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ABSTRACT

This paper presents multiscale liquid metal (eutectic
gallium-indium alloy, EGaln) thin-film patterning by utilizing an
additive stamping approach for large-scale (mm-cm) soft
electronics and a subtractive reverse stamping approach for
micro-scale (um-mm) soft electronics. By combining these
complementary patterning techniques, fabricated soft electronic
components can be vertically integrated to form high-density and
multifunctional soft microsystems. To highlight the fabrication and
integration capabilities, a skin-mountable, soft and 3D-integrated
biological microsystem, comprising a soft sensing layer and a soft
circuit layer, is demonstrated for non-invasive and real-time heart
rate and blood oxygen monitoring.

INTRODUCTION

Progress in soft materials and associated manufacturing
technologies has enabled wearable and skin-mountable electronics
for various sensing applications [1-3]. In this regard, the use of
intrinsically soft conductors, such as gallium-based liquid metal
(eutectic gallium-indium alloy, EGaln), is promising because of its
non-toxicity and favorable mechanical and electrical (¢ = 3.4 x 10°
S/m) properties [4, 5]. The low melting temperature (MP < 15 °C)
and negligible vapor pressure of EGaln enable room-temperature
and ambient pressure material processing [6]. Moreover, thanks to
the formation of a thin oxide layer (¢ ~ 1-3 nm) on the EGaln surface
under atmospheric oxygen level, EGaln structures maintain their
mechanical shape, allowing 2D/3D EGaln patterns on soft
elastomeric substrates, such as poly(dimethylsiloxane) (PDMS) [7].

The moldable characteristics of EGaln have enabled a range of
patterning methods based on lithography-assisted printing [8, 9],
fluid injection [10, 11], as well as additive [12, 13] and subtractive
[14, 15] direct-write processes. Lithography-assisted stencil
printing yields simple and high-throughput EGaln patterning on
elastomeric substrates [8]. However, limitations of this approach are
the relatively low resolution, resulting rough EGaln surfaces, and
excessive EGaln loss during the stencil lift-off process. Subtractive
direct patterning techniques enable an inexpensive and facile
approach to pattern fine EGaln lines, but the serial process makes
EGaln removal slow in the case of patterning small EGaln features
on large substrates [15]. 2D/3D direct writing techniques allow to
deposit EGaln patterns in desired locations only, but the resolution
is limited because of the size limitation of the injection nozzles [12,
13]. Microfluidic injection and vacuum filling approaches provide
better resolution, but the used microchannels require relatively large
thicknesses to reduce pressure drops [10]. Using a microtransfer
deposition process, the smallest EGaln features so far with width
(w) > 2 um were demonstrated, but this technology suffered from
EGaln residues formed outside of the channel areas during the
molding process [16]. Therefore, creating smooth and uniform
EGaln thin films in combination with high resolution and size
scalability remains challenging for high-density and multifunctional
soft microsystems [17, 18].
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Soft lithography [19, 20] with wetting/non-wetting surface
modifications in combination with 3D integration can potentially
solve current EGaln patterning challenges, by providing i) smooth
and uniform EGaln thin-film deposition, ii) multiscale patterning,
and iii) high-density and functional integration. Recently, we
demonstrated high resolution, uniform, and residue-free EGaln
thin-line patterning ranging from single micrometer to millimeter
scales by utilizing a chemical surface modification and residue
transfer process in a reverse stamping approach for soft
microelectronic devices [21, 22]. Building on our previous work
[21-25], this paper presents multiscale EGaln thin-film patterning
by utilizing an additive stamping process for large-scale (mm - cm)
soft electronics and the subtractive reverse stamping process for
micro-scale (um - mm) soft electronics, as shown in Figure 1 (a). By
combining these complementary patterning techniques, soft
electronic components built with different patterning processes can
be integrated to form high-density and multifunctional soft
microsystems.
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Figure 1: (a) lllustration of complementary multiscale liquid metal
(eutectic  gallium-indium alloy, EGaln) thin-film patterning
techniques with (b) micro-scale and high-density EGaln lines and
Georgia Tech logos embedded in chemical-surface-modified PDMS
molds fabricated using a subtractive reverse stamping process and
(c) centimeter-scale and large-area EGaln patterns and Georgia
Tech logo on physical-surface-modified PDMS substrates
fabricated using an additive stamping process.
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DESIGN AND FABRICATION
Multiscale Liquid Metal Thin-Film Patterning: Subtractive
Reverse Stamping and Additive Stamping Processes

