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solid substrate enhances stretchability, while the surface oxide layer of LM nanodroplets
plays a more complex role. A thin oxide layer promotes symmetric liquid bridge formation,
whereas a slight increase in thickness induces super-stretched liquid bridges. However,

» excessive oxide growth suppresses deformability by reducing LM liquidity. Accordingly, a
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strategy for controlling the deformation was developed by modulating the thickness of oxides through the regulation
of stretching duration. This study reveals the kinetics of interface-driven liquid bridge deformation, providing
fundamental insights for the precise engineering of stretchable LM-based conductors in next-generation flexible
electronics.

INTRODUCTION

Flexible electronics overcome the limitations of rigid devices by conforming to mechanical deformations
while maintaining electrical functionality, enabling applications in sensors, wearable devices, and soft
robotics'"*.. However, achieving high stretchability without compromising conductivity remains a major
challenge, primarily due to the lack of materials that combine high electrical conductivity with mechanical
flexibility*”. In contrast, liquid metal (LM)-based devices demonstrate a notable exception to Pouillet’s law,
maintaining nearly constant resistance under tensile strain due to the inherent fluidity and adaptability of
LM, This distinctive property markedly enhances their suitability for advanced stretchable electronic
applications” . Embedding LM nanodroplets within a polymer matrix has emerged as an effective strategy
for fabricating stretchable, self-healing electronic circuits'*'”. Conductive pathways within these composites
are established through sintering processes, which enable the merging or interconnection of initially isolated
LM particles. A variety of sintering techniques can be utilized to achieve this, including mechanical, thermal,
laser, sonication, electrochemical, and chemical processing methods"". For example, Lee et al. demonstrated
a hierarchical LM particle network via sonication sintering, where micrometer-sized particles (2-3 pm)
provide structural support, while nanoscale particles (~100 nm) ensure conductivity"?. This architecture
enables stress dissipation while maintaining conductivity even at a 4,000% stretching rate.

A key factor in these LM-polymer composites is the formation and evolution of LM bridges, which yields
conductivity under strain by providing continuous conductive pathways between adjacent droplets!*>*..
Their stability is governed by interfacial interactions, including solid-liquid adhesion at the substrate and
liquid-gas interactions at the droplet surface®**”. If these liquid bridges rupture during deformation, circuit
conductivity declines sharply. Thus, understanding the kinetics of liquid bridge deformation and developing
strategies to regulate their stability are crucial for advancing high-performance, stretchable electronic systems
with enhanced mechanical robustness and electrical reliability.

In this work, we studied the evolution dynamics of LM bridges formed between two LM nanodroplets
through the combination of theoretical modeling and in situ transmission electron microscopy (TEM)
characterizations. The theoretical model, incorporating both solid-liquid and liquid-gas interfacial effects,
was validated through the mechanical analysis and direct TEM observations. Furthermore, we developed a
strategy to modulate oxide thickness by controlling the stretching duration. These findings provide new
insights into interface-driven deformation of LM nanodroplets (NDs) and establish a foundation for
precisely engineered flexible electronics based on stretchable LM conductive bridges.

MATERIALS AND METHODS

Gallium nanodroplets were prepared by dispersing gallium in ethanol and subjecting the mixture to
ultrasonication at 40 kHz with a power of 240 W for a total duration of 30 min. To prevent overheating and
the potential formation of GaOOH nanorods, the ultrasonication was performed in an ice bath. Substrates
were cut from metal sheets using precision metal scissors and subsequently sanded to eliminate edge
imperfections caused by cutting, ensuring a smooth and uniform cross-section. Nanotips for indentation
experiments were prepared from copper, molybdenum, zinc, and gold wires using electrochemical etching
and focused ion beam (FIB) milling to achieve a flat tip area approximately 5 pm wide. Additionally,
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germanium nanotips were prepared by extracting a thin lamella from a germanium bulk using FIB and
attaching it to a tungsten tip to meet the requirements of indentation experiments. The formation and
evolution of the liquid bridge was employed in JEOL 200F thermal-field emission microscope equipped with
PicoFemto in situ STM-TEM electrical measurement system. The experimental conditions were consistently
maintained across all tests, with an approximate temperature of 20 °C and a pressure of approximately
1.5 x 10~ Pa. To enhance substrate wettability, oxygen plasma cleaning was performed prior to each
experiment, ensuring the removal of organic contaminants and the introduction of polar functional groups
to improve LM adhesion and bridge formation stability.

