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Acoustic Properties of Stretchable Liquid Metal-Elastomer
Composites for Matching Layers in Wearable Ultrasonic
Transducer Arrays

Ethan J. Krings, Benjamin D. Hage, Sequoia L. Truong, Kiersten A. Reeser, Eli L. Fox,
Matthew G. Snyder, Quentin Walker, Gregory R. Bashford, and Eric J. Markvicka*

Ultrasound is a safe, noninvasive diagnostic technique used to measure
internal structures such as tissues, organs, and arterial and venous blood flow.
Skin-mounted wearable ultrasound devices can enable long-term continuous
monitoring of patients to provide solutions to critical healthcare needs.
However, stretchable ultrasound devices that are composed of ultrasonic
transducers embedded in an elastomer matrix are incompatible with existing
rigid acoustic matching layers, leading to reduced energy transmission and
reduced imaging resolution. Here, a systematic study of soft composites with
liquid metal (LM) fillers dispersed in elastomers reveals key strategies to tune
the acoustic impedance of soft materials. Experiments supported by theoretical
models demonstrate that the increase in acoustic impedance is primarily
driven by the increase in density with negligible changes to the speed of sound
through the material. By controlling the volume loading and particle size
of the LM fillers, a material is created that achieves a high acoustic impedance
4.8 Mrayl, (> 440% increase over the polymer matrix) with low modulus (< 1
MPa) and high stretchability (> 100% strain). When the device is mechanically
strained, a small decrease is observed in acoustic impedance (< 15%)
with negligible decrease in sound transmittance and impact on attenuation
for all droplet sizes. The stretchable acoustic matching layer is then integrated
with a wearable ultrasound device and the ability to measure motion is
demonstrated using a phantom model as is performed in Doppler ultrasound.
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1. Introduction

Skin-mounted electronics that mimic the
mechanical properties of natural human
skin have enabled continuous monitoring
of physiological signals.[1–3] However, these
devices are limited to physiologic met-
rics that can be recorded from the sur-
face of the skin such as heart rate,[1,4] skin
temperature,[5,6] motion,[7,8] and the pres-
ence of specific compounds found in sweat
or odors.[9,10] To provide access to deep tis-
sue and organ functions, wearable ultra-
sound devices have been created consist-
ing of piezoelectric elements embedded in
a stretchable substrate.[11–17] These devices
provide exciting potential solutions to criti-
cal healthcare needs by enabling long-term
monitoring of cardiac tissue and arterial
and venous blood flow.[17,18] While these
devices provide improved wearability com-
pared to conventional ultrasound probes,
stretchable ultrasound devices lack match-
ing layers that are essential for optimizing
the transmission of ultrasound waves, lead-
ing to poor energy transmission into the
body and decreased resolution.[19] Matching
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Figure 1. LM-elastomer composites with tunable acoustic impedance. a) Schematic illustration and b) exploded view illustration of a stretchable ul-
trasonic transducer array with LM-elastomer composite matching layer. c) SEM micrograph of LM droplets embedded in elastomer matrix. d) Plot
of Young’s modulus versus acoustic impedance for various impedance matching layers. e,f) Photographs of the stretchable ultrasound device with
LM-elastomer composite matching layer under deformation. g) Schematic illustration of possible application of the stretchable ultrasound array with
matching layer where heart valve motion is continuously monitored (i.e., tissue Doppler).

layers are located between the piezoelectric element and imag-
ing medium to improve sound transmission by reducing losses
due to acoustic impedance mismatch.[20] Thus far, matching lay-
ers have not been implemented in most wearable ultrasound de-
vices due to the rigid nature of conventional matching layers
that are often constructed by doping epoxy with rigid particle
fillers.[21–23] Although rigid particles can be incorporated into sili-
cones, urethanes, and acrylate-based elastomers to increase their
acoustic impedance,[24–27] the loading required to achieve signif-
icant acoustic property enhancement can degrade the mechani-
cal properties of these soft and stretchable material systems.[28–30]

Furthermore, the large mismatch in density and elastic modulus
between the rigid filler and matrix can cause high attenuation.[24]