Figure 1 (a) illustrates the two complementary multiscale
EGaln thin-film patterning techniques based on soft lithography: (1)
a subtractive reverse stamping process relying on chemical surface
modification for micro-scale and high-density EGaln patterns
embedded in PDMS microchannels and (2) an additive stamping
process for centimeter-scale and large-area EGaln patterns relying
on a physical-surface-modified PDMS substrate. Thereby, physical
and chemical surface modifications provide proper wetting and
non-wetting surfaces, which enable fine, uniform, and residue-free
EGaln thin films. The chemical surface modification using toluene
increases the hydrophobicity of PDMS surfaces, which minimizes
EGaln residue formation and allows them to be readily transferred
to a sacrificial PDMS layer. Using the reverse stamping process,
molded EGaln in pre-defined PDMS microchannels showed
high-resolution, residue-free, and uniform lines (Figure 1 (b)). On
the other hand, the physical surface modification creates a
paper-textured PDMS surface, increasing the surface area and
ultimately enhancing wettability to form uniform and smooth EGaln
thin films using the additive stamping process (Figure 1 (c)).

In both cases, the fabrication process starts with the selective
chemical surface modification of either a PDMS mold or PDMS
stamp (optional process) (Figure 1 (a)-i)). The PDMS mold/stamp is
then pressed onto a donor PDMS substrate coated with EGaln and
separated from it (Figure 1 (a)-ii)). During the molding process,
EGaln adheres to all surfaces of the PDMS mold/stamp, including
concave channels and protruding surface areas. In the next step, the
PDMS mold/stamp wet with EGaln can be reverse stamped to
remove EGaln residues on the protruding surfaces or additive
stamped to deposit EGaln films on the physical-surface-modified
PDMS substrate (Figure 1 (a)-iii) and -iv)).
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Figure 2: Subtractive reverse stamping process: (a) measured
EGaln width as a function of the designed PDMS mold width and
(b) resulting EGaln thickness as a function of the patterned EGaln
width.
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Figure 3: Additive stamping process: (a) measured EGaln width as
a function of the designed stamp width and (b) resulting film
thickness as a function of the patterned EGaln width.
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As demonstrated in our previous research [21, 22], the
subtractive reverse stamping process yields fine, uniform, and thin
EGaln lines inside of the PDMS channels without residues on the
surrounding protruding surfaces, achieving a lateral line width
resolution as small as w =2 um at film thicknesses of # ~ 1.8 pm, as
shown in Figure 2. The subtractive approach showed size scalability
from 2 pm to 1-2 mm in line width. However, for channel widths >2
mm, EGaln is not effectively transferred to the inside of the PDMS
channels because of the sagging deformation of wide channels
during the pressure-based molding process. Therefore, the pattern
dimensions using the subtractive reverse stamping approach are
limited to the single pm to a couple of mm scale.

In contrast, the additive stamping approach provides large-area
EGaln thin-film patterning (Figure 3). In this process, a PDMS
stamp wet with EGaln is stamped onto a paper-textured PDMS
substrate. Thereby, the paper texture, which comprises randomly
distributed micro cellulose fiber structures, is transferred to a PDMS
surface using a conventional PDMS casting method [26]. The
resulting paper-textured PDMS exhibits a surface microstructure,
which allows it to better wet with EGaln compared to a normal,
smooth PDMS surface (Figure 4). As a result, continuous EGaln
films can be transferred to paper-textured PDMS with multiple
stamping steps. The smallest stamped EGaln feature size was w =
500 pm / ¢t = 1.5 pm, as shown in Figure 3. While this additive
stamping process shows relatively poor lateral resolution, it is very
suitable for large-area patterning and thin-film deposition and thus
can complement the high-resolution, subtractive reverse stamping
process described above.

To evaluate the impact of the physical surface modification,
Figure 4 (a)-(b) compare EGaln wetting properties on a smooth
PDMS surface and a paper-textured PDMS surface; clearly,
uniform EGaln films can be patterned on the paper-textured PDMS
substrate, while non-uniform EGaln droplets form on the smooth
PDMS substrate. The additive stamping process decreases the
surface roughness (Ra) with increasing number of stamping steps
(n), which indicates that the stamped EGaln film is getting smoother
and uniformly molded (¢ 145 pum at n 5) on the
physical-surface-modified PDMS substrate (Figure 4 (c)-(d)).
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Figure 4: Patterned EGaln films on (a) a normal, smooth PDMS
surface and (b) a paper-textured PDMS surface; (c) surface
characteristics of EGaln thin films as a function of the number of
stamping steps (n); (d) cross-sectional view of patterned EGaln film
on paper-textured PDMS after sealing with an additional PDMS
layer.



