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Liquid metal droplets bouncing higher on
thicker water layer
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Liquid metal (LM) has gained increasing attention for a wide range of appli-
cations, such as flexible electronics, soft robots, and chip cooling devices,
owing to its low melting temperature, good flexibility, and high electrical and
thermal conductivity. In ambient conditions, LM is susceptible to the coverage
of a thin oxide layer, resulting in unwanted adhesion with underlying sub-
strates that undercuts its originally high mobility. Here, we discover an unusual
phenomenon characterized by the complete rebound of LM droplets from the
water layer with negligible adhesion. More counterintuitively, the restitution
coefficient, defined as the ratio between the droplet velocities after and before
impact, increases with water layer thickness. We reveal that the complete
rebound of LM droplets originates from the trapping of a thinly low-viscosity
water lubrication film that prevents droplet-solid contact with low viscous
dissipation, and the restitution coefficient is modulated by the negative
capillary pressure in the lubrication film as a result of the spontaneous
spreading of water on the LM droplet. Our findings advance the fundamental
understanding of complex fluids’ droplet dynamics and provide insights for
fluid control.

M Check for updates

Liquid metal (LM) has emerged as a special matter and found a wide
range of applications, including flexible electronics, soft robots, liquid
marbles, nanomedicines, etc.!”, owing to its good mobility, high
electrical conductivity. Among all liquid metals, Gallium (Ga) and Ga-
based eutectic alloys stand out as one of the best candidates for
commonly used liquid metals, mainly because of their excellent
properties like nontoxicity and ease of preparation and transport®’. In
particular, dynamic behaviors of LM, such as transport and impact, are
at the heart of practical applications. Thus, understanding and con-
trolling the interfacial and transport properties of Ga-based LMs is of
both fundamental and technical importance.

Different from conventional liquid droplets, whose mobility can
be improved by passively engineering the underlying solid surface
structures, tailoring the property of the liquid itself, or changing the
ambient environments® ™, enhancing the mobility of LM droplets is

challenging. This is because, first, in ambient environments, the sur-
faces of Ga-based LMs, which possess large surface tension™', are
vulnerable to immediate oxidation. The formed thin oxide layer,
mainly composed of Ga,05 with a thickness of only a few nanometers”,
mechanically restrains the flow within LMs'®', and also leads to a
strong adhesion of LM droplet to almost any solid surfaces***. Second,
due to the inherent high density of the LM droplet, the gravity and
inertia forces may become not negligible, which also affects the
mobility of LM droplets on solid surfaces.

In this work, we discover a counterintuitive phenomenon that LM
droplets can completely bounce off the water-covered solid surface
with negligible adhesion, which is because the thin low-viscosity water
layer acts as a lubrication layer that prevents LM droplets from con-
tacting the solid substrate. Remarkably, we find that the mobility of LM
droplets can be significantly enhanced by increasing the underlying
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water layer thickness. This is in striking contrast to conventional
observations that a highly viscous liquid layer suppresses the effective
kinetic energy transformation owing to the dramatic extra viscous
energy dissipation®. This intriguing phenomenon is not only funda-
mentally interesting, but also of great relevance in various practical
applications, such as heat dissipation, simple flexible circuit fabrica-
tion, and 3D-printed robot for enhanced jumping ability and
mobility®* .,

Results

LM droplet bouncing experiments

We start our experiment by studying the dynamic interaction of LM
droplets with a glass substrate coated with water layers of different
thicknesses h. Specifically, a LM droplet with a volume of 14 pL (radius
R=15mm) is released from a nozzle at a height A, of 40 mm, and
impinges on the substrate at a Weber number We = pmu?R/yma =10.7.
Here, u is the impact velocity, pm and ymg are the density and surface
tension of the LM, respectively (Table 1). The droplet dynamics are
recorded by a high-speed camera (Photron, FASTCAM SA4) at a frame
rate of 6000 frames per second. We focus on the LM droplet impact on
a solid surface covered by a water microlayer, thus varying the layer
thickness between 20-1000 um. Figure 1a presents selected snapshots
of a droplet impacting a bare glass substrate (i.e., h=0pm). As
expected, the LM droplet spreads to a pancake shape immediately at
~-4.2 ms after contact with the glass substrates, further retracts to a
cone shape at ~22.2 ms, and sticks to the glass surface due to a large
adhesion force between the LM oxide layer and the glass surface®
(Supplementary Movie 1).

