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Liquid metal stretchable electronics combine exceptional softness, stretchability, and self-healing
capabilities, making them ideal for smart wearables and soft robotics. A key fabrication approach
involves pneumatic spray deposition into patterned structures. However, the impact of process
parameters on LM deposition remains poorly understood, largely due to reliance on manval
airbrushing-limiting both scalability and reliability. This work addresses these challenges with a
custom-built automated spray coater, offering precise control over key parameters such as flow
rate, pressure, and spray distance. Through systematic process—property analysis, we reveal that
rougher coatings improve device yield (approaching 100%) but compromise long-term reliability.
Finer linewidths (0.25 mm) fail earlier in cyclic testing and exhibit reduced self-healing compared to
wider lines (> 0.5 mm). Scalability is demonstrated through the fabrication of a large-area wearable
strain sensor (70 X 150 mm) for human motion capture. These findings offer critical insights into
process—structure—property relationships, paving the way for reliable, scalable LM-based stretchable
electronics.
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Conventional electronics, while reliable and high-performing, are often brittle and inelastic, making them
unsuitable for a wide range of emerging applications. As the demand for soft and wearable devices grows,
especially in the health, consumer and soft robotics sector, there is a need for electronics that can conform to the
human body and mimic the flexibility of living organisms!~. Recent advancements in flexible electronics have
expanded to include soft, stretchable electronics capable of withstanding strains of several hundred percent*-.
Stretchable electronics offer several key advantages. Their intrinsic softness not only protects them from damage
but also safeguards the environment they interact with. As a result, they are ideal for delicate tasks, such as soft
sensors in grippers designed to handle fragile fruits or vegetables’~, or smart soft devices that interact safely
with humans'®.

To achieve this level of softness, traditional rigid interconnections are replaced with stretchable conductors
that maintain conductivity under strain such as polymer composites, spring-like metallic structures and gallium-
based liquid metals (LM)!!"'". Galinstan (Ga-In-Sn alloy), stands out for its high electrical conductivity (3.46 x
10% $/m), low melting point (11°), low vapour pressure (< 10~ Pa at 500°C), and minimal hysteresis, making
it well-suited for soft electronics'!. To enable stretchability in liquid metal-based stretchable electronics (LMSE),
Galinstan is typically deposited onto stretchable elastomeric substrates and encapsulated within the same
material, allowing seamless conformability!®. Gallium’s thin native oxide layer (3-5 nm) allows the Galinstan
to form non-spherical shapes and enabling versatile patterning'®?°. Elastomers like Smooth-On silicones, such
as Ecoflex, are widely used due to their excellent mechanical properties, biocompatibility, and affordability?!-2.
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Various methods for depositing LM onto stretchable substrates have been explored, such as direct writing,
filling, inkjet and spray deposition®*-32. A quantitative comparison between techniques is provided in Table S1
(Supplementary Information). Spray coating, based on pneumatic atomization (a technique that uses pressurized
gas to break a liquid stream into fine droplets) is a promising method for patterning LMs onto stretchable
substrates. Combined with stencil-based patterning, it enables scalable, high-throughput deposition on diverse
surfaces with minimal setup and roll-to-roll compatibility®"*2. Zhang et al. first demonstrated the atomized
spraying of LM and its capability to deposit on nearly any substrate type®. Since then, few studies have advanced
LM spray deposition to improve LMSE printability and performance. However, most current approaches rely
on manual airbrushing, which lacks precision and automation, limiting control over spray parameters and
reproducibility®*-%. This presents key challenges in achieving uniform LM coatings, understanding LM-stencil
interactions, and ensuring consistent device performance. Non-uniform deposition can lead to circuit failures,
localized heating, and signal instability under strain®*°. Addressing these limitations is essential for achieving
reliable, scalable fabrication?44°,

To overcome limitations in LMSE fabrication, this work presents a detailed assessment of spray parameters
affecting LM coating quality and device performance. An affordable, automated spray coater (ASC) has been
developed using a modified 3D printer with precise control over nozzle speed, flow rate, height, and pressure.
Spray behavior is characterized via laser fan imaging®'. A full factorial analysis is employed to systematically
optimize spray parameters based on key performance metrics i.e. electrical resistance, surface topography, and
line resolution. Reliability is validated through cyclic strain testing of LM interconnects, demonstrating stable
operation under strains up to 75%. To highlight the scalability and real-world applicability of the process, a
wearable strain sensor is fabricated and thoroughly characterized. Finally, a summary table outlines optimal
parameter combinations, serving as a practical reference for researchers and industry affiliates aiming to adopt
or adapt this fabrication approach.

Results

Automated spray deposition of LM

In this section, the properties and capabilities of the ASC are introduced. The schematic of the ASC system
(actual image and video as in Fig. S1/Video S1 Supplementary Information) in Fig. 1a consists of the following
four key components:

o A commercially available 3D printer is responsible for all motion control. Homogeneous printing area 30 by
30 cm”.

A regulatory pressure valve that can be connected to any gas source. Nitrogen and air are used in this work
for pneumatic atomization.

o A custom-made syringe pump powered by an Arduino, necessary to ensure a constant supply of LM.

o A custom-designed 3D printed spray nozzle with both air and LM inlets (Fig. S2, Supplementary Informa-
tion).

These low-cost, readily available, and reproducible components are key to scalable, cost-effective implementation.

