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ABSTRACT

A Dbi-phasic ternary Ag-In-Ga ink that demonstrates high electrical conductivity, extreme
stretchability, and low electromechanical gauge factor (GF) is introduced. Unlike popular liquid
metal (LM) alloys like eutectic gallium indium (EGaln), this ink is easily printable, non-smearing,
and bonds strongly to a variety of substrates. Using this ink and a simple extrusion printer, it is
shown the ability to perform direct writing of ultrathin, multi-layer, circuits that are highly
stretchable (max. strain>600%), have excellent conductivity (7.02x10° S m™"), and exhibit only
modest gauge factor (0.9) related to the ratio of percent increase in trace resistance with mechanical
strain. The ink is synthesized by mixing optimized quantities of EGaln, Ag microflakes, and
styrene-isoprene (SIS) block co-polymers (BCP), which functions as a hyperelastic binder. When
compared to the same composite without the EGaln, the Ag-In-Ga ink shows over one order of
magnitude larger conductivity, up to~27x lower gauge factor, and ~5x greater maximum
stretchability. No significant change over the resistance of the ink was observed after 1000 strain
cycles. Microscopic analysis shows that mixing EGaln and Ag microflakes promotes the formation
of Agln, micro particles, resulting in a cohesive bi-phasic ink. The ink can be sintered at room
temperature, making it compatible with many heat-sensitive substrates. Using this ink and a simple
extrusion printer, it is demonstrated for the first time the ability to perform stencil-free, digital
printing of multi-layer stretchable circuits over various substrates, including medical wound

dressing adhesives, using simple commercial extrusion based printers.



INTRODUCTION
Stretchable electronics have a wide range of applications, including biomonitoring stickers for

> e-skins for robotics

wearable computing and electro-physiological data acquisition,'"
applications,® 8 e-textiles,’ flexible displays,'® and 3D-transferable electronics.!! Unlike flexible
printed circuit, which are commonplace and produced in large volumes (e.g. RFID tags), methods
for production-scale fabrication of stretchable circuits are not yet mature. Among materials that
are used for stretchable circuits, conductive composites consisting of percolating filler particles in
a soft polymer matrix are especially popular and have been extensively investigated for decades.
These architectures include spherical micro (uPs) or nanoparticles (NPs)!? and higher aspect-ratio

13,14

fillers such as flakes'*!# or nanowires/nanotubes'® embedded within a silicone-based elastomer, '®

soft polyurethane!” or other polymer matrix's.

These blends can be considered printable
substances, since they can be tailor-made in the form of viscous pastes or low viscosity inks, and
have been investigated for applications in printed electronics, transparent conductive films, large

area electronics, and stretchable electronics.!’

However, despite such progress, conductive
composites are still limited in stretchable circuit applications, since they typically exhibit
hysteresis and increased electrical resistance when subject to cycle tests.

In recent years, gallium-based liquid metal (LM) alloys, such as eutectic gallium-indium (EGaln;
75.5 wt.% Ga and 24.5 wt.% In), have been investigated by a growing number of research groups
as a promising alternative to conductive, particle-filled elastomer composites. Compared to
conductive composites, EGaln-based circuits typically present a higher conductivity (3.4x10° S
m™),2% greater stretchability (>600%),?! significantly lower electromechanical gauge factor!3-?>-24

and negligible hysteresis.”> However, despite their functional advantages, liquid metals are

challenging to pattern in a versatile and scalable manner. Seminal methods for fabrication of LM-
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based circuits include injection into pre-formed microfluidic channels, elastomer molding,?’