In striking contrast, Fig. 1b shows a different scenario that the LM
droplet can completely bounce off the underlying substrate at
~22.2 ms in the presence of a water layer with 2 =89 um, and the final
bouncing height of Ar=4.6 mm (Supplementary Movie 1). More
counterintuitively, by increasing h to 298 um, the LM droplet
demonstrates even higher bouncing capability with A, = 5.1 mm, which
indicates less kinetic energy of the LM droplet is lost during impact
(Supplementary Movie 1). LM droplet bouncing is also observed at a
higher Weber number. It even happens when the water layer thickness
is increased by one order of magnitude (A =10 mm) (Supplementary
Fig. 1), indicating this phenomenon is robust in a wide range of con-
ditions. Such results are distinctive from our previous work showing
that water droplets stick to the solid substrate due to the significant
energy dissipation from the viscous liquid layer®. The unique water
layer can dramatically modify the impacting dynamics of LM droplets.

Lubrication effect of water layer

To get into more detail about the dynamic interaction between LM
droplets and the underlying substrates, we use a high-speed camera
coupled with an inverted microscope from the bottom view to visua-
lize the contact line dynamics of LM droplets during the impact pro-
cess. For a bare glass substrate without the coverage of a liquid layer
(i.e., h =0 pm), the triple-phase contact line instantly spreads in a circle
shape at ~-1.1 ms, and continues to expand without retraction afterward,
as shown in Fig. 1d (Supplementary Movie 2). On the contrary, when
impacting the glass substrate covered with water layers, the outline of
the LM droplet expands during the spreading process and recoils at the

retraction process, as shown in Fig. 1e (Supplementary Movie 2). No LM
residuals are observed on the glass slide after the rebound of the LM
droplet (Fig. le and Supplementary Fig. 2). Using reflection inter-
ference contrast microscopy (RICM) coupled with a high-speed camera
(see methods), we confirm that there exists an interference fringe
underneath the LM droplet throughout the bouncing process (Fig. 1f,
Supplementary Fig. 3 and Supplementary Movie 3), suggesting the
presence of an intact water cushion. The minimum water layer
thickness hy for LM droplet at We=10.7 is calculated to be
~5RORZ°We:'*® =037 um, where Ohg=py /(pmymwR)®” is the
Ohnesorge number that relates the viscous force to the inertial and
surface tension forces, and Weg =pmRu? /ymw is the Weber number
comparing the inertial effect and the capillary effect in the water
film"™*?°, Such a theoretical minimum water layer thickness is larger
than the critical rupture thickness of a water film (< 0.1 um)? %, Thus,
both experimental observation and theoretical analysis confirm the
preserving of a continuous water lubrication film, which prevents the
LM droplet from contacting the solid substrate during impact. Taken
together, the enhanced mobility of LM droplets endowed by the water
lubrication layer is different from the modification of liquid
metal dynamics using electrochemical means”, magnetic fields™,
environment vapor control”, surface encapsulation>?, fuel
feeding® textured structures®, and in an underwater environment®.

Restitution coefficient

The effect of the water layer on LM droplet bouncing dynamics can be
quantified by calculating the restitution coefficient e, defined as the
ratio between the droplet velocities after and before impact on the
water layer. Figure 2a presents the variation of e as a function of the
dimensionless water layer thickness H=h/R. Briefly, for a compara-
tively small water lubrication level (H<H¢), e monotonically increases
with the increase in H. As shown in Fig. 2a, the defined threshold H is
estimated to be 0.15 in our experiment. However, when H s larger than
H¢, e reaches a plateau around 0.35, independent of the water layer
thickness. Additionally, our supplementary experiments at a higher We
show the same trend of e, and e decreases with increasing We (Sup-
plementary Fig. 4). The effect of water layer can also be reflected by
measuring the contact time between LM droplets and the underlying
substrate. As shown in Fig. 2b, when gradually increasing H, the contact
time drops from 15.4 ms to 11.8 ms, corresponding to a 23% reduc-
tion (Fig. 2b).

