elastomer composites. a,b) TGA curves of a) FKM-based and b) conventional
elastomer-based LM composites at 0% and 40% volume fill fraction of LM. Enlarged views show a temperature range from room temperature to 325 °C.
c–e) Stress-strain curves for Viton composites after exposure to different temperatures for d) Viton only, e) 20% volume fill fraction of LM, and f) 40%
volume fill fraction of LM. f–h) Stress–strain curves for Ecoflex composites after exposure to different temperatures for d) Ecoflex only, e) 20% volume fill
fraction of LM, and f) 40% volume fill fraction of LM. i–k) Comparison of (i) modulus, (j) strain at break, and (k) toughness after exposure to temperature
for (top) Viton and (bottom) Ecoflex composites. l–m) Storage modulus, loss modulus, and damping ratio of l) Viton and m) LM-Viton (40% volume
fraction of LM) across the temperature range.

Adv. Funct. Mater. 2023, 2309725 2309725 (5 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202309725 by Test, W
iley O

nline Library on [02/07/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



www.advancedsciencenews.com www.afm-journal.de

cooled down to room temperature before testing. A comparative
set of stress-strain curves is shown in Figure 3c–h for Viton and
Ecoflex composites. Data from these stress-strain curveswere fur-
ther analyzed to estimate modulus, strain at break, and tough-
ness (Figure 3i–k) for Viton (top) and Ecoflex (bottom). Modu-
lus, strain at break, and toughness for additional materials are
reported in Figures S3 and S4 (Supporting Information). Over-
all, LM-FKM composites showed moderate mechanical changes
while conventional elastomers showed varying degrees of degra-
dation. Figure 3c–e shows a set of stress–strain curves during ten-
sile stretching after exposure to different temperatures for Viton.
As shown in Figure 3c–e, a prominent change in stress–strain re-
sponses, including a change from strain-softening to strain hard-
ening characteristics, was observed when the Viton composites
were heated over 250 °C, which may be a result of a post-curing
effect. In addition to these changes, a 20% volume fill fraction
appeared to moderately toughen the Viton composite at higher
temperatures. Additional sets of samples confirmed toughening
effects at 325 °C for Viton with 20% volume fill fraction of LM
(Figure S5, Supporting Information). Viton-based composites
showed a moderate increase in modulus from its room temper-
ature modulus of 1.4 MPa as temperature increased (Figure 3i).
As shown in Figure 3j (top), Viton composites also showed a con-
sistent strain at break of around 1000% up to 250°C, prior to a
change at 325°C. At 325°C, a 20% volume fill fraction of LM is ob-
served to increase the maximum elongation of the material and
enables stretching up to 2000% strain (Video S1, Supporting In-
formation). Although the LM-Viton composite formed bubbles
upon heating at 325 °C (Figure S6, Supporting Information), the
LM droplets toughened the material and enabled higher elon-
gations, similar to a previous report on the toughening of LM-
elastomer composites.[10] Figure 3k (top) quantifies the change
in toughness for Viton calculated from stress–strain curves and
normalized to each composite’s room temperature value. The ef-
fect of LM appears to vary depending on matrix material, but for
Viton composites, the addition of LM provided an increase in sta-
bility at higher temperatures. Specifically, at a 20% fill fraction
of LM, LM-Viton composites showed nearly a 3x higher tough-
ness at 325 °C than at room temperature. This improvement in
toughness may share similarities in mechanism with a previous
report where LM droplets enhanced the fracture toughness of
elastomers.[10] Additionally, a post-curing effect may also influ-
ence the toughness of all Viton composites, as the selected Viton
material can include a post-curing step of heating at 232 °C for
24 h. However, as previously mentioned, the thin rubber films
that were tested would form bubbles on the surface when heated
above 250 °C (Figure S6, Supporting Information). These bub-
bles are visually observed as regions of lighter color and become
more visually apparent when stretched. It has been previously
reported that the presence of LM inclusions in soft materials im-
prove the resistance of to fracture when strained.[10] Additionally,
the formation of bubbles may lead to a foam-like composite with
LM inclusions. Previous work on polymeric foams have shown
that embedding voids or bubbles can improve toughness, which
may have a similar effect as the bubbles created here in the LM-
Viton composite.[49–51] The toughness of polymeric foams has
also been shown to improve with the addition of micro-fillers,
such as milled carbon fiber, which enables a crack deflection
mechanism that has similarly been observed for LM compos-