29-31 32,33 34,35

freeze casting,?® stencil lithography, selective wetting, reductive patterning, contact-

based printing,*® masked deposition,* laser patterning,?’-*8, UV photolithography,** and micro

40 A review of some of these methods have been presented in.***! Wetting of

contact printing.
gallium-based LM with copper particles was possible with aid of an HCI solution.** Direct printed
of flexible electronics over paper was shown with Nickel-LM mixture*’

While promising, these methods for LM patterning often involve many manual steps and can be
both time consuming and labor-intensive. Therefore, there has been growing interest in the use of
digital fabrication methods for rapid and automated LM printing. Seminal work on printing liquid
metal includes syringe-based 3D printing of freestanding LM microstructures** and “freeze-
printing” over a cold plate.** Other attempts included a tapping method using a ballpoint pen filled
with LM,* a custom printing head for the delivery of LM droplets,*’” LM printing using a
pneumatic controlled valve and highly controlled 5 axis stage*®, a modified FDM printer that
makes a coaxial extrusion of LM, and a thermoplastic, resulting in deposition of LM filled

t,* and a printing solution using nitrogen gas and a custom pinhead for a desktop printer.>°

filamen
Moreover, several studies have reported the ability to create stretchable electronics through
synthesis and printing of EGaln nano particles (EGaIlnNP).>! While this is an important step toward
digitally printed stretchable circuits, these methods require a mechanical or laser based sintering
to form the conductive patterns as shown in several works from Kramer's group.>>>* Also, liquid
metal embedded elastomers were synthesized by mixing LM and elastomer®®, which have
application as thermally conductive rubbers but are not electrically conductive when initially

synthesized. To form electrically conductive pathways, a mechanical pressure should be applied>®.

Mixing these polymers with Graphene flakes shows that the applied pressure needed to induce



electrical conductivity can be reduced to less than 0.1MPa®’. Also, a mixture of ethylene vinyl
acetate (EVA) and liquid metal, with Ag particles was shown as a stretchable conductor>® that was
printed over a commercial VHB tape. For the best electromechanical performance, the ink should
overpass ~150% of strain, so that the EGaln oxide is ruptured.

In one approach, by mixing nickel particles with the EGaln, the rheological properties of liquid
metal were modified, enabling additive manufacturing of 3D structures.>** EGain-Cu amalgams
were as well presented as moldable semi-liquid substance that could be molded, or applied using
a painting brush®!, although electromechanical coupling was not studied. In both cases with Cu
and Ni fillers, no polymeric matrix, or bonding agent was added to the mixture, thus limiting the
adhesion of the amalgams to the substrates. To address this, in one work a layer of PMMA glue
was first deposited, followed by roller deposition of a nickel-EGaln mixture®?. This method
improved the adhesion of the amalgam to the surface, but required an additional step for manual
deposition of the glue using a pen or a stencil. Also, the amount of filler in the LM was adjusted
to make a soft and dispensable paste. However, as the physical properties of these amalgams before
and after deposition are same, i.e. there is no “drying” or polymerization step, they keep their soft
and smearing nature, thus the addition of a sealing layer over the circuit is necessary.

In previous works, we have shown that coating trace amount of EGaln, over non-sintered, non-
conductive, printed Ag inks and pastes, result in highly conductive and stretchable (>100% strain)
circuits.!! Circuits are first printed with well-established methods i.e. inkjet or screen printing of
Ag based inks /pastes, and are then functionalized by EGalN coating.'!** Unlike other works on
liquid metal selective wetting, the resulting Ag-EGaln circuits are non-smearing, as AgNPs act as
a strong anchoring point for the LM. However, the technique for printing these circuits, required

four steps of Poly(vinyl alcohol) (PVA) coating, Ag printing, LM coating, and LM dewetting.



While promising, these existing methods fall short of the ultimate goal of creating highly
stretchable and electromechanically stable soft circuits with high resolution direct-write using
widely-available production-scale extrusion-based printers.