The optimized LMSE fabrication process is shown in Fig. 1b. The humidity is in a range between 36% and
44% as it was reported that humidity influences the adhesion of LM onto silicone substrates*2. The temperature
is room-temperature. The process begins with adhering electronic components, with electrodes facing down, in
predefined spots on an acrylic baseplate (1). An adhesion-enhancing primer is then sprayed onto the components
to improve adhesion to the silicone substrate. Ecoflex 00-30 is chosen as the stretchable encapsulation for all
LMSEs in this work due to its excellent mechanical properties and processability. Its low viscosity and long
pot-life of 40 min provide ample time for vacuum degassing, which is essential for eliminating air pockets that
could lead to premature device failure®. Ecoflex is injected into the molds (2), with the silicone pushed into a
syringe by a lever device to prevent air trapping. Injection molding is crucial for batch fabrication, as it ensures
multiple devices can be produced in a single batch while maintaining flatness across the batch. This is important
for stencil printing, as the stencil must make an even contact with each device to prevent underspraying (Fig.
S3, Supplementary Information). Before applying the stencil, the device is flipped to expose the electrodes of
the PCB (3). After the stencil is applied, LM is sprayed over the stencil (4) with the ASC, and the stencil is
carefully removed. The devices are then encapsulated with Ecoflex (5). Blade coating is chosen as the method of
encapsulation. It is a faster process and ensures minimum LM displacement. Finally, the LMSE is released from
the mold (6). All devices in this paper are fabricated using an iteration of this process.

The controllability and quality of the LM spray with the custom nozzle are highlighted in Fig. lc. For the
spray imaging, a green laser, nozzle, and dark background (Fig. S4, Supplementary Information). The nitrogen
pressure is slowly changed from 0 to 5 bar, then back to 0 bar, at a constant flow rate of 1.6 ml/min. Initially,
droplets are generated at the orifice, but no atomization occurs (liquid breakdown into smaller droplets), which
leads to a dripping behavior. This behavior persists until a critical pressure of 0.9 bar is reached, at which point
the droplets burst explosively. This leads to a fully developed spray sufficient for deposition. Galinstan exhibits
exceptionally high surface tension (535-718 mN/m), making controlled atomization particularly challenging®*.
The initial droplets, therefore, require significant pressure for atomization. As the pressure increases slowly to 5
bar, the spray becomes denser and more jet-like, with a clearer Gaussian distribution of droplets. This is reflected
in the spray intensity distribution (Fig. S5, Supplementary Information). A similar trend is followed when the
pressure is slowly decreased from 5 bar to 0 bar. Below 1 bar, the spray enters a weak regime with larger, less
uniform droplets*!. At 0 bar, the LM exits as a continuous stream approximately that of the nozzle diameter,
retaining its shape due to inertia before breaking into individual droplets from the Plateau-Rayleigh instability*°.
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Fig. 1. (a) Schematic of the automated spray coater (ASC) with a 3D printed nozzle, automated syringe pump
and pressure valve, (b) LMSE fabrication steps: (1) PCB placement, (2) Injection molding Ecoflex substrate,

(3) Substrate release and flip, stencil application, (4) LM spray via ASC and stencil lift-off, (5) Silicone
encapsulation by blade coating, (6) Device release, (¢) Spray nozzle undergoing a pressure sweep from 0—5—0
bar at a constant flow rate of 1.6 ml/min, (d) Spray patterns with varying nozzle-to-substrate height: top—100
mm with dense center and bottom—250 mm with large spread, (e) A serpentine and an interdigitated pattern
deposited at 100 mm spraying height demonstrate the controllability of the ASC.

The spray path (trajectory and pattern of the liquid) of the system demonstrates excellent controllability in its
direction. With the controllable spray, uniform and consistent patterns can be deposited through reproducible
spray paths as shown in Fig. 1d. Adjusting the height affects the spread of the LM, where close heights result
in patterns with dense centers and printing at far heights results in more spreading. The system is also capable
of printing precise uniform patterns with set line spacing, demonstrated with serpentine and interdigitated
patterns as shown in Fig. le. This precise control over the spray path lays the foundation of depositing uniform
coatings, which is discussed in the following section.

Investigation of liquid metal coatings

After establishing the uniform and reproducible spray method, sprayed LM coatings are analyzed to uncover
key insights into their formation and behavior. This knowledge informs the following sections, which explore
the mechanics of LMSE scalability, patterning, and reliability. The spray system is first characterized and
optimized, identifying ideal operating ranges: low flow rates of 0.7 ml/min (LFR) and high flow rates of 1.6 ml/
min (HFR), and low pressures of 2 bar (LP) and 5 bar (HP). The initial optimization of the ASC process is a
series of one-factor-at-a-time (OFAT) experiments and an L3 P3 Taguchi orthogonal array (Figs. S6-S9, Table
S2, Supplementary Information)*°.
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Oxide layer formation

Scanning electron microscopy (SEM) images attached along with their respective energy dispersive X-ray
spectroscopy (EDX) distributions of LM coatings are shown in Fig. 2a. The coatings are sprayed from a height
of 100 mm onto a glass substrate at LP and HP. It is unclear if spray deposition increases oxide content®>3%3,
It has been known that finer droplets possess a higher surface-to-volume ratio, hypothetically leading to more
oxide build-up in the coating. Higher pressure may cause droplet intermixing that repeatedly reforms the oxide
layer. EDX showed no compositional differences between LP and HP coatings, despite topological changes. To
confirm that nitrogen is not suppressing oxide formation, LM coatings are also sprayed using air (Fig. S10).
Similar results show no oxide build-up, likely because the native oxide layer is only a few nanometers thick and
droplets lack sufficient flight time to form a full oxide skin. Additionally, with the nozzle moving at a speed of 25
mm/s, there may not have been enough time for LM turbulence and intermixing.

