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Abstract

The development of soft electronics requires methods to connect flexible and stretch-
able circuits. With conventional rigid electronics, vias are typically used to electrically
connect circuits with multilayered architectures, increasing device integration and func-
tionality. However, creating wvias using soft conductors leads to additional challenges.
Here, we show that soft wvias and planar interconnects can be created through the
directed stratification of liquid metal droplets with programmed photocuring. Abnor-
malities that occur at the edges of a mask during UV exposure are leveraged to create
vertical stair-like architectures of liquid metal droplets within the photoresin. The lig-
uid metal droplets in the uncured (liquid) resin rapidly settle, assemble, and then are
fully cured, forming electrically conductive soft wvias at multiple locations throughout
the circuit in a parallel and spatially tunable manner. Our three-dimensional selective
stratification method forms seamless connections with planar interconnects, for in-plane

and thru-plane electrical integration.



To create highly integrated circuits,! multiple circuit layers can be connected with vias
that electrically interconnect different layers.? For traditional, rigid electronics the fabrica-
tion of wvias is well established. Silicon wafer level vias in micro-to-nanometre regions are
created through chemical or plasma etching, and larger scale printed circuit board (PCB)
vias are made with micro or laser drilling followed by electroplating or filling with conductive

materials.?
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For soft electronics — which are of use in soft robotics,* ® wearable electronics, and

113 integration approaches and multilevel architectures are undeveloped

flexible displays
compared with their rigid counterparts. The primary role of wvias is to electrically connect
different layers, but soft devices introduce several new challenges due to their mechanically
dynamic and conformal nature. First, due to the mechanics of flexible substrates, vias can
act as stress concentration points that induce structural laws.'* Second, rigid metallic vias in
stretchable substrates can cause mechanical failure due to the modulus mismatch between the
substrate and the vias.!>% Third, current fabrication techniques for creating vias typically
involve a time-consuming multistep procedure such as epoxy resin/copper composite filling
or electroless plating.!” ' In addition, via fabrication in flexible electronics still relies on
two-dimensional manual drilling procedures that are performed for every individual wvia.
Therefore, while soft electronics have advanced tremendously in-plane, thru-plane integration
presents challenges.

One approach to address these challenges is to use stretchable and flexible conductive
materials, such as liquid metal (LM). LM has a combination of fluidity and high thermal

2024 allowing it to be used as an electrically conductive material

and electrical conductivity,
in various flexible and stretchable electronics.?> 2" In addition, LM-based composites can
incorporate high electrical /thermal conductivity into soft polymers.?® 32 LM has been used
as a via material using various methods, including wetting or filling of the via holes,3 37
lift-off patterning,®® and using iron wires to make the through-hole and wetting it with LM.3?

However, these methods include multistep via fabrication techniques that make individual



holes using templates or drilling procedures, which are limited to the two-dimensional do-
main. LM filling techniques can also have interface problems. For example, the surface of
the LM interconnect can be easily disturbed by physical deformation. Integrating LM with
conventional solid electronic components can also cause bonding issues between the substrate
and the solid electronics due to the fluidic nature of LM.

In this Article, we report a liquid metal programmed stratification technique to form soft
vertical vias and interconnects between circuit layers. The process uses UV-curable pho-
toresin containing dispersed LM microdroplets (LMMDs) as the circuit material. Placement
of the liquid metal throughout the circuit volume is controlled by using a shadow mask to
vary the exposure to UV light. Photoresin exposed to UV solidifies and LMMDs are fixed in
place, while in areas not exposed the photoresist remains a liquid and LMMDs, which have
a higher density, sink to the bottom. Our approach relies on an imperfect curing anomaly
that occurs at the edges of the shadow mask, where the photoresin receives a smaller UV
expose dose than centre regions and is only partially cured, to create a stair-like structure.
The stair-like structure in the photoresin acts as a foundation for programmed settling and
assembly of LM droplets, creating a continuous trace of LMMDs from the top to the bottom
layer (Fig. la and Supplementary Video 1). This phenomenon occurs in under a minute
and can create hundreds of vias across the plane simultaneously. This Liquid Metal Strati-
fication for Three-dimensional Assembly of electrical InteRconnects (LM-STAIR) approach
is a rapid and scalable approach to enable three-dimensional interconnected circuit designs
in soft and flexible electronics.

In contrast to conventional via approaches, such as through hole and wire bonding, liquid
metal stratification creates multilayer circuits without through holes or bond lines, forming
robust connections in continuous films (Fig. 1b). Our approach offers desirable mechanical
and electrical properties for soft and flexible devices, including tunable modulus and strain
invariant electrical conductivity. We show that approach can be used to connect several

circuits, including a hybrid electronic device that incorporates magnetic field sensing and



display functions on a single, double-sided device.