ites. [10,52] Overall, changes in the Viton matrix, formation of a
foam-like composite, and crack deflection from LM inclusions
may contribute to the increased toughness. Since the LM-Viton
composites with a 40% fill fraction of LM do not show the same
improvement in toughness as the 20% fill fraction composites,
there may exist an optimal balance for thermo-mechanical stabil-
ity and suggests degradation of matrix material may play a more
pronounced role when there is less matrix material to hold the
composite together.
Unlike Viton, Daikin showed a more consistent modulus and

strain at break (Figure S3a,b, Supporting Information). Daikin-
based composites displayed less than a 20% change in modulus
with temperature, starting with a room temperature modulus of
1.2 MPa. For elongation, LM-Daikin composites offered stability
up to 250 °C with elongation around 200%, prior to a decrease
at 350 °C. A more consistent stress–strain curve compared to
Viton was observed across all temperatures and displays stable
properties until 325 °C, without any notable toughening effect
(Figure S4, Supporting Information). In terms of toughness, LM-
Daikin showed a minor improvement with the addition of LM at
40% volume fill fraction, where a 24% reduction in toughness
occurred for Daikin only compared to 4% reduction for the LM-
Daikin composite at 250 °C. Overall, both FKMmaterials of Viton
and Daikin demonstrate thermally stablemechanics up to 325 °C
withViton demonstrating a clear improvement in toughnesswith
the addition of LM. The difference in results may arise from the
Viton being an incorporated cure polymer whereas Daikin is not.
For comparison to FKM-based composites, thermo-

mechanical responses of LM composites using conventional
elastomers were tested. Stress–strain curves of Ecoflex compos-
ites show degradation after exposure to 325 °C (Figure 3f–h). As
shown in Figure 3i,j, Ecoflex composites (bottom) maintained
a consistent modulus and failure strain up to 250 °C before
severe degradation at 325 °C. Ecoflex composites maintained a
stretchability over 600% and a modulus ≈40 kPa up to 250 °C,
but became gel-like with no measurable modulus or failure
strain after exposure to 325 °C. The addition of LM droplets
does not affect this weakening as the matrix material is severely
degraded. However, up to 250 °C, LM inclusions effectively
enhance the thermal stability of Ecoflex at the cost of reducing
maximum strain near room temperature. Modulus and strain at
break were more consistent from room temperature to 250 °C
for Ecoflex composites with 20% and 40% fill fractions in
comparison to 0% fill fraction. Unlike the FKM composites,
Ecoflex-based composites did not demonstrate any toughening
effect (Figure 3k; bottom).
In addition to Ecoflex, Sylgard – a less stretchable silicone ma-

trix – was tested. Sylgard composites showed a slight decrease in
room temperature modulus from 1.4 to 0.5 MPa with the addi-
tion of LM as expected from Eshelby theory and previous works
(Figure S3c-d, Supporting Information).[24,53] Results indicate the
presence of LM droplets in Sylgard enables a more consistent
maximum elongation and stress–strain response up to 250 °C
compared to Sylgard without LM droplets, which is similar to the
effect seen in Ecoflex composites (Figure S8, Supporting Infor-
mation). As was observed for Ecoflex, this effective improvement
in thermal stability is provided at the cost of a lower modulus and
strain at break near room temperature. Sylgard shows a decrease
in maximum elongation from 210% to 140% while LM-Sylgard
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in 20% fill fraction shows a change from 133% to 104%. While
Ecoflex composites became gel-like after exposure to 325 °C, Syl-
gard composites maintained a consistent modulus but became
brittle and failed at lower strain. Similar toDaikin, aminor tough-
ening effect is observed for Sylgard, where toughness changes af-
ter exposure to 250 °C improved from a 39% loss to a 25% loss to
a 33% gain as LM volume fill fraction was varied from 0%, 20%,
and 40% (Figure S4, Supporting Information).
In addition to these FKMs and silicone elastomers, SIS and

urethane composites were characterized. Vytaflex – a urethane
rubber – demonstrated the lowest thermo-mechanical stability.
After exposure to 175 °C, Vytaflex composites showed a decrease
in modulus from 0.35 to 0.07 MPa, with a decrease in elonga-
tion from 1000% to less than 100% (Figure S3e,f, Supporting
Information). Moreover, the composites could not be tested af-
ter exposure to 250 °C or 325 °C due to severe degradation and
cracking of the composites, and the stress–strain curves high-
light the instabilities at temperatures as low as 175 °C (Figure
S9, Supporting Information). Similarly, SIS-based composites
show poor thermo-mechanical stability, with decreases in mod-
ulus and strain at break with increasing temperature (Figure
S3g,h, Supporting Information). While SIS materials offered ex-
tremely high elongation at room temperature, such as with the
LM-SIS composites studied here that can stretch up to 2500%
strain, max elongation dropped by more than 50% after expo-
sure to 175 °C (Figure S10, Supporting Information).[58] After
exposure to 325 °C, SIS, with and without LM, becomes gel-like
and could not be tested. The poor thermo-mechanical stability
of Vytaflex and SIS correlates well with the low thermal stability
previously observed by TGA.
In addition to these soft FKMand conventional elastomer com-