Surface topography
Typical surface mapping of LM coatings deposited onto both soft Ecoflex polymer and hard glass substrates at
LP and HP as well as LFR and HFR are shown in 2b. The images are captured using laser confocal microscopy
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Fig. 2. (a) SEM and EDX of LM coatings on glass show topological changes with pressure, but consistent
composition, indicating minimal material impact, (b) LSM images reveal substrate and parameter dependent
coating differences on polymer and glass, (c,d) Surface roughness and peak density variation: polymer shows
high roughness at LP-LFR due to delamination and at HFR due to coalescence; glass shows reduced roughness
at HP from LM spreading. Peak density increases on glass at HP due to finer atomization, (e) Spray angles
decrease with HP (stronger aerodynamic forces) and increase with HFR (greater LM volume), (f,g) Coating
formation on glass is modeled from spray angles at 100 mm and 250 mm heights; uniform coverage is achieved
at 250 mm with 62-68% path overlap.
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(LSM), and their respective quantitative surface properties are measured and shown in Fig. 2c and d. The surface
properties of LM differ significantly between soft and hard substrates, driven by how high kinetic energy droplets
interact upon impact. On soft, viscoelastic polymers, some of the droplets’ kinetic energy is absorbed. This means
that the LM droplets do not spread into a film but instead accumulate into larger droplets, which is evident when
comparing the HP images of polymer and glass. In contrast, on glass, which does not absorb kinetic energy on
impact, the droplets dissipate energy by spreading into a film. This energy consideration provides an additional
challenge in creating high-quality LMSE.

o Roughness Surface area roughness (S,) is quantified in Fig. 2c. On glass, S, decreases at HP due to the
droplets spreading from high impact forces but increases at HFR as droplets become larger?’. On polymer
substrates, an unusual interaction occurs at LP-LFR, resulting in the LM delaminating into large, connected
islands, leading to high S, values. The delamination is further apparent from surface skewness measurements
(Fig. S11, Supplementary Information). It is most likely a combination of insufficient spreading (and adhe-
sion) of the droplets and the high surface tension of LM. At HP-LFR, this behavior disappears, as smaller
droplets atomized by higher pressure are less likely to merge into large islands because of their lower volume
and oxide skin. They also possess higher kinetic energy at HP, resulting in more spreading even on the soft
surface.

o Peak density Fig. 2d shows the number of individual peaks in a given area. On the glass substrate, the peak
density follows a reverse trend compared to the previous graph. Although the peaks decrease in height, as
depicted in the S, values, the overall density of peaks sharply increases at high pressure. This is due to the
generation of a larger number of smaller droplets during atomization at high pressure, which remain as sep-
arated peaks on the substrate. On the polymer substrate, the peak density is initially lower at LP-LFR because
the droplets coalesce into islands as previously described. At HFR, droplets coalesce, reducing peak density.
This results in larger individual droplets. The peak density, therefore, stays the same while roughness sharply
increases, as previously explained.

From a coverage aspect, LP-LFR on polymer should not be used to avoid delamination, which can lead to non-
uniform LMSE. However, the impact of topological properties on LMSE performance is further investigated in
the following sections.

Large area coating

To enable the deposition of uniform, large area coatings that exceed the width of a single spray path, the
(simplified) coverage radius of the spray for any given height must be known. With a known radius, the line
spacing between multiple spray paths and, therefore, the overlapping percentage can be calculated precisely. The
spray angle, which is the angle between nozzle orifice and spray, is measured for different flow rates and pressure
values using 20 images per parameter combination with the setup described previously (Fig. 1b) and analyzed
with Image]J software. The spray takes 2-5 s to fully develop, with shorter times observed at higher flow rates
(Fig. S12, Supplementary Information). Figure 2e presents the spray angles for various conditions, revealing that
the spray angle increases with flow rate and decreases with pressure. At higher pressures, aerodynamic forces
become more significant, streamlining the flow and narrowing the spray angle. The higher momentum of the
liquid jet at increased pressures helps to maintain a focused stream, reducing the spray angle. Conversely, a
higher flow rate increases the volume of ejected LM, broadening the spray angle*®. By assuming the spray shape
to be an ideal cone, the coverage radius r(mm) can be derived using Eq. (1).:

r=dx tang, (1)

where d is the nozzle to substrate height and 6 (rad) is the spray angle. Other important merits, such as coverage
area and LM consumption, can also be derived from the spray angle (Egs. S1 and S2, Supplementary Information).

The overlapping of several spray paths of a single nozzle at different nozzle heights to deposit large-area
coatings, which can be scaled infinitely, is illustrated in Fig. 2f and g. The overlapping percentage of the spray
paths is calculated from the previous section. The results show that due to the unique properties of LM, achieving
a uniform large coating can be challenging. The velocity and droplet size distribution across the spray path are
not uniform, as previously mentioned. Overlapping the sprays at a close height of 100 mm with a 50% overlap
causes larger, slower droplets to accumulate into a thick and rough layer due to unwanted coalescence between
spray paths, as seen in Fig. 2f. This effect is further exacerbated by LM’s high surface tension and poor wetting
on non-metallic surfaces. In contrast, directly below the nozzle, the LM forms a smoother layer due to the
higher pressure. To achieve uniform coatings, the strategy involves evening out the distribution of droplet size
and velocity by significantly increasing the height to the substrate. The mechanism is shown in the right-hand
schematic. In Fig. 2g, the height is increased to 250 mm. Overlapping spray paths between 62% and 68%, based
on prior spray angle calculations, results in a uniform coating with thickness deviations of only 5% (Fig. S13,
Supplementary Information). However, the roughness seems higher compared to low-height coatings, which
exhibit a flat, more reflective appearance. In conclusion, to deposit large-area uniform coatings, the nozzle height
to substrate should be increased to allow the spray to develop and avoid unwanted coalescence.

Analyzing LMSE processing with ASC

Stencil printing with spray deposition remains the most common method for patterning LM in the literature?*.
However, due to the lack of controllability in conventionally used airbrushes, studying LM stencil printing has
been challenging®**. In this section, the effects of spray parameters and the coating properties, which were
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previously discussed, are investigated to understand their influence on the properties of stencil-printed LMSE.
These include the overall yield of LMSE, as well as topographical, electrical, and geometrical properties. This is
enabled with a full factorial analysis between flow rates of 0.7 ml/min and 1.6 ml/min (LFR-HFR) and pressures
between 2 bar and 5 bar (LP-HP), including intermediate values.

Design of the LMSE

A standardized LMSE is designed and employed throughout the full factorial analysis. For accurate electrical
characterization, a one-wire LMSE compatible with 4-wire measurements, as seen in Fig. 3a, is designed. Reliable
electrical interconnection and measurements are enabled with a patented flex PCB from our research group®.
The flex PCBs differ from traditional interconnection methods, such as rigid wires, which can move around
and displace the LM or tear the encapsulation®. The encapsulation is designed as a dogbone which ensures
proper tensile testing®!. For application purposes, four different linewidths, which all lie on the same stencil, are
investigated: 1 mm, 0.5 mm, 0.25 mm, and 0.1 mm. Thanks to the scalability and controllability of the ASC, it is
possible to fabricate 8 samples within a single batch at a nozzle height of 100 mm.