Results and Discussion

3D assembly of LM-STAIR soft vias

The curing behavior of photoresin enables LM-STAIR to create a continuous electrical path
from the top to the bottom layer. The LM-STAIR approach is governed by two phenom-
ena. First, selective curing of the photoresin. When the photoresin/diluent and LMMDs
composite is exposed to UV, photoresin solidifies and the position of LMMDs is fixed within
the cured region. However, areas not exposed to UV remain in the liquid state, allowing
LMMDs to move freely inside the liquid-state photoresin. LMMDs have a higher density
(6.25 g/cm?) compared to the photoresin (1.05g/cm?), so that LMMDs in the uncured region
can sediment due to gravity. Second, undercut behavior occurs at the edge of the shadow
mask. When photoresin is exposed to UV, the curing reaction is focused in the center of the
exposed area rather than the edges, which results in a convex curing profile (Figure S1).4°
The slope of the convex profile provides a 3D foundation for the LMMDs to settle and creates
a continuous droplet film from the top to the bottom plane (Figure 1c right). The LMMDs
are then electrically activated through the application of mechanical pressure to percolate
the droplets and form a continuous conductive network. Other activation techniques, such

30,32 can also be used to activate the LM networks, as shown

as the use of acoustic fields,
in Figure S2 and Supplementary Video 2. By combining these two phenomena, we realized
an intricate flexible double layer circuit where two different planes are electrically connected
without a through-hole (Figure 1d). The presented sample circuit has parallel top and bot-
tom planar interconnects that cross each other without causing a short circuit, resulting in
illumination of both LEDs on the top and bottom sides of the plane. This parallel, two-level
LM-STAIR fabrication method will be discussed further in a later section.

Directed stratification of LMMDs is presented in real time in Figure 1c left and Supple-
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Fig. 1 | LM-STAIR fabrication of liquid metal soft interconnects and vias. a,
Reconstructed microCT scan of LM-STAIR wvias (left) and a schematic of a circuit that
includes LM-STAIR wias seamlessly connecting top and bottom planar interconnects. b,
Diagrams of representative electrical connection methods between two different planes. c,
Images (left) and schematics (right) showing the directed stratification process of LMMDs.
d, A functional circuit that includes a via junction and crossing top and bottom layer planar
interconnects created through the LM-STAIR process. e, Photograph of a sample with 200
LM-STAIR wias in 10 planar electrodes and a diagram of LMMDs in the polymer matrix.

mentary Video 3. As shown in the photograph at 5.17 s, LMMDs inside the cured area are

fixed in position. However, the LMMDs inside the uncured photoresin stratify to the bottom



giving rise to directed stratification and 3D control of LMMD connectivity. In contrast, pre-
vious LM composites that utilize sedimentation required long times (due to viscosity) and
only focused on homogeneous settlement (i.e. the droplets settled throughout the entire com-

28,29 while LM-STAIR utilizes heterogeneous and selective stratification that results

posite),
in controlled 3D droplet architectures. One of the enabling aspects of LM-STAIR is that the
LMMD stratification is completed in less than a minute and is not affected by the number
and size of the wvias. Therefore, the complexity of the circuit does not affect the processing
time, unlike thru hole processes which create vias individually. Thus, LM-STAIR can be
scaleable with a short processing time and large areal coverage. To demonstrate this, 10

linear stencil-printed LMMD planar interconnects are transformed into 200, 3D structured

LM-STAIR wias through LM-STAIR in less than a minute (Figure le and Figure S3).

Mechanical characterization of LM-STAIR

The photoresin is composed of acrylate and methacrylate-based polymer, and dibutyltin
dilaurate (Figure 2a). Adding a diluent, aliphatic monofunctional acrylate, softens the cured
photoresin.*! The weight percentage (wt%) of the diluent with the photoresin is modified to
control the mechanical properties and the ratio will be donated as 30:70, e.g., 30 wt% of the
photoresin and 70 wt% of the diluent. The volume fraction of LMMDs will be quantified by
¢, where ¢p=volume of LMMDs / volume of (LMMDs + photoresin + diluent).

LMMDs are created using a shear mixing process (Figure 2b, left schematic), where a
single large drop of LM in uncured photoresin breaks into LMMDs. The effect of shear
mixing speed on the size of the LMMDs is measured by performing an image analysis on
optical micrographs (Figure S4). The results indicate that the LMMD diameter plateaus
at approximately 100 pm for the mixing condition of 2000 RPM after 2 minutes of mixing.
Using a different combination of dilluent and viscosity modifier, smaller LMMD sizes can be
achieved to decrease the minimum electrode width of the circuit electrodes (Figure 2¢). We

choose a shear mixing setup (2000 RPM, 2 minutes) that can produce the smallest LMMDs
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Fig. 2 | Physical characterization of LM-STAIR wvias and interconnects. a, Chem-
ical structure of the photocurable polymer and diluting agent. b, Analysis of LMMDs size
based on shear mixing RPM and processing time. Data are collected from individual LMMD
Feret diameters with the number of droplets for each bar is 41, 133, 448, and 493 (from left to
right order). Data are presented as mean values + standard deviation (s.d.). ¢, Diagram of
circuit feature size based on LMMDs diameter. d, Young’s modulus based on different ratios
of photoresin, diluent, and LM volume percentage. The ratio presented as legend represents
the weight ratio of photoresin and diluent (e.g., 30:70 denotes 30 wt% of photoresin and 70
wt% of diluent). LM is added to the uncured photoresin and diluent as the total volume
percentage of the composite. e, Strain at break based on different ratios of photoresin, dilu-
ent, and LM volume percentage. Data in d and e are presented as the mean + s.d. (n = 3
measurements from distinct samples). f, Reconstructed microCT images of unactivated and
activated samples and the g, volume fraction analysis for each cluster. h, Optical micro-
scopic image of the minimal gap between electrically conductive planar interconnects.

for the rest of the experiments.