posites, the stiffer composites of PVDF-HFP with and without
LM were evaluated at room temperature and at 325 °C, which
showed no significant changes in modulus. A 20% volume fill
fraction of LM showed a toughening effect at room temperature
(Figure S11, Supporting Information).
While the above thermo-mechanical characterizations inves-

tigate how the mechanics of LM composites change after expo-
sure to temperatures, it does not observe mechanics during tem-
perature exposure. Thus, dynamic mechanical analysis (DMA)
was also performed to characterize thermo-mechanical stability
and characterize LM-FKM mechanics while exposed to elevated
temperatures. Room temperature testing was first completed and
compared well with the observed trends discussed above for LM
composites where onlyminor changes inmoduluswere observed
with the addition of LM at a 40% volume fill fraction (Figures S12
and S13, Supporting Information).
Since LM-Viton composites demonstrated the best thermo-

mechanical responses after exposure to temperature, it was se-
lected to also be characterized during exposure to temperature.
Storage modulus and loss modulus were measured at room tem-
perature, and adding LM resulted in a decrease in both values,
although there is higher variability observed in Viton samples
without LM (Figure S12g,h, Supporting Information). Storage
modulus, loss modulus, and damping factor (tan 𝛿) were then
measured across a temperature range from room temperature to
250 °C (Figure 3l) and LM-Viton (Figure 3m) at a 40% volume
fill fraction. The addition of LM droplets showed a decrease in
storage modulus at all temperatures, and a decrease in loss mod-

ulus at temperatures below 140 °C. Loss moduli become similar
above 140 °C, as the LM droplets decrease the relative change in
lossmodulus with temperature. The damping factor of Viton and
LM-Viton was similar near room temperature, but the addition of
LM droplets showed a higher damping factor as temperature in-
creased. Collectively, thermo-mechanical characterizations high-
light the advantage of using FKMs as a matrix material and the
effect of LM on thermal stability after exposure to high temper-
atures. Specifically, LM-Viton offered an improvement in tough-
ness after exposure to high temperatures, which is distinct from
the degradation observed in LM composites based on conven-
tional elastomers.

2.3. Thermal and Electrical Characterization

While thermo-mechanical results indicate the benefit of LM-
FKMs, LM inclusions have also been previously reported to in-
crease the thermal conductivity of elastomers.[2] Here, the ther-
mal conductivity of FKMs is characterized. Figure 4a shows the
thermal resistance of Viton-based composites, where increasing
the volume of LM decreases thermal resistance (additional FKM
materials in Figure S14, Supporting Information). Thermal con-
ductivity for Viton and Daikin at 0%, 20%, and 40% volume fill
fractions of LM are summarized in Figure 4b at room tempera-
ture. Viton shows an improvement in thermal conductivity from
0.18 to 0.31 Wm−1 K−1 with the addition of 40% volume fill frac-
tion LM.
In addition to enhancing the thermal conductivity of compos-