In this work we present a novel bi-phasic Ag-In-Ga ink that is highly conductive and stretchable,
and has desirable electromechanical properties similar to LM alloys. However, unlike liquid
metals, this ink can be extruded and printed with high resolution with low-cost extrusion printers
(Figure 1d, le) in a manner similar to particle-filled conductive composites. The ink is prepared
by mixing of Ag flakes and EGaln liquid metal within a SIS hyperelastic binder. The Ag-In-Ga
material system exhibits an exceptional combination of fluid-like deformability, the ability to
withstand significant tensile strain with only modest increase in electrical resistance, and a solid-
like integrity that prevents smearing or marking and allows for robust printing. Such properties
arise from the unique amalgamation of three distinct micro structures that include Ga-In droplets
that are covered by gallium oxide shell, newly formed Ag-In micro particles that are present around
these droplets, and Ag flakes that fully surround the Ag-In and Ga-In amalgams. Circuits printed
with this method exhibit high electrical conductivity (7.02x10° S m™), extreme stretchability
(strain >600%), a modest gauge factor (90% increase in trace resistance at 100% strain), and
moderate change in conductivity after 1000 loading cycles. When EGaln is removed from the
composition, the ink loses its conductivity after 25 cycles of 30% strain and exhibits up to 27x
greater gauge factor. To show the potential of this ink in stretchable electronics, we demonstrate
printing of multi-layer stretchable circuits through a sequence of printing, polymer lamination, and

laser ablation of VIAs (vertical interconnect access).



RESULTS

Ag-EGaln Biphasic ink synthesis and printing: Referring to Figure 1a, the ink is prepared by first
dissolving SIS block Copolymers (BCPs) (Sigma-Aldrich) in a toluene solution. Next, Ag flakes
(Silflake, Technic) are added using a planetary mixer (Thinky ARE-250). This is followed by the
addition of EGaln, which results in a shiny ink solution (Figure 1b). See Methods section for more
details on the ink synthesis. When the ink comes out of the printing cartridge, it rapidly forms a
solid, non-smearing texture (Figure Ic, 1d). When compared to a similar AgSIS inks without
addition of the EGaln, the Ag-In-Ga-SIS ink is over one order of magnitude more conductive
(7.02x10° S m™!, compared to 4.91x10* S m™! for AgSIS sample) (Figure 1f), and presents up to
~27x lower gauge factor (Figure 1g), and over 5x greater maximum stretchability (Figure 2a). We
performed cycle tests at 30% strain for 1000 cycles, for both inks. Referring to Figure 1h, after 25
cycles the resistance of the AgSIS ink increases by over 1000, while AgInGa ink is increased by
less than 3x after 1000 cycles. Moreover, the AgInGa ink, presents an extremely modest GF of 0.9
at 100% strain (Fig 2D), which is the lowest gauge factor reported for non-serpentine stretchable
electronics so far, based on our recent review article.?> This low gauge factor, and the ink stability
over cycles are both very important factors for correct function of digital circuits, that cannot afford
large changes of conductivity under strain.

In order to print multi-layer stretchable circuits, we use a Voltera V-One electronics printer, which
prints using a standard extrusion nozzle (Figure 1d, Video S1, S2, S4). We demonstrate printing
of stretchable circuits over a variety of substrates, including latex, SIS, and medical-grade oxygen-
permeable wound dressing adhesive (Tegaderm 3M), which consists of a thin polyurethane

membrane coated with an acrylic adhesive. To print over Tegaderm, we first remove one of the



backing films but leave the other one in place in order to maintain the rigidity of the film. Next,
the circuit is printed over the Tegaderm (Figure le.i). Afterwards, we remove both linings of a
new layer of Tegaderm (Figure le.ii), and laminate it over the first layer. Afterwards, we create
the VIAs using a CO2 laser (Figure 1e.iii). These three steps can be repeated until all layers of the
circuit are printed. For reaching the maximum conductivity, the ink should be cured at the room
temperature for 24 hours, but to accelerate the process for multi-layer printing, heating at 60°C for
one hour was used. This heating is provided by the printing bed of the extrusion printer, or an oven
can be used. Finally, microchips are bonded to the circuit, either by using an anisotropic conductive
film (ECATT 9703, 3M), or by simply using the same AgInGa ink as the bonding material. In this
case, we wet the microchips with toluene. Toluene partially dissolves the SIS binder in the ink,
which results in bonding of the microchip to the circuit. Figure 1i and 1j shows an example of a
fully wireless, battery-free multi-layer circuit, with a near-field communication (NFC) coil that is
printed over Tegaderm and transferred over the forearm. The circuit harvests its energy wirelessly
through electromagnetic field. When a mobile phone approaches the circuit, it commands the
mobile phone to open the SPM-ISR website, and at the same time lights up a light-emitting diode
(LED). The two-layer coil in this example, contributes to a higher efficiency in harvesting the
energy from the mobile phone (Video S3).