To determine the appropriate polymer matrix for the LM-STAIR wvia, elastic modulus of



the photoresin/diluent without LMMDs is first measured (Figures 2d, S5 and S6). Elastic
modulus of the cured pristine photoresin (100:0, ¢= 0%) is measured as 1100 MPa which
is higher than most soft and stretchable electronics (50 kPa ~ 3 MPa).#>43 Through the
addition of diluent, the modulus of the polymer matrix decreases to 35 MPa (50:50, ¢= 0%)
and further to 2 MPa (10:90, ¢= 0%). To make flexible and stretchable electric circuits,
formulations containing < 50 wt% photoresin are chosen to test elastic modulus of the
composite that includes LMMDs.

To understand the effect of LMMDs in the polymer matrix, elastic modulus is measured
for the planar line shape interconnect (planar interconnect) and the LM-STAIR wia (Figure
2d). The results indicate that the inclusion of LMMDs causes a slight decrease in elastic
modulus, which is consistent with the typical response when liquid fillers are added to a
polymer or elastomer matrix.**»* In addition, the type of interconnect does not show any
significant difference in elastic modulus. The strain at break for the selected samples is
obtained from the same test. For a planar interconnect, the strain at break of ¢— 10% and
20% LM shows 23.6 + 0.8% and 20.0 + 5.3%, respectively (Figure 2e and S7). These values
are higher than ¢= 0% LM sample of 17.7 £ 2.5%, showing that LMMDs do not degrade
and potentially can improve the mechanical properties. LM-STAIR wias show similar strain
at break of 16.8 + 3.0% at ¢= 20% LM compared to the non-LM photoresin (17.7 £+ 2.5%).

MicroCT scans of the planar interconnect are taken to characterize the effective volume
fraction of LM in the composite (Figure S8a). The LM volume fraction inside the composite
is calculated from the reconstructed microCT image (Figure S8b). The planar interconnect
has ¢= 16.4% LMMDs inside the path, while the LM-STAIR wvia has ¢= 14.5% LMMDs.
Although the effective volume fraction of LMMDs is smaller than that of other LM-based
composites (¢ > 50%),2%46:47 because of the confined concentration, it is possible to create
a percolated conductive network at lower loadings of LMMDs.

To confirm this, the percolation network formation is observed by microCT (Figure 2f,

Supplementary Video 4). The LMMDs are percolated using a mechanical embossing method



(i.e., activation process) that applies pressure to rupture the LMMDs and connect them
(Figure S9). In Figure 2f, each color denotes a cluster that can be defined as a single
connected droplet network. We find that the unactivated sample is a collection of individual
or small clusters of droplets, however the nearly single-colored image of the activated sample
shows that most of the LMMDs are connected as a single percolated conductive network. To
quantify the connectivity of the unactivated and activated composite, the individual volume
fraction of every cluster is graphed out (Figure 2g). The result shows that the largest cluster
of unactivated droplets occupies 20% of the total 3D reconstructed volume, representing a
discrete network. However, the largest cluster for the activated droplets occupies 99.3% of
the total volume, which is indicative of a single continuous network.

We further examine the microCT data through percolation network analysis. The acti-
vated and unactivated samples are segmented into individual particles using the random-walk

distance transforms (Figure S10).*® The unactivated sample shape factor (shape factor =

Sur face area®

sov o, perfect sphere = 1) shows a smaller distribution and lower average values com-

pared to the activated samples, indicating that the activation process breaks the spherical
shape of the LMMDs and transforms to a more irregular shape (Figure S10a). Additionally,
the coordination number that refers to the number of connections between different LMMD
increases as a result of activation (Figure S10b). Furthermore, Figure S10c shows that larger
LMMDs tend to locate at the bottom of the composite and have a higher coordinate number,
which agrees with the Stoke’s law that larger LMMDs have higher settling velocity.*® Also,
larger LMMDs tend to form more connections due to their higher number of neighboring
LMMDs. Taken together, these results support the formation of a controlled, 3D network
of connected LMMDs in the LM-STAIR fabrication approach, and presents quantitative
morphological evidence for LM network formation in general.

In addition, the minimum feature size of the stencil mask patterning method is investi-
gated. As shown in Figure 2h and S11, the minimum gap between planar interconnects, and

the minimum width of planar interconnect are 126 pm and 208 nm, respectively. The electri-



cal resistance of the minimum feature size planar interconnect (5cm length) is measured to
ensure that the LMMDs are electrically connected to each other (Figure S12). Electrical iso-
lation between each planar interconnect is measured to ensure that traces are conductive but
isolated from each other (Figure S13). The resolution of the stencil mask patterning method
can be further improved using a more advanced stencil fabrication method and smaller LM
droplets in the future. We further examined the applicability of LM-STAIR in four differ-
ent acrylic and silicone-based photoresins. As shown in Figure S14, vias are successfully

fabricated in all the resins, presenting the generalizable nature of LM-STAIR.