Influence on LMSE yield

The yield of the functioning LMSE during the full factorial analysis is investigated and further characterized.
A fully functioning LMSE is defined as one in which the LM connection is uninterrupted, enabling electrical
measurements between the two flex PCBs. The main failure mode observed during the full factorial analysis is
LM lift-off by the stencil (Fig. S14, Supplementary Information). Ideally, stencil lifting should not affect LM,
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Fig. 3. (a) Dogbone test device with 4-wire measurement focuses on the central LMSE region, excluding wire/
contact resistance, (b) Contour images of LM wires at varying flow rates show best uniformity at HP-HFR, due
to enhanced coverage, atomization, and reduced LM lift-off, (c-e) LM properties printed with 1, 0.5, and 0.25
mm stencils across flow rate and pressure in a full factorial setup (details in Fig. S19). Each data point reflects
combinations of spray parameters; mean values and error bars are based on 16 samples.
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but cohesive pathways extend onto the stencil. Lifting the stencil can not only degrade the line-edge roughness
but also cause complete lift-off if the cohesion of the LM exceeds its adhesion to the substrate. The best results,
therefore, are achieved with rough coatings. These possess more pronounced hills and valleys, providing high-
stress points for the surface oxide, which can break more easily when shearing the stencil off the substrate®2. The
coatings deposited at LP are more likely to delaminate as the droplets form smoother cohesive pathways with
fewer breakage points. This issue is amplified by the width of the stencil opening: the smaller the opening, the
weaker the adhesion to the substrate, and the more likely the LM is to lift off. Patterns down to 0.1 mm can be
fabricated (Fig. S15, Supplementary Information), but yields are inconsistent (50%), so they were excluded. This
is generally due to the stencil lifting off the LM from the substrate. Different stencils are needed to achieve these
finer resolutions, which would, in turn, trade-off scalability due to extensive stencil preparations®!. Additionally,
adhesion of the LM to the substrate could be improved by altering the surface chemistry of the polymer. For
all widths equal and greater than 0.25 mm, a yield of 100% is achieved at HP-HFR. The worst yield is observed at
LP, where the yield is < 50% for 0.25 mm wide LMSE and 90% for 0.5 mm and 1 mm LMSE.

Influence on LMSE topography

The topographical properties of 1 mm wires are shown in Fig. 3b and mostly reflect the properties of the
deposited coatings shown in Fig. 2. The LMSE is measured by digital microscopy across the full length of the
20 mm sensitive area. Linewidth was largely independent of spray parameters. The uniformity in thickness of
the samples is investigated through their relative standard deviation (RSD), calculated from three different areas
of the LM wires. Low RSD values are significant for preventing thin thermal bottlenecks (parts of unusually
low cross-sectional area), which can impair the device’s reliability under load®®. The RSD is heavily influenced
by the spray parameters, with the worst values observed at LP-LFR and the best values at HP-HFR for 1 mm
wires, which can be attributed to improved coverage and atomization (Fig. S16, Supplementary Information).
In HP scenarios, less lifting and pushing occur due to higher peak densities and roughness levels as explained
previously. However, the RSD can also be affected by stencil lift-off, where LM can be pushed toward the shearing
direction of the stencil or lifted off, as previously elaborated. This is a major reason that affects uniformity in
lower-width samples (Fig. S17, Supplementary Information).

Influence on LMSE geometry
The actual printed linewidths, which overall remain constant because they are bound and defined by the
dimensions of the stencil, are shown in Fig. 3c. The RSD increases substantially at lower stencil dimensions due
to the stencil’s resolution (Fig. S18, Supplementary Information). Spray parameters influence RSD. The lowest
RSD values for 1 mm wires are observed in LMSE with HP-LFR with < 5%, while the highest RSD occurs at
LP-HFRs, around 7%. At HFR, coatings are thicker, which can lead to LM lifting due to cohesion (at LP), as
well as outward flow when the hydrostatic pressure inside the printed wire is too high. This adds width to the
printed structure. At HP, the additional roughness stabilizes against both outward flow and lift-off as mentioned
in section b. For narrower patterns, increasing the flow rate results in a lower RSD until a critical flow rate of
HEFR, as the hydrostatic pressure is comparatively lower due to the smaller cross-sectional area. The overall
cross-sectional area is heavily influenced by spray parameters, as seen Fig. 3d. The cross-sectional area increases
with flow rate due to the availability of more LM. This is also true when pressure is increased due to the reduced
spray angle as explained in the previous section. As explained previously, narrower patterns are more likely to be
affected by LM lift-off especially at higher flow rates, which makes the stencil printing more unpredictable. This
explains the reverse trend and larger error bars with 0.5 mm wires deposited at HFR. An interesting interaction
is revealed by the full factorial analysis where 0.25 mm patterns deposited at LFR result in a cross-sectional area
at a similar level as for 1.3 ml/min. LFR results in overall thinner coatings which is beneficial for narrow 0.25
mm patterns as LM displacement is less likely. This can lead to overall thicker patterns after lifting the stencil.
In conclusion, LM geometry can be negatively impacted by its fluidity, especially during stencil lift-off.
While lifting and displacement cannot be fully eliminated, they can be minimized by using higher pressure and
avoiding excessive flow rates, highlighting the importance of precise spray parameter control in LM deposition.