Alternatively, liquid fillers can be incorporated into elastomers to
overcome the inherent mechanical mismatch between the filler
and matrix.[31,32] However, liquids typically have a lower density
than solids and the speed of sound through liquids is generally
lower than through solids, resulting in negligible increases, and
even decreases, in acoustic impedance.[26]

Some of the most prominent functional liquid fillers utilized
in elastomer composites have been Ga-based liquid metals (LMs),
such as eutectic gallium–indium (EGaIn) and Galinstan, which
have been engineered to exhibit a wide range of potential prop-

erties, including high electrical and thermal conductivity,[33–44]

shape-morphing,[45,46] and stiffness tuning.[47,48] These compos-
ites are also able to undergo high strain under repeated cyclic
loading without loss of mechanical functionality.[33] Ga-based
LMs are particularly attractive liquid fillers for an acoustic match-
ing layer due to the high density (𝜌EGaIn = 6.25 g·cm−3) as com-
pared to other liquids and to the relatively high speed of sound
through the individual components: pure liquid In (cIn = 2.320
mm· μs−1) and pure liquid Ga (cGa = 2.873 mm· μs−1).[49] Previous
work has demonstrated that for LM composites with continuous
conductive networks, the LM filler acts as an effective electromag-
netic shield over a broad frequency range (3–40 GHz).[50,51] How-
ever, there are limited studies at lower frequency ranges that are
appropriate for ultrasound imaging (2–20 MHz) with electroni-
cally insulating composites with discrete droplets. Furthermore,
no report has been made on the speed of sound through Ga-based
LM alloys.

Here, we introduce the fabrication, characterization, and use
of an LM elastomer composite with tunable acoustic properties
for use as a matching layer in stretchable ultrasonic transducer
arrays (Figure 1a–c). By combining recent work on LM elastomer
composites and wearable ultrasound devices, the incorporation
of a liquid phase into elastomers eliminates the mechanical
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Figure 2. LM and LM-elastomer composite acoustic properties. a) Density, speed of sound, and b) acoustic impedance of EGaIn and Galinstan compared
to other materials used in polymers to tune the acoustic impedance. c) Density, d) speed of sound, e) acoustic impedance, and f) attenuation of LM-
elastomer composite with O(1), O(10), and O(100) LM droplet diameters at different volume loadings (ϕ = 0, 0.5, 0.6, 0.7). c) Dashed line is the
predicted density. d) Dashed line is predicted speed of sound from the Wood’s model. e) Dashed line is predicted impedance from predicted density
and sound speed from the Wood’s model. All error bars represent ±1 SD and are not displayed if smaller than the data point size. n = 3 samples were
tested for all data points.

compliance mismatch of rigid fillers and thus preserves the
mechanics of the host elastomer, offering a unique combination
of low stiffness and high acoustic impedance. The integra-
tion of LM microdroplets increases the acoustic impedance
to over 440%, displays a low attenuation, and maintains a
soft and stretchable response (Figure 1d–f). The LM-based
acoustic matching layer can be integrated with an array of
individually addressable ultrasonic transducers (Figure 1e,f).
As illustrated in Figure 1g, the ultrasound device can be
used to detect the motion of deep tissue and organ functions
such as the motion of heart valves and ventricle walls,[17,52]

which was demonstrated using an ultrasound phantom
model.

2. Results and Discussion

2.1. Acoustic Impedance of LM

The acoustic impedance of a material can be calculated by mul-
tiplying the density of the material by the speed of sound of
through the material: Z = 𝜌 · c, where Z is acoustic impedance,
𝜌 is material density, and c is speed of sound. We selected Ga-
based LM such as EGaIn (75% Ga and 25% In by weight) and
Galinstan (68.5% Ga, 21.5% In, and 10% Sn by weight) as the
liquid filler for the acoustic matching layer due to its combi-

nation of high density (6.25 and 6.44 g·cm−3, respectively), low
viscosity, and non-toxic characteristics.[53,54] The speed of sound
through the room temperature LM was measured in water using
a transmission-through method where the LM was placed in a
glass cuvette between two ultrasonic transducers, one configured
as an emitter, and one configured as a receiver (Figure S1, Sup-
porting Information). The speed of sound through EGaIn was
determined to be 2.753 ± 0.005 mm· μs−1 (Figure 2a), which falls
between the previously recorded speeds of sound through pure
liquid indium (2.320 mm· μs−1) and liquid gallium (2.873 mm·