ites, LM also enables an increase in dielectric constants, which
can be applied in dielectric elastomer actuators.[24,55,56] However,
prior reports have not investigated if the effect of LM on di-
electrics is influenced by temperature. First, room temperature
dielectric properties were evaluated and compared between FKM
and elastomer composites. Figure 4c compares the dielectric con-
stant at room temperature at different volume fill fractions of
LM in a range of FKMs and elastomers. All materials showed
an increase in dielectric constant with increasing LM content,
and values of Sylgard, Ecoflex, andVytaflex composites compared
well with prior studies.[9,24] Notably, using FKM as a matrix ma-
terial can offer a higher dielectric constant owing to the higher
initial dielectric constants of FKMs. Viton showed an increase
from 10.4 to 20.2 with the addition of 40% LM. PVDF-CTFE-
TrFE, a ferroelectric material, showed dielectric constants of 31.5,
37.5, and 41.5 with the addition of LM at 0%, 20%, and 40% vol-
ume fractions. Dissipation factor, which is a measure of power
loss in the dielectric, were also studied at room temperature.
Dissipations factors are of interest as a low factor indicates re-
liable electrostatic energy storage and is preferred for dielectric
elastomer actuators to prevent unwanted energy dissipation and
heating.[24,56] Dissipation factors are summarized in Figure 4d
and generally show values below 0.05, besides the ferroelectric
material of PVDF-CTFE-TrFE. In addition to measuring dielec-
tric properties at room temperature, changes in dielectric prop-
erties were evaluated after exposure to high temperatures. Mate-
rials were exposed to 100, 175, 250, and 325 °C for 10 min each
and then properties weremeasured after cooling to room temper-
ature. Figure 4e shows changes in capacitance with temperature
for Viton-based composites (top) and Ecoflex-based composites
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Figure 4. Thermal conductivity and electrical characterization of LM-FKM and LM-elastomer composites. a) Thermal resistance of Viton composites
at various material thicknesses. b) Thermal conductivity of LM-FKM composites at different volume fill fractions of LM. c) Dielectric constant and d)
dissipation factor of LM-composites for a variety of FKM and elastomer matrix materials. e,f) Thermal stability of e) measured capacitance and f)
dissipation factor after exposure to temperatures for Viton (top) and Ecoflex (bottom) dielectric material. Values were normalized to room temperature
values. g) FKM material embedded with LM and Ag flakes for an electrically conductive composite with high flexibility.

(bottom) while Figure 4f shows corresponding changes in dissi-
pation factor. Here, the addition of LM in Viton demonstrates an
effect on capacitance at high temperatures (250 and 325°C) while
Ecoflex shows amore consistent capacitance. This differencemay
arise from the different mechanical responses of the composites,
where Viton may be prone to bubbling while Ecoflex becomes a
tacky gel. Similar to Viton, Daikin-based composites showed in-
creased changes at higher temperatures (Figure S15, Supporting
Information). Elastomer composites using Sylgard and Ecoflex
demonstrated similar trends. Notably, after testing at exposures
to 325°C, LM-Sylgard composites were fractured due to their me-
chanical instability when the steel substrate was handled.
In addition to dielectric materials, LM may also be employed

for electrically conductive composites.[11,29,48] Recently, mixtures
of LM and Ag flakes in SIS have been reported to enable highly
stretchable conductors.[11,29] While composites embedding only
LM can be activated or sintered to become electrically conduc-
tive, the additon of Ag flakes enables sinter-free fabrication. To
demonstrate the potential for FKM-based electrical conductors,

Viton-based composites were filled with LM and Ag flakes to cre-
ate electrically conductive FKM materials following recipes of
previous LM-Ag-SIS composites.[11,29] As shown in Figure 4g,
a composite of LM-Ag-Viton was deposited and dried to form
an electrical conductor. The electrically conductive Viton mate-
rial maintained high flexibility and stretchability, as imaged in
Figure 4g. By enabling FKM-based insulating, dielectric, and con-
ductive materials, soft electronic devices fully reliant on FKM
matrix materials could be achieved for high temperature or ex-
treme environment applications where the stability of FKMs is
demanded. Interestingly, the electrically conductivemixing ratios
of Viton appear to not be extendable to Daikin and reasoning for
this outcome is unclear, thus future work will be to develop fabri-
cation procedures for LM-based electrically conductive FKM and
to characterize the thermal stability of the conductors. While the
difference in viscosity of the polymer solutions of SIS, Viton, and
Daikin may cause differences in filler dispersion, future work,
such as tailoring the type and quantity of Ag flake, is necessary
to better comment on electrically conductive FKM composites.

Adv. Funct. Mater. 2023, 2309725 2309725 (8 of 13) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Printing of LM-FKM composites and application for creating a soft heat sink. a) Storage and loss moduli and b) apparent viscosity of Daikin
and LM-Daikin inks. c) Photo of printing a LM-FKMmultilayered trace. Inset photo shows printed pattern held in hand. d) Printed heat sink conformally
wrapped on a curved surface. Inset photo shows side-view of a heat fin printed with multiple layers. e) Infrared images of a flat heat sink and a 3D printed
heat sink being heated to 135°C. f,g) Average temperature measured from heat sinks heated to f) 135 °C and g) 75 °C. h) Image of LM-Sylgard cracking
after exposure to 325 °C followed by mechanical bending. i) Image of LM-Viton after exposure to 325 °C. Inset photo shows the composite maintains
stretchability.

Future work will include investigating the thermo-mechanical
and thermo-electrical responses of FKM-based electrical conduc-
tors.