Instead of Tegaderm, other polymers can be applied in the desired thickness, using a thin film
applicator. This is the case for the multi-layer circuits of Figure 5b, Se, which are patterned over
an SIS layer.

It is worth referring to the important role of SIS polymer in the ink. Although LM wets many
substrates due to the Ga>Os layer, it’s wetting properties depend on the substrate material and

surface roughness. Moreover, due to the low viscosity of the LM, high resolution printing with



ordinary extrusion printers has not yet been demonstrated. Particle filled LMs were introduced to
modify rheological properties of the LM, to allow digital printing. However, these mixtures suffer
from low mechanical integrity and low adhesion to the substrate, and therefore can be easily
removed from the substrate by manual wiping. Inclusion of SIS binder contributes to internal
binding of the ink and thus improves its mechanical integrity. Therefore, after printing, the ink
cannot be removed by manual wiping. In addition, SIS enables the adhesion of the ink to various
substrates, thus allowing direct printing over a wide range of substrates. SIS is known as a
hyperelastic binder, with excellent elasticity and adhesive properties. Although in this work we
used SIS, this can be extended to other Styrenic block copolymers (SBCs) such as SBS and SEBS.
These SBCs are made of blocks of distinct polymers in which elasticity and adhesive properties
come from the mid-blocks and a strengthening skeleton is provided by the styrene. Due to these
properties, and their low cost, they are used in many solvents based adhesives, and as well in hot
glues. The amount of the polymer and the solvent in the mixture can be tailored in order to adjust

the viscosity of the ink, thereby improving mixing and printing.

Electrical, Electromechanical, and Aging Characterization: In order to establish the electrical and
electromechanical properties of the printed inks, we perform a series of characterization studies on
samples with a standardized dogbone geometry (Figure S1). To isolate the properties of the printed
ink, we did not seal the samples with additional polymer. Referring to Figure 2a, the sample printed
with the AgInGa ink can be stretched to over 600% of strain, while exhibiting only a modest
increase in relative electrical resistance R/R0. In contrast, the AgSIS sample stops conducting at a
maximum of ~130% strain, with a resistance of >1000 €, 49% higher than its initial resistance.

(See Table S1, and Figure S7 for variations of AgSIS ink).



Figure 2b compares the electromechanical coupling of the AgSIS ink and AgInGa-SIS ink, when
subject to 1000 cycles of 30% strain. The resistance of the AgSIS ink rapidly increases to over
100kQ in 25 cycles while the AgIinGa ink remains under 3Q, after 1000 cycles. Figure 2c
demonstrates the effect of the LM addition on the EM coupling of the inks. A liquid metal to Ag
weight ratio of 0.6, is enough to enable a significant change in the electromechanical behavior of
the samples. However, further improvement is possible with an LM/Ag ratio of 1.9, referring to
the Figure 2¢ inset image. Inks with this higher LM content are also printable and are used for all
of the printed circuits presented in this work. Figure 2d shows the electromechanical coupling of
a sample that is stretched 10 times sequentially to 30%, 50%, and 100% strains. The resistance of
the AgInGa traces increases from 1.6 Q to 3.1 Q at 100% strain in the last cycle, representing a
modest gauge factor of 0.9. Regarding the electrical conductivity of 7.02x10° S m’!, this is lower
than the pure EGaln conductivity, which we attribute to the inclusion of the SIS into the composite.
The amount of the SIS polymer in the composite may be adjusted to a lower amount if a higher

conductivity is desired, however this can affect the electromechanical properties and printability.