Electromechanical characterization of LM-STAIR

Along with the physical characteristics, the electromechanical properties of the fabricated
samples are determined. During the electromechanical test, 50:50 photoresin/diluent poly-
mer matrix is used. To measure the electromechanical response, dog bone samples with a
single planar interconnect are fabricated (Figure 3a, inset). First, the sheet resistance of
the planar interconnects ¢ = 10, 15 and 20% LM samples was measured and all samples
exhibit less than 0.1 Q/sq (Figure 3a). The electromechanical response of the ¢= 20% LM
sample during bending (50% compressive strain) and unaxial tension (10% strain) was also
measured. During the test, the relative electrical resistance maintained a constant level of 1
during both bending (Figure 3b) and tension (Figure 3c).

The LM-STAIR wvias with ¢ = 10, 15 and 20% LM are measured in the same manner as
the planar interconnect (Figure 3d). The sheet resistance of the LM-STAIR wia is less than
0.3 §2/sq which is slightly higher compared to the planar interconnects. This is attributed
to the longer path length and the lower volume fraction of the LM-STAIR wvia region, as
shown in the inset of Figure 3d and S8. Compressive and tensile strain tests are performed
with LM-STAIR wvia samples (Figures 3e and f). During the compressive strain test, the
bending radius is measured as shown in the inset of Figure 3e. The minimum bending radius

is 3.17 mm, and its relative electrical resistance remains constant throughout the test. The
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Fig. 3 | Electromechanical characterization of LM-STAIR vias and interconnects.
a) Sheet resistance of the planar interconnect flexible circuit based on the three different LM
volume percentages. (n = 5 measurements from distinct samples). b) Relative electrical
resistance of the planar interconnect flexible circuit according to the compressive strain.
c¢) Relative electrical resistance of the planar interconnect flexible circuit depending on the
tensile strain. d) Sheet resistance of LM-STAIR wvias based on the three different percentages
of LM volume. (n = 5 measurements from distinct samples). Definition of box plot is same
with the a) legend. e) Relative electrical resistance of the LM-STAIR wvia flexible circuit
depending on compressive strain. The inset shows the resistance behavior, depending on the
measured bending radius of the specimen. f) Relative electrical resistance of the LM-STAIR
vias flexible circuit depending on the tensile strain. g) Durability test of the LM-STAIR
vias flexible circuit for 100 cycles of compressive strain 50 %. The inset shows the initial
and final 7 seconds of the cycle. h) Durability test of the flexible LM-STAIR wia circuit for
100 cycles of 50 % tensile strain. Inset shows initial and final 7 seconds of cycle.

tensile test up to 10% strain also showed a consistent electromechanical response. These
results show that the developed LM-STAIR wia is robust and can withstand different modes

of deformation, including folding and stretching. We further examine the electromechanical
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durability of the LM-STAIR wias with 100 cyclic strain tests that include 50% compressive
strain and 10% tensile strain. From both types of strain test, LM-STAIR wvia exhibit a
consistent electromechanical response (Figure 3g and h).

After electromechanical characterization, the dielectric constant of the cured photoresin/
diluent without LMMDs is measured. The dielectric constant is a critical factor for signal
integrity and impedance matching to make a high-performance electric circuit.’® The mea-
sured dielectric constant is in the range of 3.5 to 4.3 (frequency range of 0.1 to 100 kHz,
Figure S15). Considering that the dielectric constant of polyimide that is widely used in
flexible commercial electronics is between 3.1 and 3.6, the current polymer matrix is suitable
for a substrate material for high performance electrical circuit.’® Further, environmental
stability of the electrical resistance of a LM-STAIR wia is examined without any additional
encapsulation under two different conditions: i) 80 °C elevated temperature and ii) 45 °C
underwater (tapwater) (Figure S16). Over 7 days in 80 °C, a slight decrease is observed
in normalized resistance (R/Ry=0.87 £ 0.12) while in the elevated temperature the resis-
tance increases slightly the first day then stabilizes (R/Ry=1.31 4+ 0.27). This agrees with
recent work that has shown the stability of LM-based soft composites in adverse underwater
environments,’? and could likely be further improved with encapsulation if needed. The
electromechanical tests results show that the LM-STAIR technique can form and maintain

robust electrical interconnections for reliable and flexible circuits.

Multilayer circuit fabrication with 3D interconnects

The LM-STAIR technique successfully electrically connects across circuit layers. Through
the LM-STAIR approach, we can also independently control the circuit layout within mul-
tiple layers and control connectivity across these layers. To achieve this, we modified the
curing direction and sequence to specifically discretize a single layer of LMMDs into multiple
layers. This allows planar interconnects to be created that can cross each other in difference

layers/planes without being electrically connected except at specified locations where the
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LM-STAIR method places soft vias. (Figure 4a)