μs−1) at their respective melting temperatures.[49] The acoustic
impedance of Galinstan was 2.730 ± 0.003 mm· μs−1. In com-
parison to other liquids previously used for impedance match-
ing layers, both the density and speed of sound through EGaIn
and Galistan are significantly higher (Figure 2a), resulting in
higher acoustic impedances of Z = 17.21 Mrayl and Z = 17.58
MRayl, respectively (Figure 2b).[55–57] The acoustic impedances
for EGaIn and Galinstan are comparable to aluminum (Al) par-
ticles (Z = 17.28 Mrayl), but are lower than other metals and
metal oxides often used in impedance matching layers, such as
cerium dioxide or aluminum oxide with acoustic impedance >

40 Mrayl.[25,27,55,58] Mercury (Z = 19.58 Mrayl) is the only other
liquid with an impedance comparable to EGaIn and Galinstan;
however, its high toxicity makes it unsuitable for wearable appli-
cations.
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2.2. Acoustic Impedance of LM-Elastomer Composites

To enable integration with stretchable ultrasound devices, EGaIn
was dispersed as microdroplets in a soft silicone elastomer (Syl-
gard 184; Dow Corning), as previously described.[35,44] To under-
stand the effects of the LM inclusions on the acoustic properties
of the silicone elastomer, the volume loading (ϕ = 50 to 70%)
and diameter of the LM microdroplets were varied. Three dif-
ferent droplet size scales were chosen with diameters on the or-
der of 100 μm (O(100)), 10 μm (O(10)), and 1 μm (O(1)). The
LM composites with O(10) and O(100) LM droplets were fabri-
cated by shear mixing bulk EGaIn with the silicone prepolymer
using a planetary mixer. The low viscosity of the prepolymer pre-
vented the formation of O(1) droplets with the planetary mixer,
so an alternative emulsion shearing method was used where
O(1) LM droplets were formed by shear mixing bulk EGaIn in
an acetic acid solution.[59] The droplets were washed, dried, and
then dispersed into the prepolymer. The droplet size and distribu-
tion were confirmed using a combination of optical microscopy
(AXIO Zoom.V26, Zeiss) and scanning electron microscope (FEI
Helios NanoLab 660) imaging (Figure S2a–c, Supporting Infor-
mation). ImageJ was used to determine average particle diame-
ter and size distribution (Figure S2d–f, Supporting Information).
The O(100), O(10), and O(1) LM droplets had mean diameters of
190 μm (± 59.4 μm), 37.1 μm (± 13.2 μm), and 3.79 μm (± 1.24 μm),
respectively. To ensure consistent and uniform thickness with
minimal surface roughness, independent of LM volume load-
ing and LM droplet size, which can influence the viscosity of the
emulsion, the samples were compression molded and cured in a
pressure pot (Figure S3, Supporting Information).

The densities of the LM-elastomer composites were measured
gravimetrically using a density determination kit (80253384,
Ohaus). As expected, we saw a linear increase in density as the
volume loading of LM was increased from 50% to 70% by volume
for all LM droplet sizes (Figure 2c). These experimental results
closely match the theoretical density 𝜌LME = ϕ · 𝜌LM + (1 − ϕ) ·

𝜌matrix, where 𝜙 = vol(LM)

vol(LM+matrix)
is the volume fraction of LM, and

𝜌LM and 𝜌matrix is the density of the LM and silicone elastomer,
respectively. These results indicate that no air voids were intro-
duced into the composite during fabrication.