Influence on LMSE electrical properties

Resistance per length (©2/mm) over the deposition parameters is shown in Fig. 3e. As expected and in
accordance with the cross-sectional area trend, resistance decreases at higher flow rate and pressure. However,
a significant difference between the 0.25 mm wires and the others is evident. Due to excessive LM lifting at 0.25
mm and the lower cross-sectional areas, these devices are more prone to bottlenecks, which negatively impact
reproducibility, and sharply increase the bulk resistance®. Resistance decreases at HP/HFR as rougher coatings
improve reliability. In this regime, LMSE become much more reproducible, with standard deviations being
lower than 5% for 0.5 mm and 1 mm patterns. With electrical resistance and cross-sectional area, the electrical
conductivity of the LMSE is estimated. Because the LM is spray-coated, the wires are not perfectly cylindrical
or rectangular, as seen in Fig. 3b. Therefore, to estimate the electrical conductivity, the average measured cross-
sectional area A is used. Combined with the electrical resistance R, the conductivity o of the wires, with a length
I of 20 mm, can be calculated using Eq. (2):

I X R
A

o(S/m)=px (2)

The average conductivity calculated across all parameters ranged between 2.57 and 2.78 x 10° S/m, which is
consistent with the literature, though reported values vary>’. A clear relationship between spray parameters
and conductivity is yet again not observed (Fig. S20, Supplementary Information). This further validates that
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the LM’s composition remains unchanged at different spray parameters as previously described in Fig. 2a. To
confirm these results, the conductivity of pristine Galinstan is measured (Fig. S21, Supplementary Information).
The average value found is 3 x 10° S/m with differences from the sprayed LM falling within the error margin.

These results demonstrate that the deposited LM properties can be tightly controlled and tuned with the
ASC. This makes the ASC suitable for various applications, though the influence of LM properties on other
factors, such as reliability, should still be addressed. Further, the stencil remains the biggest uncontrollable
variable within the otherwise very controllable process. An effort should be made in future work to automate
and optimize the stencil (design and lifting).

Reliability of LMSE

The core functionality of stretchable electronics lies in retaining full functionality during stretching. For real-life
application potential, LMSE must maintain their functionality over thousands of stretch cycles. LM has been
established as a self-healing conductor that rarely fails on its own>. However, the reliability of the full LMSE
system depends heavily on the entire assembly: LM, stretchable encapsulation, electrical interconnection, and
other rigid components. Devices with 1 mm and 0.25 mm linewidth fabricated at a combination of HP, LP, LFR,
and HFR are cycled up to 100,000 times with our in-house cycle testers (Video S2, Supplementary Information).
The strain is alternated between 0 and 75%, which is considerably higher than what has been reported in recent
literature®>%%7. This induces fatigue for accelerated life testing. Temperature and humidity are monitored at
all times, with average values of 22.2 +0.42°C and 49.6 +6 %, respectively. The three common failure modes
discovered in this work are displayed in Fig. 4a as follows:

o Adhesion Loss and Short-Circuiting: During cyclic testing, flex PCBs may detach from silicone, allowing LM
to flow and cause short circuits. A thin silicone barrier and adhesion primer improve separation and bonding.

« Oxidation and Performance Degradation: Silicone’s poor barrier properties allow gradual LM oxidation, re-
ducing conductivity and flexibility. Polymer blends with better oxygen and moisture resistance can slow this
process®s.

« Connector Failure: LM may disconnect from flex PCBs due to the rigid-soft interface. Literature suggests
using a stiff mesh around connectors to enhance strain relief and maintain contact®®.

Oxidation strongly influences LMSE electrical response.

The change in electrical resistance of LMSEs printed with different spray parameters and linewidths (1 mm
and 0.25 mm, respectively) after 100,000 cycles is shown in Fig. 4b and c. All samples exhibit an increasing trend
in AR/ Ry, which is related to increased LM oxidation caused by the straining. For rigid electronics, the point
of failure typically occurs when rigid wires exhibit a AR/ R of 20%, which is reached around 30,000 cycles
for most samples. This kind of failure definition has yet to be established for LMSE. Both graphs show that the
change in resistance is higher in the relaxed state than in the stretched state. This suggests that material-induced
hysteresis occurs when the sample relaxes, caused by changes in the cross-sectional area of the channels through
the Poisson effect’.

In Fig. 4b, the drop in AR/Ry for the LP-HFR LMSE after 10000 cycles suggests that this parameter
combination leads to noisy samples. As discussed previously, LP-HFR more often leads to non-uniform LMSE
in terms of their geometry and overall bulkier patterns with moderate roughness (for 1 mm patterns). This can
result in conditions where the LM flows more freely upon stretching, which can influence the geometry in a way
that positively affects AR/ Ry (by offsetting bottlenecks for example). The highest AR/ Ry is observed with the
HP-HFR and LP-HFR LMSE, and the lowest with the LP-LFR LMSE. The HP-LFR LMSE failed at around 30,000
cycles, but the rate of AR/ Ry is just slightly higher than that of LP-LFR. This suggests that AR/ Ry is dependent
on the roughness of the LM. As previously discussed, the roughness increases from low to high (taking peak
density into account) from LP-LFR—HP-LFR—LP-HFR—HP-HFR. LP-LFR LMSE consist of smooth and large
peaks, and HP-HFR possess a very rough topography. This enables the following key explanations:

« Rough LM has more stress points, accelerating oxidation during cycling. This rate seems to grow exponen-
tially over cycles when more oxide is introduced as the rate of AR/ Ry increases drastically for the rougher
HFR LMSE after 20,000 cycles.

« Oxidation has a larger effect on rough patterns and therefore AR/ Ry, as they possess more pronounced
valleys where the LM is very thin. Oxidation of thin areas may lead to bottlenecking or even a full breakage of
the LM circuit, which likely caused failure in the HP-LFR sample. Though HP-LFR retained its conductivity
back at 0% due to the self-healing capabilities of LM, it ultimately failed after 32,000 cycles, as indicated by
the purple arrows.

« Early AR/Ry seems to be driven by the cross-sectional area rather than the roughness as the thinner LMSE
are more affected by oxidation (Fig. S22, Supplementary Information). However, once bottlenecking occurs
AR/Ry of the rough LMSE increases exponentially, where AR/Ry of the smooth LMSE remains quite
linear.