2.4. Printing of LM-FKM for Thermal Management

To use the enhanced material properties offered by LM compos-
ites and pattern thematerials into functional structures, LM com-
posite emulsion inks have been previously developed.[7,13,57–59] A
variety of LM emulsion inks have been explored, including using
matrix materials of silicones, including Sylgard, and aqueous so-
lutions, including sodium carboxylmethyl cellulose. Prior studies
have shown that by increasing the LM content in an emulsion
ink, rheological properties can be improved for 3D printing.[13,53]

Contents above 64% vol. are frequently used to achieve suitable
rheology, including recent emulsion inks using 70% and 76.4%
fill fractions.[13,53] Here, a LM-FKM emulsion ink is developed
and demonstrated for printing of thermally stable structures. To
create a printable ink of LM-Daikin, the polymer-to-solvent mass
ratio was increased from 22.5% to 50% in order to form a poly-
mer solution of higher viscosity. Following previous works, LM
was added in a 75% volume fill fraction. Figure 5a shows themea-
sured storage and loss modulus of the LM-FKM emulsion ink
in comparison to the FKM-only ink. For a 3D printable ink, it

is desired for the ink to be similar to a viscoelastic solid, where
storage modulus is greater than loss modulus, at low frequen-
cies and a viscoelastic liquid, where storage modulus is less than
loss modulus, at high frequencies.[13,53] Low frequencies corre-
spond to a printed trace after deposition while while high fre-
quencies correspond to the flow of the ink through a printing
nozzle. As shown in Figure 5a, an ink of only Daikin material be-
haves as a liquid at all tested frequencies, which suggests the ma-
terial would continue to deform after printing and before drying.
However, the addition of LM droplets creates an emulsion ink
more suitable for printing where there exists a crossover in stor-
age and loss modulus. At low frequencies the LM emulsion ink
behaves as a solid while at high frequencies the LM emulsion ink
behaves as a liquid. These results correspond well with previous
reports of storage and loss modulus with LM composite emul-
sion inks, and the use of 75% volume fill fraction closely follows
previous emulsion ink recipes.[13,53] Further optimization of the
emulsion ink by adjusting both the LM and solvent content could
shift the crossover in moduli to a higher frequency, and allow
for an estimate of yield stress. The addition of LM also increases
the apparent viscosity of the emulsion ink by two orders of mag-
nitude (Figure 5b), which compares well with emulsion inks of
high LM content.[13,53] Figure 5c displays an image of printing
a third layer of a patterned trace with the thermally conductive
and stable FKM. Printed traces are 1.3 mm wide when deposited
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from a 22 G nozzle and can be used to create freestanding struc-
tures. While the emulsion ink developed here is printed with a
direct ink writing method, there remains opportunity to further
improve the emulsion ink composition and printing parameters
to make it more compatible for 3D printing of soft structures.
This includes further tuning the emulsion ink to demonstrate
log-linear shear-thinning behaviors that are more suitable for fit-
ting to a Herschel-Bulkley model and to determine a yield stress
of the ink.[53,60] Additionally, since printing parameters and paths
were not optimized within the scope of this work, there are re-
maining studies to be completed more specific to 3D printing of
LM and FKM emulsion inks.
Owing to the high thermal stability of LM-FKM compos-

ites, the printable ink can be applied for structures in high-
temperature settings, such as flexible heat sinks for thermal
management, without mechanically degrading. Using the LM-
FKM ink, flexible heat sinks with thin, parallel heat fins were 3D
printed (Figure 5d; Figure S16, Supporting Information). Up to
eight passes can be layered to achieve a heat fin with an aspect ra-
tio of 3.5. The printed heat sink uses a set of five parallel heat fins
to mimic common heat sink designs. To demonstrate thermal
management, a 3D-printed LM-FKM heat sink was compared to
a flat heat sink of Daikin, a flat heat sink of Daikin with 75% fill
fraction of LM, and a commercial heat sink of similar size. The
heat sinks were placed on a hot plate at a set temperature. In-
frared images shown in Figure 5e confirmed the improvement
in thermal dissipation over time offered by the 3D printed LM-
FKM structure (Video S3, Supporting Information). Infrared im-
ages for all tested heat sinks are shown in Figure S17 (Supporting
Information). Figure 5f displays the average temperature over the
four heat sinks on a hot plate set to 135 °C. All heat sinks were
characterized in a flat position for direct comparison to the com-
mercial heat sink. The addition of LM significantly lowers the
temperature of the surface, while the 3D printed structure offers
enhanced thermal dissipation that is comparable to the commer-
cially available heat sink. The comparable performance is a result
of the design and size of the printed heat sink and the commer-
cial heat sink. The printed heat sink is 20×20 mm[2] with a one-
dimensional array of five heat fins. The commercial heat sink is
14×14 mm2 with a 2D array of 16 heat fins, each with a smaller-
scale structure on their surface. The total surface area, including
fins, of the printed heat sink and the commercial heat sink is
1400 mm2 and 940 mm[2 and this larger surface area enables
the printed heat sink to offer a comparable performance to the
more complexly detailed commercial heat sink. Figure 5g demon-
strates the heat sinks performing at a lower temperature of 75 °C
(additional data in Figure S18, Supporting Information). Overall,
3D printing with LM-FKM inks enables patterning of a soft, ther-
mally structures and is capable of creating flexible heat sinks with
similar performance to commercial heat sinks.
To highlight the thermo-mechanical stability of FKM in com-