The speed of sound through the composite was measured us-
ing a transmission-through method where the sample was at-
tached to a frame and placed between two ultrasonic transduc-
ers immersed in water (Figure S4, Supporting Information). A
pulse was sent through the sample of known thickness (1 mm)
and was received by another immersed transducer. The signal
was sampled using a digital oscilloscope, and the speed of sound
through the material was calculated (see Supporting Information
for additional details). As shown in Figure 2d, the speed of sound
through the unfilled silicone was observed to have the highest
speed of sound as compared to any of the LM composites (ϕ =
50% to 70%) tested. For the LM-elastomer composite, the speed
of sound increased with increasing volume loading of LM from
50 to 70% for all droplet sizes, which can be predicted by the
Wood’s model:[60,61]

cwood =
1√

[(1 − 𝜙)𝜌m + 𝜙𝜌f ] ⋅ [(1 − 𝜙)𝜒m + 𝜙𝜒f ]
(1)

where 𝜌f and 𝜒 f are the density and compressibility of the LM
filler and 𝜌m and 𝜒m are the density and compressibility of the
elastomer matrix. The O(1) and O(10) diameter particles show
reasonable agreement with the model. However, as the particles
increase in size O(100), a sharp increase in the speed of sound is
observed. For all conditions tested, we do not expect the forma-
tion of cavitation induced LM particle networks, as previously ob-
served using probe sonication.[62] The acoustic energy generated
by the piezoelectric transducers (0.72 W·cm−2) is significantly
lower than the acoustic energy used to induce LM particle net-
works generated by probe sonication (194.5 W·cm−2).

The acoustic impedance of the LM composite was then deter-
mined. For the LM-elastomer composite, the acoustic impedance
monotonically increased with increasing LM volume loading for
all LM droplet sizes with ϕ = 70% samples increasing to over
400% as compared to the unfilled silicone for all droplet sizes
(Figure 2e). The increase in acoustic impedance is primarily
driven by the increase in density with negligible decreases to
the speed of sound through the composite. As observed with the
speed of sound measurements, the acoustic impedance generally
increases with LM droplet size.

Signal attenuation is another important factor to consider
when designing acoustic matching layers. A matching layer with
high attenuation will drastically reduce the amplitude of the
sound waves before they are able to propagate into the skin. Fac-
tors such as inclusion shape, size, and relative impedance can af-
fect the attenuation of particle-filled composites.[24] In this work,
we characterized the effect of particle size and volume loading on
attenuation in LM-elastomer composites as shown in Figure 2f.
The attenuation of the O(1), ϕ = 0.5 composite was the lowest
recorded for all LM samples (5.7 dB·mm−1). The attenuation in-
creased substantially to 33.3 dB·mm−1 and 37.8 dB·mm−1 for ϕ

= 0.6 and 0.7, which were the most attenuating of all samples
tested. The O(100) samples had the least variation in attenuation
with all volume loadings in the 15 to 17 dB·mm−1 range.

2.3. Acoustic-Mechanical Characterization

A matching layer integrated into a stretchable ultrasound device
would undergo elastic deformation perpendicular to the direc-
tion of sound wave propagation (Figure 3a inset). In contrast to
rigid particle fillers, the shape of liquid phase fillers can be con-
trolled through the application of strain, which can significantly
impact thermal conductivity[33] with negligible changes to elec-
trical conductivity.[44] Here, we examined the acoustic properties
of the LM-elastomer matching layer as a function of strain and
LM droplet shape for the three different droplet diameters at a
constant volume loading ϕ = 0.5. The LM-elastomer composites
were strained to 20% and 40% and the acoustic impedance and
attenuation were measured at each strain value as previously
described (Figure S5, Supporting Information). Figure 3a shows
that the impedance for all three droplet sizes decreased as the
axial strain increased from 0% to 40%. The impedance of the
O(1) and O(100) composites remained relatively unchanged as
the samples were strained from 0% to 40% while the impedance
of the O(10) composite decreased by 13%. The solid black line
in Figure 3b indicates the theoretical sound intensity transmit-
ted into the skin for a matching layer with the corresponding
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Figure 3. LM-elastomer composite acoustic properties as a function of strain. a) Relative impedance of the LM-elastomer composite with O(1), O(10),
and O(100) LM droplet diameters under axial strain for ϕ = 0.5. b) Theoretical sound intensity transmitted through matching layer based on matching
layer impedance (black line). Markers indicate theoretical transmittance of O(1), O(10), and O(100) LM matching layers (ϕ= 0.5) based on the measured
impedance from (a). Dashed line indicates optimal matching layer impedance. Magenta and dark blue lines indicate the skin and piezoelectric transducer
impedance, respectively. c) Relative attenuation of the LM-elastomer composite with O(1), O(10), and O(100) LM droplet diameters as a function ofaxial
strain for ϕ = 0.5. All error bars represent ±1 SD and are not displayed if smaller than the data point size. n = 3 samples were tested for all data points.