First, we created a single crossing planar interconnect by partially UV curing through the
LMMD layer (i.e. UV exposes through the bottom side) (Figure 4a, i. Bottom layer curing).
As LMMDs act as UV blockers, the curing of the photoresin is limited to a shallow depth. As
a result, this only partially cures the layer of LMMDs. The LMMDs at a greater depth remain
in uncured photoresin, which act as the source of LMMDs for the second crossing planar
interconnect. The UV exposure time can be used to control this discretization process. Too
much curing time locks nearly all LMMDs into the upper position while too little curing time
does not lock nearly any LMMDs into the upper position, while an intermediate curing time is
able to stratify a single layer of LMMDs into multiple layers (Figure S17). Next, the top side
is exposed to UV with a shadow mask placed in the region where the top and bottom planar
interconnects will cross (Figure 4a, ii. Top layer curing). During this step, the crossing region
is still partially uncured. Then, the LMMDs in the uncured areas (the crossing region and
unexposed regions) of the composite are directionally stratified by flipping the layer upside
down, while the cured part in the crossing region remains in position. Finally, the entire
composite is cured. A cross-sectional micrograph in Figure 4b shows the separation between
the top and bottom planar interconnects as a result of this process. The cross-pattern
fabrication method is demonstrated with an LED circuit with a cross pattern (Figure 4c).
The top and bottom layers of the circuit are illuminated by blue and red LEDs, respectively.
This shows the effective creation of crossing planar interconnects, soft vias, and independent
control of the circuit layout in multiple layers through the LM-STAIR methodology. This
technique extends LM-STAIR and allows for the fabrication of intricate intertwined flexible
circuits with high complexity. Furthermore, we developed a sequential LM-STAIR technique
to create an arbitrary number of soft circuit layers by combining top and bottom curing
(Figure S18). Following the normal curing procedure and stratification, by adding another
layer of uncured LMMDs/photoresin followed by sequential top and bottom curing, six soft

circuit layers with five vias were successfully created within a single device structure (Figure
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4d).

In addition to the ability to make three-dimensional interconnects, the fabricated flexible
circuit can also be stacked together through intrinsic adhesion. The low-modulus surface
of the flexible circuits allows for reversible adhesion characteristics. To demonstrate this,
two different LM-STAIR fabricated circuits are stacked together (Figure 4e, Supplementary
Video 5). The stacked circuits are flexed with no signs of detachment (Figure S19), indicating
sufficient adhesion strength to maintain the bond between each layer. After the bending test,
the stacked circuits can then be intentionally separated by initiating a crack at an edge and
then peeling apart (Figure S20). This adhesion characteristic can be a promising approach

for stacking multiple flexible circuits in the future.

Multilayer, dual function flexible circuit demonstration

The proposed LM-STAIR wvias can electrically connect two different circuit planes in a facile
manner. We demonstrate this by fabricating a flexible magnetic field sensing circuit with
embedded and interconnected indication circuit. The fabricated flexible circuit has two dif-
ferent layers; a top layer with 9 white LEDs to indicate the magnitude of the magnetic
field and a bottom layer with 9 Hall effect sensors to sense the magnetic field (Figure 5a).
Hall effect sensor outputs are individually connected to the top layer LED cathode through
LM-STAIR wvias. Connections between the soft circuit and rigid components are made with
a paste formed from LM and Cu particles (Figure S21). Even with the complex connection
of the electrical components, the thickness of the flexible circuit remained thin (0.33 mm).
A total of 21 LM-STAIR soft vias and ~ 52 cm long planar interconnects are made (12
vias for the cathodes and 9 for the outputs, Figure 5b). These LM-STAIR vias seamlessly
integrate two different functions. The circuit’s on and off state is depicted in the Figure
5c schematic. If there is no magnetic field, the Hall effect sensor output is half the applied
voltage (4V) (Figure 5d). When a magnet is placed 50 mm from the Hall effect sensor, the

output is ~2.1V. At low output voltage, the connected LED does not turn on due to the
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Fig. 5 | Multilayer magnetic sensing and indicating flexible circuit demonstration.
a, Photography of the magnet sensing and indicating flexible circuit made through the LM-
STAIR approach. b, Circuit diagram of the magnet sensing and indicating flexible circuit.
¢, Diagram of the Hall effect sensor working mechanism. d, Output of the Hall effect sensor
depending on the distance of a magnet from the Hall effect sensor. Data are presented as
mean £ s.d. for 14000 data points equivalent of 1.4 second. e, Photographs of the LEDs
illuminated by varying the position of a magnet behind the flexible circuit. f, Photograph
of the flexible circuit deformed and still functioning as a magnet approaches.

minimum threshold voltage of the LED (3.2V). After the Hall effect sensor output exceeds
the LED threshold voltage, the LED lights up, as shown in the diagram at the bottom of
Figure 5¢c. To demonstrate the fabricated circuit, a rectangular magnet is placed beneath
the circuit and moved from the bottom to the top of the circuit (Figure 5e, Supplementary
Video 6). It can be observed that only the LEDs near the magnet turn on. Furthermore, the

fabricated circuit is bent in an "S" shape to illustrate the robust and soft electrical connec-
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tions of LM-STAIR wias and planar interconnects (Figure 5f and Supplementary Video 6).
The bent circuit performs seamless integration of magnet sensing and indicating functional-
ities consistently. From these series of demonstrations, the LM-STAIR methodology shows
consistent electrical and electromechanical responses, and seamlessly connects two different

circuit planes, forming both planar interconnects and soft wvias.

Conclusions

We have reported a selective photocuring and programmed settling of LM particles fabri-
cation method to rapidly create soft 3D interconnects (soft wvias and planar interconnects)
between different circuit planes. The approach offers a tunable, versatile, and rapid man-
ufacturing process to advance the in-plane and thru-plane integration of soft and flexible
electronic devices. Multilayer circuits connected with the technique exhibit high electrical
conductivity and mechanical stability, and provide direct electrical and mechanical inte-
gration throughout the circuit volume without holes or secondary processes. Because the
approach relies on the flow and curing characteristics of the photoresin to position LMMDs
throughout the volume, a diverse range of photocurable materials can be used. There is
a similar freedom of choice in the LM composition, which can be tuned by a variety of
dopants or inclusions for different applications, for example, using iron-doped LM to enable
a magneto-responsive composite. As such, future work could leverage a range of different
chemistries or inclusion characteristics to broaden the functionality, including responsive
systems, biocompatible or biodegradable materials, and multi-material systems.