These results allow us to hypothesize that the underlying water
film serves as a lubrication layer between the impacting LM droplet
and the solid substrate. To validate our hypothesis, we study the
dynamic interaction of core-shell droplets with the solid surface with
and without a water layer, in which the LM droplet serves as the core
and water as the shell (Fig. 2c). In this way, the LM droplet is entirely
encapsulated by the water shell without exposure to air, where the
maximum water shell thickness at the bottom of the LM droplet before
impact is measured as h,. Thus, we can obtain an effective water layer
thickness H = (h + hg)/R for the core-shell droplet impact. As shown in
Fig. 2a, the restitution coefficient of the core-shell droplet coincides
with that of the bare LM droplet, suggesting that the water shell
around the LM droplet can also serve as a lubrication layer to facilitate
the rebound of the LM droplet. For the core-shell droplet with

Table 1| Physical properties of the liquids used in the experiments

Liquids plkgm—3) u(mPa s) Yma(mMNm~") Ywa(mMNm™) Ymw(mMNm™)
Liquid metal (LM) 6250 1.99 686+3.0 N/A N/A

DI water 998 1.0 N/A 71.6+1.0 511.0+0.5

10 wt% glycerin-water solution 1021 1.3 N/A 70.1+0.5 515.7 +3.1

20 wt% glycerin-water solution 1047 1.8 N/A 68.8+0.2 534.1+6.4

40 wt% glycerin-water solution 1099 3.7 N/A 66.4+0.6 539.1+1.1
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Fig. 1| Manifestation of LM droplet bouncing off a solid substrate covered with
a water layer. Selected snapshots of high-speed camera images showing the dif-

ferent impact patterns of LM droplets impinging on the surface with h of O um (a),
89 um (b), and 298 um (c). The selected bottom view of the snapshot captured by a
high-speed camera by the inverted microscope with laser imaging system coupled
with a high-speed camera shows the impact of LM droplets on a water layer-covered

12.0 ms

-

surface with (d) #=0pum and (e) h =89 pm. The LM droplet radius R=1.5 mm.

f Interference fringe patterns imaged by the RICM confirm the existence of a
continuous thin water layer during the impact process. The enlarged blue and red
circled boxes clearly show the interference fringe patterns at the center and edge
regions beneath the impacting LM droplet. The scale bars represent 1mm.
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Fig. 2 | Characterization of droplet bouncing dynamics. a Restitution coefficient
e as a function of dimensionless water layer thickness H for a bare LM droplet
impact on a water layer-covered solid surface (H = h/R) and a water-coated LM
droplet (core-shell droplet) impact on a clean solid surface (H=(h+hg)/R). Here, h
is the water layer thickness at the glass slide, and h; is the thickness of the bottom
shell of the core-shell droplet before impact. b Contact time as a function of

dimensionless water layer thickness H for a bare LM droplet impact on a water
layer-covered solid surface. ¢ Formation of core-shell droplets with LM serving as
the core and water as the shell. The scale bar is 1 mm. The error bars for the contact
time and restitution coefficient were obtained from the standard deviation of five
replicate experiments.

hs=313 um, H>0.21> H,, indicating that the water shell layer around
the LM droplet is thick enough to make e reach the plateau region, and
thus the restitution coefficient for the core-shell droplet remains a
constant of about 0.35, consistent with that on a water layer of H>H
as shown in Fig. 2a.