These explanations are validated by what can be extracted from Fig. 4c for cycled 0.25 mm LMSE. A very similar
trend of AR/ Ry can be seen, only that the absolute values are much higher since the LMSE possess a much lower
cross-sectional area by their width. Further, all samples failed before reaching 100,000 cycles, and the same trend
can be seen again. The thin and rough HP-LFR LMSE fails first, followed by the roughest HP-HFR sample, which
has the highest AR/ Ry, then the LP-HFR LMSE, and finally the smooth LP-LFR LMSE. Additionally, the self-
healing capabilities of the LM are strongly impaired, as most samples failed at 0% and 75% strain simultaneously.
This means long-term reliability is both dependent on geometry and topography, where best results are expected
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Fig. 4. (a) LMSE failure modes after 100,000 cycles include PCB delamination, LM oxidation, and
disconnection at rigid-soft interfaces. (b,c) Resistance increases over cycles due to oxidation, especially in
rough, low-flow rate coatings and narrow (0.25 mm) wires, which fail before 100,000 cycles. (d) Gauge factor
hysteresis is lower in wider wires with larger cross-sectional areas, influenced by silicone’s viscoelasticity and
LM flow behavior.

with smooth LM patterns with large cross-sectional area. This can partly be achieved with LP-LFR parameters,
but as the flow rate is increased for thicker patterns so is the roughness on soft substrates. Atomization and small
particle aerosols are the key principles of spray deposition, so one should look into solutions of enhancing the
barrier properties of the encapsulation, as explained before®.

Next to long-term reliability, device dynamics are also an important factor in many applications, and LMSE
should work precise and consistent over time. Therefore, the hysteresis of the dogbone LMSE in relationship
to channel width and various spray parameters is investigated by loading and unloading them up to 100% (to
capture a wider array of data points) strain, as shown in Fig. 4d. The gauge factor is plotted over strain, a crucial
parameter for determining the suitability of a material as a strain sensor®. Due to the viscoelastic behavior of
the polymer and the flow behavior of the LM, considerable hysteresis can occur. The 1 mm wires show very
little hysteresis (Fig. S23, Supplementary Information). Hysteresis becomes more severe as the cross-sectional
area decreases for 0.25 wide samples. This trend is also true for 0.5 mm and 0.1 mm wide samples (Fig. S24,
Supplementary Information). The hysteresis likely arises from LM flow, not encapsulation design (Fig. S25,
Supplementary Information). More likely, the hysteresis is due to the LM itself. Upon straining the sample, the
LM flows into different areas of the LMSE. Upon releasing the strain, the LM should flow back to its original
position as the channel regains its original cross-sectional area. In smaller channels, LM flow is hindered, creating
bottlenecks that raise the gauge factor®®. Capillary forces are more prevalent, and LM naturally resists these
forces due to its high surface tension. Channels narrow most at the strain center, increasing bottlenecks. The
oxide layer sticking to channel walls further restricts LM flow. This is also a major issue when LM is deposited
via injection®!. Hysteresis is critical, especially in strain-sensing applications, one of the major applications of
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LMSEs. Low hysteresis is generally preferred, as it reduces the computational load during signal processing.
Channels with larger cross-sectional areas should therefore be preferred for strain-sensing applications. This is
considered in the following section, where a large strain sensor is presented.

Large-area strain sensor
To demonstrate the large-scale application potential of the process, a 70 by 150 mm large strain sensor with
9 wire loops for human motion sensing is designed and fabricated following the process described in Fig. 1d.
The sensor design features straight paths, which are deposited at 65% overlapping paths with a nozzle height
of 250 mm (100 mm height would result in non-uniform coatings, which would negatively affect the sensor’s
printability and reproducibility). The width of the wires is 1 mm, as a large cross-sectional area is most important
to ensure a low hysteresis as discussed in the previous section. Pressure must be at a higher value to ensure a
reliable yield since printing a large loop-count sensor is prone to misprints. Therefore, the pressure is kept at a
value of 4 bar to increase roughness and therefore printability. The flow rate is kept at a lower value of 1 ml/min.
Figure 5a shows the large sensor strained laterally inside a dynamic mechanical analysis (DMA) machine,
which is used to extensively study the sensor’s electrical and mechanical behavior. Due to the size of the sensor,
it is possible to strain it up to 74% in regard to the DMA’s limitations, which is sufficient for the targeted human
motion sensing applications. At maximum strain at a strain rate of 0.14%/s, the sensor exhibited a resistance
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Fig. 5. (a) Large (70 by 150 mm) LM strain sensor characterized via dynamic mechanical analysis shows high
sensitivity at 0.2% strain and clear signal response. (b,c) Mullins cycle analysis reveals < 10% hysteresis for
AR/ Ry at 50% strain and negligible hysteresis for tensile stress, (d,e) Strain rate tests show consistent loading
behavior; unloading gauge factor slightly increases at higher rates due to LM flow, (f-h) Real-time motion
sensing demonstrates reliable detection of wrist, elbow, and knee movements with distinct resistance peaks.
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change of 120%, showing nearly linear behavior. However, at larger strains, the resistance is expected to change
quadratically due to the alterations in cross-sectional area and length. As seen in Fig. 5a (insert), the sensors can
easily detect strain down to 0.2% (Limit of detection, LOD), which is the bottom noise level of the measurement
setup. So far, comparable performance with LMSE has only been achieved with sensors fabricated on a wafer-
scale level®%3. This makes the sensor suitable for applications where high sensitivity at a low noise level is needed,
such as monitoring physiological parameters®.