One challenge that may arise within materials selection is the effect of functional in-
clusions on the photoresin viscosity. As increased loading of inclusions typically increases
viscosity, this could require longer times for the particles to settle. This could be supple-
mented with techniques to accelerate particle settling, such as using a centrifuge or increasing

the temperature to reduce viscosity. However, the programmed stratification technique ef-

16



fectively concentrates inclusions. Therefore, low inclusion loading before processing become
more concentrated during processing, which maintains a working viscosity for rapid pro-
cessing. Additional topics for future research include down-scaling of feature size through
the use of higher resolution patterning methodologies, such as photolithography or e-beam
lithography. It may also be possible to automate the fabrication steps to enable mass produc-
tion of the multilayer soft electronic devices. Thus, the resulting materials and LM-STAIR
methodology can serve as the foundation for integrated soft and flexible electronic systems

for a variety of functional devices.

Methods

Materials

Photoresin (BOR-2-Black Resin) was obtained from B9Creations. Diluent (Ebecryl 113) was
obtained from Allnex. PVA (CAS:9002-89-5, average molecular weight 20000-30000) was
obtained from Thermo Scientific. Gallium and Indium (99.99% purity) were obtained from

Luceteria Inc.

Fabrication of LM-STAIR wvias

Detailed fabrication information is described in the Supplementary Note.

Physical characterization

A universal testing machine (Instron 5944) was used to measure the mechanical properties.
Electromechanical characterization was performed on a linear stage with a servo motor.
The specimen was cut into a dog bone geometry with dimensions specified in Figure 3a.

Electrical measurements were performed with a source measurement unit (Keithley 2461).

For the demonstration, a DC supply is used to power the LED (MX3AWT-A1-0000-000E50,
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CreeLED, Inc.) and Hall effect sensor (A1326LLHLT-T, Allegro MicroSystems) circuitry.
The dielectric constant was measured using the BK precision 880 Handheld LCR Meter with
four different frequency; 100, 1k, 10k, and 100k. The sample was prepared with a 1 cm circle

shape and a thickness of 0.3 mm.

microCT scan

MicroCT was performed on liquid metal composite samples that were manually trimmed
from a dog bone-shaped sample and placed on a Kapton with an energy of 60 kV and a
resolution of 1.57 pm per voxel (Skyscan 1172 Micro-CT scanner). Manual trimming can
result in slight differences in sample dimensions, as seen in Figure 2f, but it does not impact
percolation and subsequent sample analysis. The image stack of the reconstructed slides
was imported into Avizo software and then threshold segmented to visualize the 3D volume
of the liquid metal. The color rendering of the LM phase was performed using open-source

software Blender.

Data availability

The data that support the findings of this study are available from the corresponding author

upon reasonable request.
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Supplementary Notes

Fabrication of LM-STAIR vias

Photoresin composite preparation

The material was made of two main parts, the polymer matrix and liquid metal (LM).
The polymer matrix consists of two parts, diluent (Ebecryl 113) and photoresin (Black R2,
B9 creations). LM was composed of 75 wt% gallium and 25 wt% indium. To control the
stretchability and flexibility of the polymer matrix, the wt% of the diluent and photoresin
was adjusted. LM added as a volume percentage (¢) of the total volume of the emulsion.
First, the diluent and LM were poured into the plastic cup according to the final total volume,
wt% and ¢ of the composite and mixed with a tongue depressor to break LM into droplets.
Second, using a planetary shear mixer(Flacktek Inc.), the LM was dispersed into microsized
droplets in the photoresin at 500 RPM for 20 seconds and 2000 RPM for 2 minutes. Shear
mixing was performed in a vacuum environment (30 mbar) to eliminate bubbles. After the
shear mixing process, the LM /diluent was cooled to room temperature and mixed with the
photoresin based on the final wt% of the polymer matrix using a wooden tongue depressor.
Finally, the LM /photoresin/diluent was placed on a vibration plate for 5 minutes to avoid
micro bubbles inside. For unfilled materials, the same wt% of photoresin/diluent without

LM was prepared by shear mixing under the same conditions.

Substrate preparation

To make the flexible and stretchable thin film, two acrylic plates were used as substrates
on either side of the fabricated film. Transparent acrylic plates (3 mm thickness) were cut
into a rectangular shape (15 cm x 7 ¢cm) with a laser cutter (Universal Laser Systems, 75 W

COs laser) and cleaned using isopropyl alcohol (IPA). After cleaning, the acrylic plate was



placed on a flat surface and a small amount of PVA water solution (20 wt%) is applied to
the top side of the acrylic plate. To spread the PVA solution uniformly, a mayer rod (RD
specialties, groove size #12) was used. After coating the PVA on the acrylic plate, it was
placed in a convection oven at 80 °C for 5 minutes. The same process was repeated on the

second plate.