acoustic impedance on the x-axis and piezoelectric element with
an acoustic impedance of 22 Mrayl. The O(1) LM-elastomer
composite sample had a theoretical transmitted sound intensity
of 35.5% while unstretched that decreased to 35% as the sample
was stretched to 40% strain. The O(10) LM-elastomer composite
had an unstretched sound transmittance of 36% that decreased
to 33% transmittance at 40% strain. The O(100) had the highest
theoretical transmittance of 37% intensity at 0% strain. The de-
crease in impedance as the sample was strained to 40% resulted
in a 1.5% decrease in transmitted sound intensity. The drop in
impedance and consequent loss in sound transmittance was
negligible for ϕ = 0.5 for all droplet sizes. The attenuation of the
O(1) composite remained approximately constant as the samples
were strained, the attenuation of the O(10) composite increased
by a maximum of 10% of the initial attenuation under 20%
strain, and the attenuation of the O(100) composites decreased
by a maximum of 20% of the initial attenuation under 20%
strain (Figure 3c). The change in LM droplet shape due to the
deformation of the matching layer therefore had only a small
impact on attenuation at strain values typically seen in wearable
devices (< 30%).

2.4. Wearable Ultrasound Device with LM-Elastomer Matching
Layer

A stretchable, wearable ultrasound patch with a 2 × 2 piezo-
electric element array and stretchable LM-elastomer matching
layer was fabricated (Figure 1). The piezoelectric elements (1-3
Composite, PZT Navy Type II 5A, Smart Material Corp., Sara-
sota, FL) contained randomly arranged fibers with fiber diam-
eter of 250 μm and 65% fill. The elements had a diameter of 6
mm and a measured center frequency of 2.75 MHz. The opti-
mal acoustic impedance of the matching layer was determined
to be 5.74 Mrayl from Zm =

√
Z1 ⋅ Z2, where Z1 and Z2 are the

acoustic impedances of the piezoelectric elements (22 Mrayl) and
skin (1.5 Mrayl), respectively. The ideal thickness of the match-
ing layer is equal to 1/4 of the length of the acoustic wave (𝜆)

traveling through the layer to minimize wave reflection.[63] Us-
ing the Wood’s model (Equation 1) to calculate speed of sound
through the LM-elastomer composite, the quarter wavelength
(𝜆/4) matching layer thicknesses were determined to be 89, 97,
and 100 μm for ϕ = 0.5, 0.6, and 0.7 LM volume loadings, re-
spectively. The relatively thin (<100 μm) 𝜆/4 matching layer led
to only the O(1) LM-elastomer composite being viable for fabri-
cation. The high attenuation (<30 dB·mm−1) of the ϕ = 0.6 and
0.7 LM volume loadings led to the selection of the ϕ = 0.5 LM
volume loading.

An A-line from the wearable ultrasound device with LM-
elastomer acoustic matching layer is shown in Figure 4a. We ob-
serve a short A-line pulse duration (about four cycles at 2 MHz),
which is desired for good axial resolution in diagnostic medical
ultrasound imaging.[20] In contrast to other modes of diagnostic
ultrasound imaging, in which a low number of pulses are desired
for high axial resolution, Doppler ultrasound typically employs
pulses with durations of 10–50 cycles.[64,65] Accordingly, a 50 V
amplitude, two-level pulse with a 10-cycle duration was used to
excite the piezoelectric transducers (Figure 4b, top). The resulting
acoustic output was measured using a hydrophone placed 26 mm
away from the device (Figure 4b, bottom). This acoustic output il-
lustrates the lowpass filter effect of the piezoelectric transducers,
and confirms that the device can send and receive pulses similar
to those used in Doppler ultrasound. Sensitivity was computed
for two individual piezo elements, giving values of 122 and 129
dB re 1 μPa/V @ 1 m.