The sensor is further characterized to evaluate its performance. It underwent a cyclic loading-unloading test,
during which it is strained to 10%, 20%, 30%, 40%, and 50% at a constant strain rate of 0.2%/s. The response
curves for AR/ Ry and stress are presented in Fig. 5b and c, respectively. While there is noticeable hysteresis in
the resistance change, this is not as apparent in the stress curve. To quantify the degree of hysteresis, DH (%),
the difference between the area under the curves can be calculated using Eq. (3)%%

Aoa in _Aun oadin
DH(%) = | £ dAgl d_l ding | 100, 3)
unloading

where A is the area under the loading and unloading curves, respectively. The sensor exhibits a clear trend where
the hysteresis increases with maximum strain. A maximum value of < 10% at 50% strain is shown in Fig. 5b, a
value that is sufficient for accurate data acquisition, as shown further below. This trend and value is expected due
to the sensor’s multiple lateral loop design and can partly be attributed to the viscoelastic behavior of Ecoflex.
During unloading, the channel width may slightly expand compared to the loading phase to maintain a constant
volume of liquid metal. This compensates for resilience reduction due to stress relaxation®. However, this may
not be the sole reason for the hysteresis, as the mechanical hysteresis of the polymer is low, with a maximum
value of 1.98% due to its softness, as shown in Fig. 5c. Additionally, the discrepancy in the AR/ Ry response
between the loading and unloading curves is negative, indicating that AR/ Ry is higher during the unloading
phase. This suggests that thickness discrepancies and potential bottlenecks may arise due to the flow behavior of
the LM. No obvious stress softening is observed in Fig. 5¢ during the Mullins cycle, suggesting that the Mullins
effect is negligible®.

The strain rate dependency of the sensor is investigated with strain rates ranging from 0.25%/s to 4%/s for
both loading and unloading. The results for AR/ Ry and tensile stress are shown in Fig. 5d and e, respectively.
Based on the curves alone, the dependencies are not obvious. The slopes in the graphs, for Gauge factor (GF)
and Young’s modulus (E), calculated using linear regression. The loading curve for GF, as well as both E curves,
remains strain-independent, which is generally preferred to minimize processing requirements®’. However, the
GF slightly increases at higher strain rates during unloading, suggesting that the LM does not flow back to its
original position as rapidly when unloading occurs at high strain rates.

The sensor is validated in various human motion sensing applications, as shown in Fig. 5f-h. The sensor is
woven into the fabric of a bodysuit to prevent displacement during motion. The subject is instructed to perform
specific motions, and the AR/ Ry sensor response is recorded over time. The values 0, 0.5, and 1 correspond
to specific motion states. Figure 5f and g show the sensor being used to monitor wrist and elbow movements,
respectively. The curve exhibits distinct and reproducible peaks when the motion concludes. Figure 5h shows the
sensor used as a knee sensor to capture leg movement during walking (upper) and running (lower). Walking is
characterized by a repetitive sequence known as the gait cycle, which includes noticeable peaks at various stages.
In a typical gait pattern, two key peaks are observed: one at ‘state 0.5’ and another at ‘state 1’ The initial phase,
‘state 0, often referred to as ‘heel strike, occurs when the knee angle is nearly straight, close to 0°. The next stage,
‘state 1, or the ‘loading response, shows a brief rise in amplitude followed by a decline in knee angle during the
‘mid-stance’ phase. At ‘state 2, known as ‘toe-off; the knee angle reaches its maximum point in the cycle. The
sensor exhibits consistent peaks corresponding to each stage of the gait cycle. It can also reliably differentiate
between distinctive walking and running patterns due to its sensitivity.

The results demonstrate that the sensor, as fabricated by our large-scale process with optimized spray
conditions, has great potential to successfully and reliably capture human motion, narrowing the gap between
lab-scale and commercially produced LMSE.

Conclusion

This work provides a detailed assessment of how spray parameters affect LMSE properties. This assessment
of LMSE fabrication is only feasible with an optimized production process utilizing an in-house automated
spray coater that provides full control over pressure, flow rate, height, and pattern. The ASC facilitates a
thorough scientific investigation into the scalable LM spraying process due to the system’s reproducibility and its
compatibility with readily available SMD stencils.

In this study, it is found that both spray parameters and substrate type significantly influence the coating
properties. Deposition on hard substrates such as glass results in coatings with lower area roughness at higher
pressure. Deposition on soft polymers, which absorb energy, leads to increased roughness at higher pressure or
delamination at lower flow rates. Using the ASC, thickness deviations of < 5% are achieved with high pressure
and flow rate, reducing the risk of bottlenecks. The results also show that spray parameters must be carefully
optimized based on the application. For patterns equal to or greater than 0.25 mm, yield is 100% because of
the rough patterns (Sq > 5 um, Spd > 2500) deposited at high pressure and flow rate (HP-HFR). However,
reliability is compromised for rough patterns due to an increase in the rate of AR/Ro over 100,000 stretch
cycles. Further, 1 mm wide wires easily withstand 100,000 cycles, while narrow 0.25 mm wide wires fail between
30,000 and 70,000 cycles for strain up to 75%. To demonstrate the advanced scalability of the process, a large,
highly sensitive strain sensor is fabricated using the insights gathered from this study and fully characterized.
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Category | Suggested combination of pressure and flow rate Summary of causal relationships
Yield High flow rate (1.6 mL/min) and high pressure (5 bar) for all stencil | Rough coatings (S, > 5 pum) with high peak density (S, d > 2500) are easier to pattern
widths. Avoid low pressure values (2 bar) than smooth coatings due to lower cohesion within the bulk
. Hl.gh pressure (5 bar) for all pattern Wldths' Low flow rate (0'7 mL/ Rough coatings (S, > 5 wm) with high peak density (S, d > 2500) protect against outwards
Resolution | min) for wide patterns (1 mm), medium flow rate (1.3 mL/min) for . . N .
flow. Thicker patterns with large cross-sectional area are more susceptible to outwards flow
narrow patterns (0.5 mm, 0.25 mm)
High flow rate (1.6 mL/min) for wider patterns (1 mm, 0.5 mm) and | Rough coatings (S, > 5 pum) with high peak density (S, d > 2500) protect against pushing
Uniformity | low flow rate (0.7 mL/min) for narrow patterns (0.25 mm). High and lifting liquid metal. High pressure improves atomization. Lower cross-sectional areas
pressure (5 bar) for all patterns. are beneficial for narrow patterns
) High flow rate (1.6 mL/min) and high pressure (5 bar) for all stencil Spray parameters do not negatively impact electrical properties. Parameters that r;liably
Electrical . yield coatings with the largest cross-sectional areas achieve best electrical properties (lowest
widths. .
resistance, < 0.01 2/mm)
Reliabilit Low flow rate (0.7 mL/min) and low pressure (2 bar) for all stencil Smooth coatings (Sq > 6 um, Spd < 1700) yield up to 4 times lower change resistance
Y| widths. over 100,000 cycles than rough coatings due to less oxide buildup
Low flow rate (0.7 mL/min) for wider patterns (1 mm, 0.5 mm) and | Large cross-sectional area (>0.04 mm?). Low areas restrict liquid metal flow during
Hysteresis | high flow rate for narrow patterns (0.25 mm). Low pressure (2 bar) | stretching due to capillary forces or oxide adhesion. Smoother patterns are better for wide
for all stencil widths. channels

Table 1. Combination of spraying deposition parameters that result in best properties.