RESULTS AND DISCUSSION

Figure 1A illustrates the construction of a typical flexible conductive circuit, where LM NDs dynamically
reshape under deformation and form liquid bridges through interconnecting adjacent droplets, thereby
establishing a continuous conductive network. The fluidity of LM bridges yields good stretchability while
their rupture disrupts conductivity, making the stability of LM bridges a key factor for the performance of
flexible electronics. The shape evolution of LM ND under applied stress is demonstrated in Figure 1B,
highlighting the transition from initial droplet state to bridge formation and eventual separation during
stretching. Multiple competing forces, including Laplace pressure, external stretching forces, and interfacial
tension, govern this deformation process [Figure 1C]. Among these, solid-liquid interfacial tension and the
associated wetting behavior obviously influence the elongation of LM bridges, which critically affects the
mechanical and electrical stability. More importantly, the presence of an oxide layer at the surface
(considered as a liquid-gas interface) of LM ND introduces further complexity to the dynamic evolution of
LM bridges due to the influence of variation of surface tension and viscoelasticity. The oxide layer’s thickness
and dynamic change determine whether it enhances bridge stretchability or restricts deformation by
reducing LM’s fluidity. Therefore, key parameters including interfacial wettability, oxide layer properties,
and force balance should be considered for precise control over the LM bridge in stretchable electronics.

To clarify the influence of the liquid-solid interface on the shape evolution of LM NDs, in situ TEM
experiments were conducted by compressing and stretching LM NDs between two solid metal substrates.
This approach enabled real-time observation of the formation and morphological evolution of the LM
bridge. The LM ND is pure Gallium, which typically exhibits a core-shell structure consisting of a liquid core
enclosed by an oxide layer shell. It should be noted that an unevenly distributed surface oxide layer can lead
to the formation of irregular LM bridges. To achieve a symmetrical and well-defined LM bridge, the oxide
layer was removed by repeatedly pressing the LM ND against a clean substrate [Supplementary Figure 1].
This step ensured controlled wettability at the solid-liquid interface, facilitating an accurate investigation of
its role in bridge deformation behavior. Despite potential re-oxidation of the exposed LM surface, the
self-limiting growth of gallium oxide maintains the oxide layer at a thickness of approximately 2 nm
[Supplementary Figure 2]. As depicted in Figure 2A, two LM NDs of nearly identical size come into contact
on molybdenum (Mo) substrates, forming an LM bridge due to the deformation of the LM NDs. The bridge
then undergoes compression and lateral spreading along the substrate until reaching maximum depth.
Subsequently, upon gradual retraction of the Mo tip, the liquid bridge elongates until it reaches maximum
stretching length, eventually separating. Notably, after separation, the size of the LM NDs remains almost
unchanged, indicating minimal mass transfer during bridge rupture.

To systematically investigate the effect of wettability on the deformation dynamics of the LM bridge, we
examined bridge formation on various substrates, including copper (Cu), germanium (Ge), and zinc (Zn)
[Supplementary Figure 3]. Notably, smaller LM NDs may exhibit reduced deformability due to dominant
surface tension effects, potentially mimicking solid-like behavior and enhancing matrix stiffness when their

[28

radius is below the elastocapillary length”®”. In our study, we maintained droplet sizes within the 400-600 nm
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Configuration and mechanics of LM bridge
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Figure 1. Configuration and mechanics of the LM bridge in flexible electronics. (A) Schematic of LM NDs forming interconnected liquid
bridges under stretch to enable conductive flexible circuits. (B) Sequential illustrations of the formation and separation process of the LM
bridge. (C) Force balance diagram of the liquid bridge during stretching, highlighting the interplay of Laplace pressure, external stretching
forces, and interfacial tension.

range, where such size-dependent effects are minimal, ensuring consistent liquid bridge deformation
behavior across these substrates. However, key parameters affecting the deformation of LM bridges, such as
contact angle and maximum strain, exhibit distinct variations. Using the developed theoretical model, we
quantified the influence of wettability on bridge deformability by calculating the correlation coefficient. The
stretching of the liquid bridge is treated as a quasi-static process, in which the equilibrium wetting angle
between the liquid bridge and the substrate consistently satisfies Young’s equation:*>*"