In contrast to EGaln and other liquid metals, the AgIlnGa ink is non-smearing (Video S1, S8) and
does not require encapsulation with a sealing layer. We monitored the electrical and EM properties
of the printed circuit over a period of one year, and observed an increase of ~2x times, with a 1.75x
increase in the first 6 months (Figure 2e). The conductivity measurement was obtained by
analyzing 7 samples from different ink batches. None of the circuits were sealed and all were
stored in ambient condition. We performed the same sequence of Figure 2d, 8 months after
fabrication of samples and didn’t observe any noticeable difference, in terms of electromechanical

coupling, when compared to the fresh samples, except for the increase in the initial value of
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resistance (Figure 2e). We also studied the behavior of the ink when washed. Samples printed
directly over a textile using a stencil were washed in a regular soap solution (see Methods section).
The results in Figure 2g show that samples with an initial resistance of ~1€ increase to ~3.5Q after
5 washing cycles. Since the initial resistance of the printed ink is quite low, the increase to 3.5Q is

still within an acceptable range for digital circuits.

Microstructure of biphasic composite: Scanning electronic microscopy (SEM) and energy
dispersive X-ray spectroscopy (EDS) were used to examine the features and composition of the
Ag-In-Ga ink. Referring to Figure 3a, 3b and Figure S3, micrographs of the cross section of the
ink and the EDS analysis suggest the presence of microdroplets of Ga-In (~1-10pum) covered by a
gallium oxide layer and surrounded by a large quantity of <5um Ag flakes. In addition to these
expected elements (Ga-In and Ag), we also observed formation of intermetallic Ag-In
microparticles. These microparticles are approximately the same size as the Ag flakes but are
easily distinguishable on account of their spherical shape. It is noticeable that these particles are
mostly attached to the borders of the Ga-In droplets. We believe the Ag flakes and Agln particles
act as distributed hinging point that hold the liquid metal droplets in place and prevent them from
smearing during surface contact. Figure S2, shows that these particles are composed of 66 wt% of
In and 31 wt% of Ag. This corresponds to 28 at% Ag and 56 at% of In, which suggests that these
particles are Aglnz. This is consistent with the fact that Agln is usually formed at temperatures
lower than 100°C,% above which Ag>In intermetallic compound is formed. For instance in one
work®, it was found that in thin-films, metals such as Ga, In, and Sn can form intermetallic
compounds with Ag at room temperature. They showed that Agln, LT (low temperature phase)
forms at lower temperature, and between 60 and 120°C this compound transforms into AgzIn.

Figure 3c shows a schematic of the microstructure, based on these analyses.
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Another interesting finding from EDS analysis (Figure 3d) is that greater presence of Ga in any
location coincides with low concentrations of Ag in these same areas (Figure S4). In contrast, In
is distributed throughout the sample, including regions where Ag is also present. In one sense, the
high affinity between Ag and In is the reason why Ag flakes act as a strong anchoring point for
the EGaln, thus causing the desired non-smearing behavior. At the same time, the connection
between the In and Ga is also critical in giving the trinary metallic system its cohesion and robust
deformability. The trinary Ag-In-Ga system is not a new discovery and had been reported for over
5 decades ago.®® The high affinity between In and Ag has also been well established in previous
literature.®” In this respect, the formation of the Ag-In-Ga system that has been observed in this
study is consistent with previous studies, including those that focus on Ag-In bonding. [49-51]
Moreover, previous studies have reported that adding indium to Ga induces spatial elemental
disorder in the alloy, i.e. indium acts like a “lubricant” at the atomic scale.*®® Within the context
of soft and stretchable printed electronics, this material system is enabling, since it allows for a
combination of fluid-like deformability (necessary to support significant tensile strain) and solid-
like integrity to avoid smearing or marking. Finally, we didn’t observe a noticeable difference in
the microstructure of pristine and stretched samples, as can be observed in Figure S5. This provides
further evidence that the composite behaves like an elastic solid in the sense that the microstructure

returns to its original state after the material is unloaded.