parison to elastomer composites for high temperature applica-
tions, a patch of LM-Sylgard and LM-Viton were applied to a flex-
ible steel film and heated to 325 °C for 10 min. After heating,
the flexible steel films were immediately bent manually to apply
a curved radius (>3 cm) to the thermally conductive materials.
Figure 5h shows the LM-Sylgard forms cracks along the bend-
ing region, indicating thermo-mechanical instability and incom-
patibility with operation on flexible structures. However, the LM-

Viton based composite maintains mechanical integrity and can
even be peeled off the steel surface and stretched by hand without
failure (Figure 5i). Overall, the ability to 3D print highly thermally
conductive and stable soft material offers a means to fabricate a
variety of high-temperature soft components.

2.5. Endoscopic Sensor for Wireless Temperature Sensing

To demonstrate the applicability of FKM-based materials for soft
sensors and flexible robotics in high-temperature operation, a
flexible endoscopic sensor was fabricated using Daikin and LM-
Daikin as the outer encapsulation of a wirelessly connected tem-
perature sensor. This demonstration highlights a potential use
case of FKM-based composites for soft robotics in extreme envi-
ronments. An illustration of the endoscopic sensor is shown in
Figure 6a where a Bluetooth transmitter and thermocouple am-
plifier was packaged within a silicone shell and an outer FKM
encapsulation. The tip of a thermocouple is embedded into a LM-
FKMpathway, which served as a thermally conductive pathway to
enable temperature sensing. The voltage generated from the ther-
mocouple is amplified and sent via Bluetooth. The endoscopic
sensor was manually moved from the distal end of the tubing.
The endoscopic sensor was deployed on a surface of heated rocks
(Figure 6b; Video S4, Supporting Information) to detect changes
in temperature across the surface. Figure 6c shows a represen-
tative set of wirelessly transmitted temperature sensing as the
endoscopic sensor is moved toward a strong heat source. Addi-
tionally, the endoscopic sensor was maneuvered across a set of
three hotplates set to three different temperatures (Figure 6d).
The shaded blue regions indicate areas between adjacent hot-
plates, while the yellow areas indicate the edge of the hotplate.
Red areas mark the center of the hot plate. As shown by the wire-
less temperature sensing, the increases and decreases in temper-
ature as the end of the endoscopic sensor is moved across these
locations were captured.

3. Conclusion

In this work, soft, thermally stable LM composites are introduced
with the use of FKMs as a polymer matrix material. LM-FKM
composites maintain rubbery mechanical properties despite ex-
posure to temperatures up to 325 °C, whereas LM-elastomer
composites show mechanical degradation with increasing tem-
perature. The properties of LM-FKM and LM-elastomer compos-
ites were evaluated across mechanical, thermal, and electrical
properties to determine the effects of LM droplets on thermal
stability. The thermo-mechanical responses displayed the advan-
tages of using FKM as a matrix material for high thermal sta-
bility, while LM inclusions could offer means to toughen com-
posites at high temperatures while providing enhanced thermal
conductivity and dielectric constants. While embedding LM in
Sylgard and Ecoflex offered a moderate improvement in thermo-
mechanical stability, Vytaflex and SIS composites showed no im-
provements. In addition, electrically conductive LM-FKMs and
printable LM-FKMs offered a promising approach to fabricating
multi-material, fully FKM-based soft machines for operation in
extreme environments.
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Figure 6. Endoscopic sensor for high temperature sensing. a) Schematic of flexible endoscopic sensor for wireless temperature sensing with exploded
view of the thermocouple and LM-FKM interface. b) Images of endoscopic sensor traversing a surface of heat rocks. c) Wirelessly recorded temperature
change over time as endoscope is moved closer to a strong heat source. d) Temperature changes recorded as endoscope is maneuvered across three
hot plates set to 100, 150, and 200 °C.