The device was then used to detect motion, as would be per-
formed in Doppler ultrasound, using a phantom model. Doppler
ultrasound can be used to detect motion of deep tissue such as
heart valves and ventricle walls,[17] as well as the flow of blood.[18]

A phantom model was created for motion detection (Figure 4c,d).
The phantom model consisted of a ruler that was moved away
from the device at a constant rate of approximately 3.8 cm·s−1.
A piece of sandpaper (3M Pro Grade 100-grit, 3M, St. Paul, MN)
was affixed to the ruler to simulate scatterers such as red blood
cells. Figure 4e shows the resulting A-lines when the ruler was
moved away from the device at a constant velocity. The sloping
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Figure 4. Demonstration of a stretchable ultrasound device with acoustic matching layer. a) A-line from the 2×2 piezoelectric element array. The target
was a flat aluminum block. b) Top: two-level excitation pulse with 10 cycles at a frequency of 2 MHz, which is commonly used in a Doppler ultra-
sound device. Bottom: Shape of the resultant acoustic output, measured by a hydrophone placed 26 mm from the device. c) Schematic illustration and
d) photograph of the phantom model for detection of motion with the ultrasound device. The ultrasound device is circled and the direction of motion
is shown by the red arrow. e) A-lines (each column is one A-line) illustrating motion away from the device at approximately 3.8 cm·s−1.

lines represent motion away from the device and are caused by
the increasing round-trip time for each successive sound pulse.
The set of consecutive A-lines can be used to calculate the velocity
of motion or flow toward or away from a transducer as a function
of time.[18]

3. Conclusion

Acoustic matching layers are typically composed of rigid particles
embedded in a polymer matrix, which limits their use in stretch-
able ultrasound devices. In this work, we describe and demon-
strate a soft and stretchable acoustic matching layer that was cre-
ated by embedding LM inclusions within a soft elastomer ma-
trix. The relatively high density (6.25 g·cm−3) and fluidity of the
room-temperature LM allows for the fabrication of soft compos-
ites with acoustic impedance as high as 4.8 Mrayl, which repre-
sents >440% increase in acoustic impedance as compared to the
unfilled elastomer. However, the LM inclusions do increase the
attenuation of the ultrasound signal, especially for the O(1) LM
droplets. Under strains typically observed in wearable devices, we
observed negligible changes to transmitted sound or attenuation.
The performance of the acoustic matching layer could be fur-

ther improved by functionalizing the surface of the LM droplets
to improve the size distribution and interface between the poly-
mer matrix[66] or considering LM mixtures with high impedance
particles.

4. Experimental Section
LM-elastomer Composite Fabrication: The O(10) and O(100) droplet

diameter LM-elastomer composite matching layers were fabricated by
shear mixing bulk EGaIn with the uncured prepolymer using a Flacktek
planetary mixer. The cross-linker was then added to the LM/prepolymer
mixture at a 10:1 prepolymer to cross-linker mass ratio and mixed for an
additional minute at the lowest speed setting. The O(1) LM droplets were
first fabricated using the SLICE method[59] by shear mixing bulk EGaIn
in 5% acetic acid at a 20:1 acetic acid to EGaIn volume ratio. The droplets
were formed by mixing 20 min at 20000 RPM with a Dremel rotary tool and
custom-printed mixer attachment. The LM microdroplets were allowed to
sediment, and the acetic acid was decanted. Ethanol was added to the LM
microdroplets to rinse off any excess acetic acid, and the mixture was again
allowed to sediment and decanted. The LM microdroplets were placed in
a 70°C convection oven to evaporate any remaining ethanol. After the mi-
crodroplets had cooled to room temperature, they were combined with
the prepolymer and mixed in the Flacktek mixer for 1 min at the lowest

Adv. Funct. Mater. 2023, 2308954 2308954 (6 of 9) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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speed setting. The cross-linker was added at a 10:1 prepolymer to cross-
linker mass ratio, and the uncured composite was mixed again for 1 min
at the lowest setting. The uncured composites were poured into a custom-
made compression mold that was bolted together to form the matching
layer shape. The mold was placed in a pressure pot at 40 psi and 70°C for
8 h to prevent the formation of air pockets in the cured composite. Hex-
ane was added to the prepolymer due to the high viscosity of the uncured
70 vol.% LM, O(1) droplet diameter mixture. Hexane was added to the pre-
polymer at a 10:1 prepolymer to hexane ratio, mixed (both mixing steps),
and then evaporated under vacuum for 1 h before the uncured elastomer
was poured into the mold.