FULLY PRINTED, UNTETHERED, STRETCHABLE MULTI-LAYER CIRCUITS,

SENSORS, AND ANTENNAS
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Modern electronics circuits are composed of a combination of electrodes, sensors, interconnects,
microchips, and antennas to support wireless energy harvesting, signal processing, and data
transmission. Such circuits typically require complex circuit geometries, including multi-layered
circuits with z-axis VIAs. While this is a common practice in rigid and flexible PCBs, achieving
the same level of complex multi-layered circuits with stretchable electronics remains a challenge.
The printing resolution is generally dependent of the printer, and the extrusion setup. With the
printer used in this work, we could successfully print line widths and spacing as small as 200um,
over a SIS substrate (Figure 4a, 4c). Figure 4b shows two printed coils over Kapton, with 1mm
and 200um line width. Figure 4d and 4e show optical microscopy images from a pristine sample,
and a sample under strain. Using the materials and fabrication techniques introduced in this article,
we demonstrate examples of printed circuits, all produced by direct writing of the AgInGa ink.
Figure 5a and Video S7 shows a 9x3 matrix of LEDs, printed over a ~300um SIS layer that
remained functional while being subject to repetitive 30% strain cycles. Figure 5b shows an
example of a multi-layer circuit printed on an SIS substrate. Here, a SIS layer is produced at the
desired thickness using a thin-film applicator, followed by printing, and application of another SIS
layer, followed by creation of the VIAs using a CO; laser and printing of the second layer of the
circuit. Since the ink can be sintered at the room temperature, it can be compatible with heat-
sensitive plastics, rubbers, and textile. Figure 5S¢ and 5d demonstrate various examples of printed
circuits, art designs, coils, and sensors printed over either an SIS or a Tegaderm medical dressing.
Direct printing over a medical-grade adhesive such as Tegaderm, which is breathable and
waterproof, represents an important step toward fabrication of on-the-skin medical biomonitoring
patches. Video S5, S6, and S7 show printed circuits functionality under strain, including a strain

gauge transferred to a volunteer’s wrist (Figure 5d), and a RFID antenna. Figure 5e and Video S6
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demonstrate a stretchable printed RFID antenna that harvests energy from an RFID antenna from

a distance of 1m and lights an LED without the need for a battery.

CONCLUSIONS

In this work, we have presented materials and methods for digital printing of multi-layer, thin-film
circuits that are highly elastic and stretchable. We presented a unique conductive and stretchable
ink composed of Ag flakes, liquid Ga-In alloy, and SIS binder that combines the best properties
seen in particle-filled conductive composites and liquid metals. The ink presents excellent
electrical and electromechanical properties under strain, a very modest gauge factor of 0.9, and a
strain limit of over 600%. Moreover, the ink is printable using standard extrusion, is non-smearing,
and adheres to a wide range of substrates. The maximum conductivity is achieved when the ink is
treated with a curing temperature of 60°C, thereby making it compatible with heat-sensitive
substrates. Using this ink and a simple extrusion-based printer, we demonstrate printing of thin,
multi-layer, and stretchable circuits over various substrates. By analyzing the microstructure of the
ink, we observed Ga-In droplets, Ag flakes, and Agln> microparticles. This trinary system
combines solid-like integrity that enables non-smearing and non-marking functionality and fluid-
like deformability to support tensile strain.