While this work provides a comprehensive examination of
the effect of LM on the material properties of FKMs and their
thermal stability, future work is required to better understand
the effects of process parameters, polymer solution viscosity,
and LM droplet size, among additional parameters. Further
work is also required elucidate reasons why LM effects on
thermo-mechanical stability are variable among different FKM
types and LM concentrations. Additionally, methods to test me-
chanical and dielectric Properties across a broad temperature
range will provide insight into properties during exposure to
high heat compared to the properties measured here after heat
exposure.
The use of FKM as a matrix material has the potential

to extend the use of LMEE composites in a wider range of
applications. For example, printing of thermally conductive
FKMs was demonstrated for thermal management and high-
temperature exposure without mechanical degradation, which
could be applied to an assortment of soft, thermally stable,
and high-temperature components. An FKM-encapsulated en-
doscopic sensor displayed the potential for applying FKM-based
soft robotics in high-temperature environments. Future use cases
may include aerospace and in-space applications where mate-
rials are subject to wide temperature ranges. Collectively, these
results provide insight into the effect of LM on the thermal
stability of soft materials and the promising directions offered

by LM-FKM composites, including for soft robotics in the ex-
treme environments of high-temperature settings and space
applications.

4. Experimental Section
Synthesis of LM Composites: FKMs were dissolved in DMF (Sigma–

Aldrich) to create a 22.5% polymer solution. Tested FKMs included Vi-
ton (A401C, Chemours), Daikin (G801EL, Daikin), PVDF-HFP (Sigma–
Aldrich; 427 160), PVDF (Sigma–Aldrich; 427 144), PVDF-CTFE (PolyK
Technologies), and PVDF-CTFE-Trfe (PolyK Technologies). Mixing solvent
and FKMs were performed on a hotplate set to 60 °C with a magnetic stir-
rer and occasional manual stirring until a uniform solution was achieved.
Tested elastomers included Ecoflex (Ecoflex 30, Smooth-On), Sylgard (Syl-
gard 184, Dow Corning Corp), Vytaflex (Vytaflex 30, Smooth-On), and SIS.
Prior tomixing Ecoflex, Sylgard, and Vytaflex with EGaIn, elastomer was di-
luted with toluene in a 20%mass ratio of elastomer to toluene. SIS was cre-
ated by mixing SIS pellets (22.5 wt.% of styrene, Sigma–Aldrich; 432 415)
with toluene to form a solution of 15% mass SIS. SIS was mixed on a hot-
plate set to 60 °C with a magnetic stirrer and occasional manual stirring
until a uniform solution was achieved. Gallium and Indium (Rotometals
Inc.) were mixed at 200 °C for 24 h in a 3:1 weight ratio to form EGaIn.
EGaIn was added to the polymer solutions and mixed in a planetary cen-
trifugal mixer (AR-100, Thinky Corp) for 3 min at 2000 RPM. Films were
cast on glass slides coated with mold release and dried at 120 °C for 2 h in
an oven. SIS composites were dried at room temperature for 1 h and then
dried at 80 °C for 1 h. Ecoflex, Sylgard, and Vytaflex composites were cured
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at 120 °C for 1 h. Electrically conductive Viton samples were prepared by
mixing 1 g of polymer solution with 3 g of EGaIn and 1.2 g of Ag flakes
(Sigma–Aldrich).

Microscopy Imaging: Optical images were taken with a confocal micro-
scope (LSM 900, Zeiss) at 10x magnification with a numerical aperture of
0.4. SEM images were captured with a desktop SEM (Phenom XL) at a low
vacuum of 60 Pa with a 15 kV beam.

Thermo-Mechanical Characterization: Tensile samples were cut from
cast films into ≈0.2 mm x 3.5 mm x 15 mm strips. Measurements were
performed on a materials testing tool (Instron 5969, Illinois Tool Works
Inc) using a 50 N load cell and a strain rate of 1.5 mm s−1. A 1 kN load
cell was used for PVDF-HFP. For temperature exposures, samples were
placed on a glass slide coated with mold release and placed onto the cen-
ter of a pre-heated hotplate at the set temperature points for 10min. A new
set of samples was used at each temperature. A handheld infrared ther-
mometer was used to verify hotplate surface temperature. After heating,
samples were removed and cooled to room temperature prior to tensile
testing. Samples for DMA testing were prepared in Teflon molds to cre-
ate an ≈0.25 mm x 4 mm x 10 mm strip. An RSE-G2 Solids Analyzer (TA
Instruments) was used. A strain rate of 5% s−1 was applied. Tensile mod-
ulus was measured based on 10% strain. For measurements of storage
modulus, loss modulus, and damping factor, a heating rate of 5°C min−1

was used with a controlled strain of 1%. TGA was performed in an N2
environment with sample masses of ≈10 mg.