Stencil mask preparation

A stencil mask (Ikonics Imaging, blazer Orange film, 0.1 mm thickness) was cut using a laser
cutter. The stencil mask film was composed of 4 layers, adhesives/substrate /adhesives/protective
film. The protective film of the stencil mask film was not removed until the curing prepa-
ration procedure. The laser cutting machine (Universal Laser Systems, 75 W CO, laser)
was set to 8-10% laser power with 15% speed using a high Power Density Focusing Optics
(HPDFO) lens. This enabled the feature size to be smaller than 200 um. After the stencil
mask was prepared, it was attached to the top of the acrylic plate (PVA-coated side) using

a rubber roller.

Curing preparation procedure

Stencil

LMMDs/photoresin screen printing Vibration LMMDs packing Photoresin deposition

}
(vi) (v) (iv)
w -

Postcuring Stratification Via curing

Fig. Note 1 | Fabrication process for LM-STAIR. A schematic process flow diagram
for the creation of LM-STAIR wvias and planar interconnects.



The LM /photoresin was poured on top of an acrylic plate with a stencil mask. LM /photoresin

was uniformly spread out using a spatula (Fig. Note 1 (i)). After spreading, a vibrational
plate was used to pack the LM microparticles (Fig. Note 1 (ii)). After the LM microparti-
cle packing procedure, excess material was scraped off using a glass slide in one continuous
motion. Next, the protective film of the stencil was removed to expose the adhesive and the
spacer film (PET, 400 pm) was placed on top. The thickness of the spacer is the primary
factor that controls the via length. When the T, is much greater than the thickness of the
LMMD layer (Tpaiayer < Tspacer), LMMDs cannot form a continuous connection along the
slope due to the greater length of the path (Fig. Note 2a). From 40 to 400 pm, LM-STAIR
is formed successfully. However, beyond this thickness range (Tspacer > 500 pm), LM-STAIR
could not be formed due to a depletion of LMMDs along the slope (Fig. Note 2b). This
could be addressed in future work if greater thicknesses are required through optimization of
TrMiayer through control of LMMD volume loading. The photoresin/diluent was then poured
on top of the surface (Fig. Note 1 (iii)). The surface of the meniscus should be higher than
the top of the spacer plate to avoid bubbles. Then, an acrylic top plate was placed on top of
the spacer (PVA coated side should contact the LM /photoresin) and binder clips were used
to clamp the assembly.

o) Stencil mask 120 um Stencil mask 120 pm Stencil mask 120 um
Spacer 40 mm Spacer 254 ym Spacer 318 um

%‘thpm&? layer
ST Post curing
er” | spacer

Stencil mask 120 um Stencil mask 120 um

Spacer 381 ym Spacer 508 um

Increasing spacer thickness

&

Fig. Note 2 | Photoresin thickness dependant LM-STAIR behavior. a, Schematic
of the thickness dependant stratification behavior. b, Cross section view of six different
photoresin thickness.



Curing Procedure

To cure the LM /photoresin, a UV lamp (380-420 nm, 1000 mW) was located 15 cm above the
top surface of the acrylic plate. The shadow mask was placed on top of the acrylic surface,
and the UV lamp was turned on for 10 seconds (Fig. Note 1 (iv)). The entire substrate was
then flipped. The directed stratification process took less than one minute (Fig. Note 1 (v)).
After directed stratification, the top side of the substrate was exposed to UV for 15 seconds
to cure the circuit (Fig. Note 1 (vi)). The entire substrate was then cured for 1 minute
after removal of the shadow mask. Finally, the fabricated sample was demolded/extracted

by peeling off the acrylic plates.

Electrical activation

After assembly and curing, the LMMDs in the vias and planar interconnects need to be
percolated into continuous networks to become electrically conductive (this process is com-
monly termed electrical activation or mechanical sintering). This can occur through several
different mechanisms. In order to ensure fully conductive networks, we used an embossing
method where an acrylic rectangular stamp with a width of 2 mm and a length of 30 mm
was pressed by hand into the trace. It is also possible that the samples can become activated
during demolding due to the deformation of the sample during peeling, as was previously

shown.”3

Integration of rigid chips onto soft circuit

Rigid electronic components are integrated onto the soft circuits through a paste consisting

of 30 wt% copper microparticles (160-400 Mesh, Thermo Fisher Scientific) and LM.



Supplementary Figures

Fig. S1 | Curing behavior of the photoresin by the UV exposure.
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Fig. S3 | Top view of the 200 LM-STAIR via sample.



Fig. S4 | Optical microscopic images of different shear mixing conditions. All the
images presented in the figure have the same scale bar as shown in the 2000 RPM, 2 minutes
30 seconds.
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Fig. S5 | Young’s modulus based on different weight ratios of photoresin and
diluent. The ratio presented in the legend represents the weight ratio of photoresin and
diluent (e.g., 30:70 denotes 30 wt% of photoresin and 70 wt% of diluent). Data are presented
as the mean + s.d. (n = 3 measurements from distinct samples).