Ysv —7VsL

coslflfp=——m ,
y (1)

where 0, is the equilibrium contact angle, and v, y,;, and y represent the solid-vapor, solid-liquid, and
liquid-vapor interfacial tensions, respectively. Additionally, we assume that the liquid bridge maintains a
parabolic shape, described by z = ax® + r [Figure 2B]. Based on these equations, we derived the evolution
curves for the radius (r) at the narrowest part of the liquid bridge and the elongation (h) under different
contact angle conditions (details can be found in the Experimental Section).
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Figure 2. Influence of solid-liquid interfacial wettability on LM bridge evolution. (A) In situ TEM images of the dynamic formation,
elongation, and breakup of an LM bridge between Mo substrates. (B) Theoretical model of the LM bridge, where the equilibrium wetting
angle 0, satisfies Young's equation and the shape follows a parabolic equation. (C) Theoretical predictions of normalized elongation h/V"3
vs. normalized radius r/V3 and maximum stretching length h_vs. wetting angle 0, for varying wettability conditions. (D) Experimental
validation on Mo, Ge, Cu, and Zn substrates, showing normalized elongation h/V"? vs. radius r/V"? and maximum stretching length (h.) vs.
equilibrium wetting angle 6..

As illustrated in Figure 2C, for a constant ratio r/V'"?, an increase in 6, results in a greater elongation h/V'"* of
the LM bridge. The corresponding plot in Figure 2C further demonstrates that the maximum stretching
length (h,) of the liquid bridge increases with increasing 6, indicating the critical role of interfacial wettability
in liquid bridge deformability. Based on this theoretical framework, we can deliver the evolution curves of
LM bridges across four different substrates. These experimental results agree well with the simulation
predictions. As shown in Figure 2D, in the curve of h/V'” vs. r/V'?, where r/V'” remains constant, the bridge
achieves its maximum elongation on the Zn substrate, followed by Cu, Ge, and Mo substrates, respectively.
Furthermore, as depicted in Figure 2D, the equilibrium wetting angle and maximum stretch length of the LM
bridge are optimized on the Zn substrate, with Cu, Ge, and Mo substrates exhibiting lower values.

The LM NDs exhibit better contact and enhanced deformability on metal substrates with higher wettability.
Improved wettability enables the LM NDs to spread more uniformly across the substrate, overcoming the
limitations imposed by high surface tension and facilitating greater elongation of the LM bridge. Under
identical conditions, the LM bridge on a highly wettable substrate experiences less resistance, enabling it to
stretch longer before rupture. Noting that, while simulations and experimental results generally align,
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Irregular liquid bridge

e|layer

Fresh Ga extrusion

Figure 3. Influence of liquid-gas interfacial surface oxide layer thickness on LM bridge evolution. (A) In situ TEM images of the combination
and separation of two LM NDs on Cu substrate with surface oxide layer. (B) In situ TEM images of nanoindentation of an LM ND on the Au
substrate illustrating irregular deformation due to a thick oxide layer. (C) In situ TEM images of the combination and separation of two LM
NDs on the Au substrate with a substantially thick oxide layer, showing constrained bridge formation.

discrepancies still arise due to the complex interplay between substrate properties and the wetting behavior
of the liquid bridge. For example, surface roughness can introduce local variations in the contact angle,
affecting bridge stability and morphology. Minor variations in substrate composition or structure can also
alter surface energy, leading to inconsistencies in contact angle measurements. In addition, the contact angle
of LM NDs on the substrate may exhibit hysteresis, which results in the differences between advancing and
receding angles. For instance, a larger advancing angle facilitates spreading during the expansion of the LM
bridge, whereas during contraction, a smaller receding angle makes retraction more difficult”'. This
asymmetry can influence the overall stability and configuration of the LM bridge, implying the importance of
precise control over interfacial properties for stretchable electronic applications.