Thermal Conductivity Measurement: Thermal conductivity was mea-
sured using a thermal interface material analyzer (TIMA 5, Nanotest).
Samples were placed in solution form onto the sample plates of the tool.
Thermal resistance was measured at bond line thicknesses of 200, 150,
100, 50, and 25 μm. The cold plate was set to 15.5 °C and the hot plate
was set to 50 °C.

Electrical Properties: Samples were prepared by casting films onto
stainless steel shim. After drying, EGaIn was dispensed into ≈3 mm di-
ameters on top of the films to form a capacitor using the steel shim and
EGaIn droplet as the electrodes. Capacitance wasmeasured by connecting
to the steel shim and using a wire probe to connect to the EGaIn droplet.
Capacitance was measured with an LCR meter (889B, BK Precision) and
measured with a frequency of 1 kHz and a bias of 1 V. Dielectric con-
stant was calculated based on measured capacitance and thickness of the
casted films. Dissipation factor was measured directly with an LCR meter.
For temperature exposure, samples were measured and then placed on a
pre-heated hot plate at the set temperature for 10 min. After heating, sam-
ples were removed and cooled to room temperature before measuring.
Here, temperature exposure was consecutively tested (same set of sam-
ples tested at room temperature, 100, 175, 250, and 325 °C). Electrically
conductive samples were measured with a handheld multimeter.

Rheological Measurements: Printable LM-FKM ink was created by mix-
ing Daikin in a 1:1 mass ratio with DMF before adding 75% EGaIn by vol-
ume. An ink of FKM only was created by mixing Daikin in a 1:1 mass ra-
tio with DMF. A rheometer (Discovery HR2, TA Instruments) was used to
measure rheology of the inks. Measurements were taken with a 40 mm
parallel plate configuration with a 0.8 mm gap height. Storage and loss
moduli were measured at room temperature while sweeping angular fre-
quency from 10−2 to 102 rad s−1. Apparent viscosity was measured while
sweeping shear rate from 10−2 to 102 s−1.

3D Printing: 3D printing of LM-FKM ink was performed using a sy-
ringe extruder (SDS-5, Hyrel3D) and a 3D printer (System 30 m, Hyrel3D)
with a tapered nozzle size of 22 G. A print speed of 2.5 mm s−1 was used
with a layer height of 0.7 mm. Printable LM-FKM ink was created bymixing
Daikin in a 1:1 mass ratio with DMF before adding 75% EGaIn by volume
and mixing for 9 min.

Heat Sink Characterization: 3D heat sinks were printed as described
above. Heat sink patches were fabricated by casting films on a glass slide
and then laminating onto a steel surface. An infrared camera (AX35, FLIR)
was used to capture thermal images, videos, and temperature data of the
surfaces. FLIR data was captured with a hotplate set to various tempera-
tures.

Endoscopic Sensor Fabrication and Temperature Sensing: An endoscopic
sensor was fabricated using a flexible tubing guide with custom end attach-

ment. The end attachment consisted of inner cylindrical supports, an inner
silicone (Ecoflex 30, Smooth-On) shell, and an outer Daikin encapsulation.
The end of the endoscope used a column of LM-Daikin for a thermally con-
ductive pathway connected to the interior thermocouple. A Bluetooth tem-
perature sensor was packaged inside the end of the endoscope. The sensor
was created with a Bluetooth board (Adafruit Feather nRF52840 Express),
a thermocouple amplifier (Adafruit MCP9600), and a Type K thermocouple
(Adafruit). The voltage generated by the thermocouple is fed to the ampli-
fier board before being transmitted via Bluetooth from the Feather board
to a cellphone. A custom Arduino sketch was used to wirelessly transmit
temperature data. Temperature values were sent via Bluetooth at a rate of
1 s−1. The endoscopic sensor was manually manuevered from the distal
end of the tubing. To simulate high-temperature conditions, a concrete pit
was filled with 15 charcoal briquettes and lit. Pieces of cardboard were set
among the rocks to generate more localized heat effects. A layer of rocks
were placed over the charcoals and the endoscopic sensor was guided
around the rocks and toward an area of highest temperature.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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