The AgInGa-SIS ink and extrusion-based printing method represents an important step toward a
universal approach for rapid and scalable fabrication of stretchable electronics with complex
multilayer circuit architectures. Due to the simplicity, low-cost, and wide-spread use of extrusion-
based printers, extrusion printing of a resilient and stretchable ink is an enabling technology for
further progress and customization in other fields of research and application. In particular, the
AgInGa-SIS ink could be utilized for 3D printed hybrid devices with embedded circuitry,

customized e-textile, organ-interfacing bioelectronics, pressure mapping films, soft-robots, and
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printed sensors and antennas. It can also enable facile fabrication of customized current collector
designs for use in thin-film batteries and energy harvesting systems that are soft, flexible, and

stretchable.

MATERIALS AND METHODS

INK SYNTHESIS: The ink is prepared by dissolving SIS in Toluene (15wt% SIS) until a clear
solution is obtained. For each 5g of BCP solution, 6.2g of Ag flakes and 15g of EGaln are added
and mixed using a planetary mixer (2000 rpm). Changing the amount of fillers and the ratio
between the LM and Ag flakes changes the electrical and electromechanical properties of the ink,

as shown in Figure 2.

ELECTRICAL AND ELECTROMECHANICAL CHARACTERIZATION: The Dogbones used
were fabricated using the die-C ASTM D412 standard. Dogbones were made by laser patterning
(VLS 3.50, Universal Laser Systems Inc) Imm thick latex films. The films were produced by
applying a thin-film applicator to the latex pre-polymer (Elastica PVS Latex) with dimensions
presented in Figure S1 (1x50 mm track with 4.0 x 3.5 mm pads). For electromechanical testing,
we used an Instron 5969 with a 100N load cell and a data acquisition system composed of a
multimeter (gw nstek gdm-8351) and 16-bit DAQ (NI USB 6002). Conductivity measurements
are performed at the two square leads of each sample using a desktop multimeter (Fluke 45). The
conductivity is calculated from the electrical resistance and the conductance is estimated based on
the thickness of the printed samples after cross section analysis with SEM microscopy (Figure

S6).
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EGAIN SYNTHESIS: The LM used was obtained by mixing gallium (75.5wt%) and indium

(24.5wt%) in a glass container at 250°C overnight.

PRINTING: Ink cartridges are filled with the AgInGa ink and the printing is performed after, using
a Voltera V-One. The settings used are based upon manufacturer guidelines (adapted as needed).
To achieve a uniform circuit, usually two layers of ink are required. However, we have also
successfully tested 3 and 4 layers in order to achieve better conductivity. After printing, the circuits

are usually cured for 45 min in an oven (60°C).

VIAS: VIAs are created using a CO; laser (Universal Laser Systems) similar to the method
previously described in 7°. Laser parameters should be adjusted based on the substrate. As an

example, for Tegaderm we adjusted the percent power and speed.

WASHING TEST: The soap solution (1L of water + 3.5 mL of soap concentrate) was first mixed
and poured inside a SL drum. Samples were put inside the drum and were agitated manually for
30 seconds and settled for 2-3 mins while still inside the soap solution. After this, the samples were
washed with rinsing water carefully to remove any remains of the soap solution. Samples were left
in the natural environment for 3 hours, letting the moisture evaporate naturally. Resistance

measurements were made only when the sample was dried.
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SEM MICROSCOPY AND ELEMENTAL ANALYSIS: The surface and cross-section
morphologies of the samples were characterized by scanning electron microscopy (SEM) using a
FEI Quanta 400FEG ESEM equipped with an EDAX Genesis X4M, which enabled the elemental
analysis by Electron Dispersive Spectroscopy (EDS). For the cross-section observation the
samples were immersed for 90 seconds in liquid nitrogen. This allowed for a clean fracture of the
samples to be made through mechanical impact. The micrographs were collected in secondary
electron (SE) and backscattered electron (BSE) modes. Also, EDS surface scanning was used to