The above discussion displays the critical effect of substrate wettability on the deformability of the LM
bridge, it is believed that the interaction between the surface oxide layer and the dynamic behavior of bridge
deformation is important as well. Figure 3 and Supplementary Figure 4 illustrate the influence of the surface
oxide layer on the deformation dynamics of the LM bridge. In the absence of a surface oxide layer, LM NDs
typically adopt a spherical shape due to the high surface tension. However, the presence of a thicker oxide
layer stabilizes the inner liquid by introducing yield stress, counteracting the cohesive forces of the LM NDs.
This stabilization, coupled with the non-uniform distribution of the oxide layer, results in irregular
morphology of NDs, with the oxide layer thickness exceeding 10 nm [Supplementary Figure 5]. Figure 3A
illustrates the initial state before droplet merging, where the LM ND on the Cu tip exhibits an irregular shape
due to an unevenly distributed surface oxide layer. Upon contact, the droplets do not merge immediately;
instead, the solid oxide layer must first be compressed and ruptured before merging occurs. Interestingly, as
shown in Figure 3A, the liquid bridge extends significantly longer than that in Supplementary Figure 2,
indicating the contribution of the oxide layer. Finally, it is observed that the surface oxide layer redistributes
after the bridge rupture and droplet separation.
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Supplementary Figure 6 presents theoretical calculations of the LM bridge deformation in the presence
(E/y = 2) and absence (E/y = 0) of surface oxide layer. The results clearly indicate that under infinite wetting
conditions, the maximum stretching length of the LM bridge is significantly enhanced in the presence of an
oxide layer. Furthermore, as depicted in the theoretical model, an increase in oxide layer thickness leads to
the formation of a super-stretched LM bridge with reduced curvature. This phenomenon arises from a
delicate balance between the surface tension of the LM ND and the viscoelasticity of the surface oxide layer.
The surface tension of the LM ND acts as a cohesive force, preserving the integrity of the liquid bridge, while
the viscoelastic properties of the oxide layer contribute to its structural stability, enabling the LM bridge with
greater elongation before rupture. Notably, the oxide layer on LM exhibits elastic behavior up to its yield
point, requiring a continuous stress to fracture and reform, which significantly enhances the stretchability of
the LM bridge™. As the oxide layer thickens, it introduces a yield stress that resists deformation and allows
the bridge to undergo more pronounced elongation before rupture. This extended elongation arises from the
interplay between surface tension, which drives the system to minimize surface area, and the viscoelastic
resistance of the oxide layer, which counteracts deformation and prolongs the stretching process.

Furthermore, Figure 3B and C comprehensively illustrate the impact of a substantial surface oxide layer on
the dynamic deformability of the LM bridge. To investigate this effect, in situ experiments were conducted
within an Au (gold) system, where an LM ND on an Au substrate was indented using an Au nanotip. The
presence of a thick oxide layer results in irregular and uneven deformation, significantly affecting the
droplet’s mechanical response. As shown in Figure 3B, fresh LM liquid would flow out with the rupture of
the surface oxide layer during indentation. Through repeated cycling of compression and retraction, the LM
ND undergoes significant morphological changes, adapting a highly irregular and non-uniform shape,
accompanied by an oxide layer thickness of approximately 40 nm [Supplementary Figure 7]. Additionally,
strong adhesion between LM ND and Au causes another LM ND to become pinned to the Au nanotip.

In Figure 3C, two LM NDs are used to establish an LM bridge within the Au system. Figure 3C captures the
moment when droplets make contact, highlighting the difficulty of indenting the surface oxide layer until it
ruptures to establish a reconnection between the LM NDs. As the bridge is stretched to its maximum length,
a partial and constrained LM bridge forms, with a persistent oxide layer enveloped, which in turn limits the
deformability of the bridge. The interaction between LM and Au in this system may involve a reaction that
potentially forms intermetallic compounds. When LM ND and Au come into close contact, the LM ND
adheres tightly and spreads across the Au surface due to the high reactivity of both materials at room
temperature®. As a result, after much of the LM liquid is expelled, the residue on the substrate primarily
consists of surface oxide layer, forming a shell-like structure. This transformation indicates a shift from a
solid-liquid state to a predominantly solid state, further complicating the deformation dynamics of the liquid
bridge. To further explore the role of chemical reactions, comparative experiments were conducted using
fresh and passivated Cu nanotips to indent LM NDs [Supplementary Figures 8 and 9]. With a fresh Cu
nanotip, extruded LM liquid adheres tightly and spreads rapidly over the tip surface
[Supplementary Figure 5], likely due to high reactivity between LM and Cu®*. After expelling most LM
liquid, a thick oxide shell remains, impeding LM bridge formation and wrinkling under compression.
Conversely, a passivated Cu nanotip prevents such adhesion and spreading [Supplementary Figure 6].
Repeated indentation removes the oxide layer, enabling the LM NDs to form a uniform liquid bridge.