The large-area sensor (LOD 0.2%, hysteresis < 10%) reliably captured wrist, elbow, and walking movements.
The investigation is comprehensively summarized in Table 1 and identifies which deposition parameters yield
the best results for each respective category. This serves as a practical reference for researchers aiming to replicate
or tailor LMSE fabrication for specific applications. An outlook for future work to further advance scalability of
the process is to automate the stenciling technique.

By thoroughly assessing the spray deposition of LM enabled with the ASC, this work paves the way for
scalable production of LMSE, advancing towards reliable devices for soft robotics, consumer electronics, and

personal health monitoring.

Methods
Materials

Gallium-Indium-Tin (GalnSn) alloy, commonly referred to as “Galinstan,” was used as the liquid conductor,
with a composition of Ga = 65-95 wt%, In = 5-22 wt%, and Sn = 0-11 wt% (Strategic Elements). Galinstan has
a reported melting point between 11°C and —19°C. The silicone elastomer Ecoflex 00-30 (Smooth-On) was
employed as the stretchable encapsulation material. It is a soft polymer ideal for LMSE applications, with a 100%
modulus of approximately 70 kPa. The custom-designed and patented flex PCBs for reliable interconnections
were fabricated from polyamide with ENIG-plated copper pads and were ordered from PCBWay. The 100 pum
thick stainless steel SMD stencils with an aluminum frame were also sourced from PCBWay. The frame stabilizes

the stencil during the lifting process.

LMSE fabrication

Fabrication is done in a laboratory with humidity between 36 and 44%, and at constant room temperature. The
fabrication process begins with four laser-cut acrylic plates for a single-layer device: a baseplate, an injection
plate, and 1st and 2nd cutout plates. First, the flex PCB (and any rigid components) are glued onto the engraved
baseplate using a light, water-soluble glue, with the bond pads facing down. The components are then sprayed
with silicone adhesion primer (Wacker G790, toluene-free) and left to cure under ambient conditions for 1.5 h.
The two-component silicone is mixed in a 50:50 ratio using a speedmixer (Hauschild) and degassed for 20 min.
The silicone is then injected into the baseplate-1st cutout-injection plate stack and cured in a 50°C oven for 30
min. Afterward, the substrate is released, flipped, and printed with liquid metal (LM) in the ASC with the stencil,
which has a controlled thickness of 100 um, using varying spray parameters. The optimal range for reproducible
devices, as identified in this study, involves a nozzle height of 100-250 mm, a speed of 25 mm/s, a flow rate of
0.7-1.6 ml/min, and a pressure of 2-5 bar. The device is immediately sprayed with primer again, followed by 1.5
h of curing. A slightly wider 2nd cutout is then applied, and processed silicone is blade-coated across the device.

Automated spray coater

The ASC system is based on a customized Tronxy X5SA-Pro 3D printer. The converging spray nozzle was
3D-printed using an SLA printer (Prusa) and attached to the printer’s moving bar. The outlet of the nozzle
consists of two concentric holes with diameters of 0.75 mm for the LM and 3 mm for the air. The custom
motorized syringe, controlled by a stepper motor and Arduino, along with the pressure valve, is operated via the
fan control of the 3D printer. Initially, the system was tested with a commercial syringe pump, but irregular flow
was observed. The syringe pump and pressure valve are directly connected to the fan control and can be activated
using the command “M106 P1 S255”, which sets the fan speed to its maximum value and opens the valve.

Spray nozzle characterization

The spray nozzle was characterized separately from the printer, in front of a black background. A green laser in
sheet configuration was directed at an angle toward the spray. Images and videos were captured using a Canon
EOS 70D camera with an 18-135 mm lens and processed with Image] software.
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Coating properties

The bulk elemental composition of the coatings was characterized using SEM-EDX (JEOL JSM-IT300). An
accelerating voltage of 10 keV was used with a working height of 10 mm. The chemical composition was obtained
with EDX. Surface properties were analyzed using a Keyence VK-X250 laser microscope with a 20x objective.
Each 3D image was compiled from 80 individual images, with a pitch of 1 um. Surface properties were analyzed
according to ISO 25178 using Keyence analysis software.

LMSE characterization

The surface properties and dimensions of the LMSE 4-wire devices were characterized using a Keyence VHX-
5000 digital microscope, with a pitch of 8 um across the entire 20 mm length, and analyzed with Keyence software.
The bulk resistance of the devices was measured using a Keithley 2400 source meter with 4-wire measurements.
Cycle testing was performed using in-house cycle testers capable of testing four devices simultaneously. These
testers consist of stepper motors and are controlled by a Python-driven Raspberry Pi. The testers are connected
to the source meter and multiplexer, recording temperature and humidity, which are 22.2 £0.42°Cand 49.6 £ 6
%, respectively. Cycle testing was done in a different room than production, which explains the slight differences
in humidity. The large strain sensor was mechanically and electrically characterized using a dynamic mechanical
analysis (DMA, RSA-G2 TA Instruments) machine, equipped with a Keysight E4980AL LCR meter and custom
clamps. For motion sensing applications, the sensor was integrated into a bodysuit and electrically characterized
using an Arduino.
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