Speed of Sound Measurements: The speed of sound was measured
using a pitch-catch experiment with a 2.25 MHz unfocused immersion
transducer (0.5 inch diameter, IR-0208-S, Harisonic) as the emitter, and a
3.5 MHz unfocused immersion transducer (0.5 inch diameter, IR-0308-S,
Harisonic) as the receiver. The speed of sound of pure EGaIn was mea-
sured by placing the EGaIn in a glass cuvette and placing the cuvette in
water between the two transducers. The speed of sound of LM-elastomer
composite samples was measured by placing the LM-elastomer compos-
ite samples in water between the two transducers (see Supporting Infor-
mation for more details).

Acoustic Attenuation Measurements: Acoustic attenuation was mea-
sured with the same setup that was used for measuring speed of sound
(see Supporting Information for more details).

Stretched Samples: Speed of sound measurements and acoustic atten-
uation measurements were repeated for LM-elastomer composites con-
taining 50% LM with (O(1)), (O(10)), and (O(100)) droplet sizes. All mea-
surements were made as described for unstretched samples. A custom
frame (Figure S5, Supporting Information) was made to hold samples at
strains of up to 40%. Measurements were made at 0%, 20%, and 40%
strain. Sample thicknesses were measured at each strain level to ensure
accuracy in the speed of sound calculation.

Density Measurements: Density measurements of the LM-elastomer
composites were conducted gravimetrically with a density determination
kit (80253384, Ohaus). The mass of each composite sample was mea-
sured in air and recorded. The sample placed in ethanol and the mass
of the sample was again recorded. The temperature of the ethanol was
recorded to determine the ethanol density using tables provided with the
density determination kit.

Wearable Ultrasound Device Fabrication: The stretchable ultrasound
device was fabricated using a series of compression and injection molds
(Figure S6a-i, Supporting Information). The uncured O(1) LM-elastomer
composite with a ϕ = 0.5 volume loading was prepared using the meth-
ods described above and poured into a compression mold made of acrylic
upper and lower sections with a 3 mil (76.2 mm) stainless steel spacer pro-
viding the 𝜆/4 thickness. The mold was bolted shut to apply compression.
The matching layer was then cured at 70°C for 8 h under 40 psi to prevent
the expansion of any potential air voids in the LM-elastomer composite.
The matching layer mold was cooled, and the top half of the acrylic com-
pression mold was removed. The copper ground electrode was placed on
the matching layer, and the piezoelectric elements were mounted to the
electrode with silver conductive epoxy (8331D, MG Chemicals). An acrylic
mold was then placed on top of the matching layer and electrodes, and
uncured Sylgard 184 was injected into the mold and cured at 80°C for
1 h. The mold was cooled, and the acrylic upper was removed. The top
electrodes were fastened to the piezoelectric elements with silver epoxy. A
final acrylic mold was placed on top of the unfinished device and additional
Sylgard 184 was injected to encapsulate the top electrodes. The mold was
cured at 80°C for 1 h and cooled before the completed ultrasound device
was removed.

Wearable Ultrasound Demonstration: For generating the A-line shown
in Figure 4, the setup was as follows. A piezo element was excited by a very
brief (approximately 100 ns) and very high-voltage (approximately 500 V)
pulse using a Panametrics 5072PR pulser. The pulse emitted by the piezo
was reflected off an aluminum block placed 15 mm from the device, and
the returned echo was detected by the piezo and sent to an oscilloscope
for measurement.

For generating the acoustic output shown in Figure 4b, a 50 V ampli-
tude, two-level pulse with a 10-cycle duration was used to excite the piezo
(Figure 4b, top). The pulse was generated by a Texas Instruments TX517
integrated circuit on an evaluation module (TX517EVM, Texas Instru-
ments, Dallas, TX). The resulting acoustic output was measured using a
hydrophone (Onda HGL-0200, Onda Corporation, Sunnyvale, CA) placed
26 mm away from the device (Figure 4b, bottom). Transmitting sensitivity
was calculated from the resulting according to established methods,[67]

as explained in Supporting Information.

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