The above analysis indicates that the deformability of the LM bridge is critically dependent on the oxide layer
at the interface of LM and gas. Specifically, when the oxide layer is negligible, the predominant factor
governing the evolution of the liquid bridge is the wettability between LM and substrate. With a slightly
thicker oxide layer, the viscoelasticity of the surface oxide layer would suppress the surface tension of the LM
bridge, which may lead to an overstretched state of the bridge. However, the length of the LM bridge would
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Figure 4. Regulation of LM bridge stretching via oxide layer thickness modulation. (A) In situ TEM images of the initial and final states of
the LM bridge on Zn substrate during a rapid stretch process (20 s). (B) In situ TEM images of the slow stretching process of the LM
bridge at 8 min. (C) In situ TEM images of the stretching process at 22 min. (D) Statistical plot of maximum stretching length (h_) vs.
stretching duration, illustrating the correlation with oxide layer growth rates.

be severely restricted in systems where the oxide layer is excessively thick. According to this understanding,
modulation of the oxide layer thickness can be used to strategically regulate the stretching behavior of LM
bridges. Thus, we chose Zn substrates as typical substrates to verify the proposed strategy. First, following a
well-defined LM bridge established, the bridge is initially subjected to rapid stretching for approximately 20 s
(average stretch rate: 43.9 nm/s), during which its maximum elongation is recorded, as shown in Figure 4A.
When the stretching duration is extended, the liquid bridge exhibits significantly greater elongation at
10 min with an average stretch rate of 1.58 nm/s [Figure 4B], suggesting a progressive thickening of the
oxide layer.

Further increasing the stretching duration to 22 min (average stretch rate: 0.76 nm/s) leads to an enhanced
elongation of the LM bridge with an irregular shape [Figure 4C], which could be attributed to the substantial
growth of the oxide layer. Figure 4D illustrates the correlation between the maximum stretching length of
these LM bridges and the corresponding stretching duration. For shorter stretching durations, the oxide
layer growth rate remains lower than the bridge elongation rate, preventing the formation of a continuous
oxide layer. Consequently, the oxide layer ruptures before significant thickening can occur, and the
stretching length of the LM bridge remains unchanged. As the stretching duration increases, the growth rate
of the oxide layer surpasses the stretching rate, leading to the formation of a dense oxide layer on the surface
of the liquid bridge and greater bridge elongation. It is anticipated that, owing to the self-limiting effect of the
surface oxide growth, further increasing the stretching duration is expected to cause the maximum stretching
length to plateau, as additional oxide accumulation reduces fluidity and constrains further elongation.

CONCLUSIONS

In summary, this study reveals the interdependent roles of substrate wettability and oxide layer dynamics in
governing the deformability of LM bridges. We demonstrate that substrate wettability primarily dictates
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bridge formation when the oxide layer is minimal, whereas a moderate oxide layer enhances stretchability by
introducing viscoelastic resistance. It can then delay the rupture of bridges and allow them to be
super-stretched. However, as the oxide layer thickens further, its yield stress surpasses surface tension,
restricting fluidity and ultimately inhibiting bridge formation. Furthermore, our findings show that
stretching duration directly influences oxide growth, enabling precise control over liquid bridge elongation.
The self-limiting nature of the oxide layer suggests that beyond a critical threshold, further thickening
suppresses deformability, leading to a transition from a fluid-like to a predominantly solid-like state. These
insights into liquid bridge mechanics and oxide layer modulation offer a strategic framework for optimizing
the design of stretchable LM-based conductors, paving the way for their integration into advanced
reconfigurable and deformable electronic systems. While our experiments focused on rigid substrates, the
principles of LM bridge deformation dynamics are expected to extend to stretchable substrates, such as
elastomers and hydrogels. However, conducting in-situ TEM experiments on stretchable substrates presents
challenges due to their high electron beam sensitivity, which can lead to degradation and compromise
imaging quality. Future studies could explore alternative characterization techniques or develop
beam-resistant stretchable materials to investigate LM bridge formation in these systems.
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