build the color map of the distribution of the elements (C, Ga, Ag, and In) on the sample’s surface.
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The supporting information files contain details regarding the characterization of the AgIinGaSIS
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Figure 1. AgInGa-SIS ink synthesis and printing. a) The ink is synthesized by first dissolving
SIS in toluene, followed by addition and mixing of Ag flakes and EGaln. b) The final result ink
has coherent and shiny appearance. c¢) The ink rapidly forms a solid structure after coming out of
the nozzle. d) A simple extrusion-based printer is used for printing of stretchable inks. Inset shows
possibility of extrusion of small free-standing geometries. ) Three fabrication steps for printing
multi-layer circuits includes, (i) direct writing (digital printing), (ii) laminating a layer of pre-
fabricated polymer, or application of a thin-film of pre-polymer using thin-film applicator. (iii)
Electrical VIAs are created using a CO2 laser, or by drilling. These steps can be repeated for
making multi-layer circuits. f) Conductivity of AgInGa ink compared to AgSIS ink. g) Gauge
factor comparison between the two inks at 30, 50, and 100% strain. h) RO, cycle=x/R0, cycle=0
(0% strain) at different cycles during cycle tests. (i) Representation of a battery-free Multi-Layer
NFC circuit, with double layer antenna for high efficiency energy harvesting. Microchips are
interfaced to the circuit using an anisotropic conductive film. j) Printed NFC circuit over medical
grade Tegaderm adhesive, transferred to the forearm. Inset image: When a mobile phone
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approaches the circuit, it lights a LED on the circuit, and opens SPM-ISR website in the mobile

phone.
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Figure 2. Electrical and Electromechanical Characterization of printed circuits. a)
Conductivity vs Strain for the ink with and without the EGaln. b) Conductivity of both inks during
30% strain cycle tests, for 1000 cycles. c) The effect of the ratio between LM/Ag weight in the ink,
with electromechanical coupling characterization of the samples. d) Electromechanical coupling
of the AgInGaSIS ink during repetitive 30%, 50%, and 100% strain, and a final cycle of 30% strain.
e) Same test for an 8 months old sample. f) Changes on the resistance of unsealed printed samples
during one year. Average value from 7 samples from 7 batches. g) Changes on the resistance of 4
samples, after washing them multiple times (number on top of the bar indicates the washing cycle).

31



Cross Section

Cross Section
[ 4

75283

g 8 .“ = s P
%= " ¥ ’ 5 um 5 pum
‘..l."_ &9 Sgnq = | o | AY se [y ———

Figure 3. SEM and EDS analysis of ink samples. a) Cross-Section of a printed sample. EGaln
droplets, Ag flakes, and newly formed Agln, microparticles are visible (SEM BSE) (25um scale
bar). b) Cross section image at higher magnification, showing EGaln, Ag microflakes, and Agln,
(SEM BSE) (4um scale bar). ¢) A schematic model of the Trinary microstructure. Agln; particles
are mostly present around the EGaln, while the remaining Ag flakes that did not form Agln; are
distributed in the sample. d) (SEM BSE and EDS) Elemental analysis of the sample, and
distribution of Ga, In, and Ag in the microstructure (5 um scale bars).
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Figure 4. Printing Resolution. a) Photo of 200um Lines printed over a SIS substrate with varying
spacing. b) Coils printed over a Kapton substrate with Imm (left), and 200 um line width. c)
Example of printed lines over SIS layer, and the same sample under stretch (right). d) Optical
Microscopy image of a printed line in rest and e) during ~50% strain (200pum scale bars).
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Figure S. Examples of digitally printed stretchable circuits. a) Matrix of LEDs under strain. b)
Multi-Layer stretchable circuit made over a SIS substrate. Here, the SIS pre-polymer is applied
with a desired thickness, using a thin-film applicator, prior to printing of each layer. c¢) Circuit
printed over Tegaderm medical adhesive and transferred to the skin with LED powered on. d)
Examples of various printed circuits, including a strain gauge for monitoring of the wrist bending
and a circular coil. e) A fully wireless circuit, composed of a RFID antenna for energy harvesting,
a RF to DC module, and a LED, operated at 1m distance from transmitter, without battery.
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