Electrical and Mechanical Characteristics of Fabricated Soft
Electronic Devices Using Additive Stamping Process

Using the additive stamping process, soft passive components
and circuits were designed and fabricated. Figure 5 (a) shows
fabricated soft passive components, such as a resistor (Rmess = 16.3
Q), a planar spiral inductor (Lmeas = 43.7 nH), and an interdigitated
capacitor (Cmeas = 1.48 pF), all having 1 mm line width and 1 mm
line spacing, attached to a non-planar object. One of the main
requirements for soft microsystems is to maintain their electronic
functionality during mechanical deformation. Thus, we
experimentally investigated the electrical functionality by applying
bending and stretching forces. Figure 5 (b) shows a simple circuit
comprising a 5 x 5 array of light emitting diodes (LEDs). The
commercial surface-mount LEDs were manually attached to EGaln
contacts along the patterned EGaln lines using a tweezer and a
stereo microscope for alignment and subsequently sealed using an
additional PDMS casting step. Applying a constant current to the
soft circuit, the LED array was subjected to bending (bending
radius, » = 10 mm) and stretching (strain, ¢ < 50%) deformation. The
soft circuit withstood these bending deformations and strain up to
50% while maintaining its electrical functionality, which also
confirmed that the EGaln thin film was uniformly patterned without
voids.

[ - pe—

g 10 mm

- Chegpr cpion et )
» | S
[ Chercrr wptsn Chege

Tere —

T

Gograia b - ’
g e AN
Geo ; o | Planar spiral \ Interdigitated
1 Resistor (R) inductor (L) capacitor (C)

C e wsin

Bending radius Strain = 0%

=10 mm
(5 x 5 LED array)

(b)
Figure 5: (a) Fabricated soft passive components using the additive
stamping process and (b) soft circuit with embedded LEDs (5 x 5
array) operated under bending (bending radius = 10 mm) and
stretching (strain < 50%) deformation.
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SOFT BIOLOGICAL MICROSYSTEMS

To highlight the multiscale EGaln patterning capabilities, a
fingertip-mountable, soft and 3D-integrated biological sensing
platform, comprising a soft sensing layer with an integrated pulse
oximeter and a soft interfacing circuit layer, is demonstrated for
non-invasive and real-time heart rate and blood oxygen monitoring
(Figure 6 (a)). The soft sensor layer is fabricated using the
subtractive reverse stamping technique for micro-scale EGaln
patterning to connect an integrated pulse oximeter (MAX30100,
Maxim Integrated Products Inc.), while the additive stamping
technique is utilized to fabricate the soft printed circuit board
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(sPCB) for the interfacing circuit (Figure 6 (b)-(d)). The soft sensor
and circuit layers are then vertically interconnected through EGaln
soft vias to form a 3D-integrated soft system. Figure 7 shows the
measured photoplethysmogram (PPG) waveforms of the infrared
(IR) LED and the red LED, as well as the extracted heart rate (HR)
and saturation of peripheral oxygen (SpO2) measured using the
PDMS/EGaln-based soft sensing system (HR = 79 + 3.6 bpm and
SpO2 = 97%). The results are compared to results obtained using a

PCB-based rigid sensing system (MIKROE-2000, Mikro
Elektronika Ltd., HR = 79.1 £ 3.1 bpm and SpO2 = 97%),
demonstrating identical sensing performance of the soft
microsystem.
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Figure 6: (a) Soft and 3D-integrated biological microsystem using a
pulse oximeter mounted on a fingertip for heart rate and blood
oxygen monitoring; (b) circuit diagram; fabrication and electric
component integration of (c) soft sensor layer patterned using
subtractive reverse stamping process and (d) soft circuit layer
patterned using additive stamping process.
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Figure 7: Measured photoplethysmogram (PPG) waveforms of
infrared (IR) LED and red LED using (a) PCB-based rigid sensing
system (heart rate (HR) = 79.1 = 3.1 bpm and saturation of
peripheral oxygen (SpOz) = 97%) and (b) PDMS/EGaln-based soft
sensing system (HR = 79 + 3.6 bpm and SpO: = 97%).



CONCLUSION

This paper reports multiscale EGaln thin-film patterning based
on soft lithography by utilizing a subtractive reverse stamping
approach for micro-scale and high-density patterns and an additive
stamping approach for centimeter-scale, large-area patterns. By
combining these complementary patterning techniques, fabricated
soft electronic components can be vertically integrated to form
high-density and multifunctional soft microsystems for physical,
chemical, and biological sensing applications.
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