Fig. S6 | Photography of the physical characterization experiments under tensile
loading.
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Fig. S7 | Strain at break based on different ratios of photoresin, diluent, and
LM volume percentage. The ratio presented in the legend represents the weight ratio of
photoresin and diluent (e.g., 30:70 denotes 30 wt% of photoresin and 70 wt% of diluent).
LM is added to the photoresin and diluent as the total volume percentage of the composite.
Data are presented as the mean + s.d. (n = 3 measurements from distinct samples).
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Fig. S8 | Recreated MicroCT images of a planar interconnect and the resulting
volume fraction of the LMMDs. a, Three dimensional reconstructed microCT images of
a planar interconnect. b, Volume fraction of planar interconnect and LM-STAIR via based
on the reconstructed microCT image.
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Fig. S9 | Analysis of activation pressure for percolation network formation. The
material is 50:50 (50 wt% of photoresin and 50 wt% of diluent) with ¢= 20%.
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Fig. S10 | LM percolation network analysis based on the reconstructed microCT
data using random-walk distance transforms. a, Shape factor of unactivated and
activated LM percolation network b, Coordination number histogram of unactivated and
activated LM percolation network c, 3D data representation of coordination number and
size of each node. Left: perspective perpendicular to the YZ plane, Right: perspective of
azimuth angle of 20° and elevation angle of 10°.
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Fig. S11 | Optical micrographs of the minimum feature size for planar intercon-
nects. a, Top view. b, Side view.

Fig. S12 | Photograph of a minimum feature size specimen and electrical resis-
tance measurement. a, Topview of 200 pm feature size sample. b, Electrical resistance
measurement, of the 200 pm feature size planar interconnect showing it is electrically con-
ductive.
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Fig. S13 | Electrical measurement of LMMD trace with 200 um gap. (i) Single
planar interconnect electrical resistance measurement. (ii)-(iv) Adjacent planar interconnects
short circuit evaluation.
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Fig. S14 | LM-STAIR technique performed in various photoresins. a, Top view
photographs of four different photoresins with wvia. b, Cross section view of four different
photoresins with via.
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Fig. S15 | Dielectric constant of the photoresin/diluent. Data is presented as a
function of frequency for different voltages.
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Fig. S16 | LM-STAIR wvia environmental stability test. Samples are aged in two
different environments: i) 80 °C elevated temperature and, ii) 45 °C underwater (tapwater).
Samples are removed and the resistance is measured (R) and compared to the resistance
on day 0 (Rp). Data are presented as the mean + s.d. (n = 5 measurements from distinct
samples).
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Fig. S17 | Bottom curing time dependant LM-STAIR behavior. a, Schematic of the
bottom curing time dependant stratification behavior. b, Cross section view of six different

bottom curing time.

i) First layer via curing ii) First layer post curing iii) Next layer via curing iv) Next layer bottom post curing

14
|

—

| beoeoepa —

Flipping layer & Deposit Flipping layer &
Post curing t LM solution/photoresin Bottom curing

Repeat process

Fig. S18 | Schematic of the multilayer LM-STAIR fabrication technique.
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Fig. S19 | Close up photography of bonded circuit under mechanical deformation.
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Fig. S20 | Photography of peeling off the LM-STAIR circuits after bending.

Hall effect sensor

Fig. S21 | Photographs of terminal of Hall effect sensor and LED.
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770 micron

Supplementary Video 1: Reconstructed microCT image of an LM-STAIR wvia.
This 360 degree rotation video shows a LM-STAIR wvia that seamlessly connects the top and

bottom layers through electrically conductive LMMDs. The 3D model is reconstructed from

the microCT scan.
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Supplementary Video 2: Realtime ultrasonic activation of 18 LM-STAIR wias.
This video shows the realtime ultrasonic activation of LM-STAIR wvias. 6 LM-STAIR vias
per segment for three different segments are serially activated for a total of 18 activated LM-
STAIR wvias. Each segment is conductive and the three segments in serial are conductive.
The electrical resistance of the sample is measured during the whole activation process and
is compiled as a resistance vs. time graph. The resistance goes up and down as the circuit is
connected and disconnected to the different segments, then is connected across all segments

at the end to show the serial conductivity.
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Supplementary Video 3: Realtime fabrication of LM-STAIR vias. This video shows
the realtime directed stratification of LMMDs inside the photoresin. The right side of the
sample is exposed to UV radiation to cure the photoresin. After UV exposure, the layer is
flipped upside down and the LMMDs on the uncured side are stratified to the bottom layer.
During directed stratification, LMMDs are assembled on top of the undercut region. The

LM-STAIR wvia process takes less than a minute to complete.
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1324 micron

Supplementary Video 4: Reconstructed microCT images of a planar intercon-
nect. This 360 degree rotation video shows the planar interconnect composed of LMMDs.

The 3D model is reconstructed from the microCT scan.
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Speed: 2x

Supplementary Video 5: Circuit adhesion demonstration. This video displays bend-
ing of the bonded circuit. The intrinsic adhesion characteristics of the photoresin/diluent
composite bond two circuits together during bending deformation. After bending deforma-

tion, the two circuit layers are manually separated.
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Flat state demonstration

Supplementary Video 6: Multilayer magnetic sensing and indicating flexible
circuit demonstration. This video shows a demonstration of fabricated double side electric
circuit. A rectangular magnet is placed beneath the circuit and moved from the bottom
to the top of the circuit. It can be observed that only the LEDs near the magnet turn
on. Then, the fabricated circuit is bent in an "S" shape to illustrate the robust and soft
electrical connections of LM-STAIR wvias and planar interconnects. The bent, multilayer

circuit performs seamless integration of magnet sensing and indicating functionalities.
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