Theoretical model

We now propose a theoretical model to elucidate the counterintuitive
behavior observed on the water layer. First, we consider the spreading
of water on the impacting LM droplet by calculating the spreading
coefficient of water on the LM surface, S=yma — Ymw — Ywa- Given
the condition of $>0, the water spontaneously spreads on the LM

droplet surface during impact, forming a water-coated LM surface
(Fig. 3a). The time for the water film to spread along a distance of R

(droplet radius) can be estimated as t5 ~ (UmpmR* /52)1/ . o1 ms) (um
is the LM viscosity)**~*%, which is of the same order of magnitude as the

LM drop spreading time tg ~ (o R> /yma)l/ 2 ~O(1ms). Thus, the fast
spreading of the water layer on the LM surface leads to the formation of
a water meniscus with a radius of curvature r connecting the faraway
water layer at the glass substrate to the water-coated LM droplet sur-
face, which also persists during the retraction stage as evidenced by our
experimental images (Supplementary Fig. 5). Thus, the spreading dro-
plet is subject to inertia, capillary force, and viscous force.

Nature Communications | (2023)14:3532
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Fig. 3 | Theoretical modeling of water layer-induced drop bouncing.

a Schematic drawing showing that the LM droplet falls from a height of ho above
the glass slide at the initial moment, and then deforms as a pancake shape and
suffers from a capillary suction force F. during impact, and finally jumps to a
maximum height of h,. b Theoretical calculation of restitution coefficient e as a

OF, = 1,/(p, Y, RV

function of Hwith Eq. (2), which is in good agreement with the experimental results.
¢ Theoretical predictions of e as a function of Ohf (=ptw/ (PmVmwR)®) by Eq. (3)
agrees well with the experimental results at H> 0.2. The error bars for restitution
coefficient were obtained from the standard deviation of five replicate
experiments.

In the initial moment of droplet falling, the total free energy
of the droplet is written as Epo + Eso, where Epo=mghg and Ego =
4mymaR* are the gravitational energy and surface energy at the
initial moment before falling, respectively. Upon in contact with
the water layer-covered surface, the LM droplet is subject to a
downward surface tension force Fg ~2mRyw4 at the intersection
line between the water layer surface and the LM surface. Mean-
while, a negative Laplace pressure (-ywga/r) is developed across
the water meniscus around the LM droplet (see Fig. 3a) and
accordingly produces a downward capillary force F. - TR*p\2/h, in
which we assume the radius of curvature of the meniscus r-~A.
Since h<<R for most experimental cases, Fs is negligible com-
pared to F¢. Considering that the acting distance of F scales as
R, the work done by the capillary force F. is written as
Wee = CitR?yya/h, where C is a fitting parameter that is associated
with the radius of curvature of the water meniscus and the time
variation of acting distance of F¢ during impact. Meanwhile, the
energy of the LM droplet is also dissipated by viscous effect
during impact, both within the LM droplet and the underlying
liquid layer. The viscous dissipation inside the LM droplet is cal-
culated to be Em=0.5E,, where the continuous water layer is
treated as a free-slip boundary condition®. The viscous energy
dissipation in the underlying water layer can be estimated as
Eyw = ChyR*p (u/hy)*T based on the lubrication approximation
theory®*’, where h,, - SROh{#°We;'%° is the water layer thickness
scaled using the minimum water layer thickness upon impact,
T~ (pmR’/Yma)"? is the contact time, and C, is a fitting parameter
considering the time variations of the droplet shape and the
velocity field in the liquid layer during impact. At the final
moment when the droplet bounces to the maximum height, the
free energy of the LM droplet is expressed as Ep+Es, where
Ep=mge’*h, and Eg=Eg, are the gravitational energy and surface

energy, respectively. Thus, according to the energy conservation,
we have

EpO+ESO_WFC_Eﬂm_EﬂW=Ep+ES' (1)

from which the droplet restitution coefficient e is obtained as

1 13 py, 1 3 1o (Vo) 1"
e= i_C A A I o ~W€10/90hf/ (ﬂ)

1'22We 'y, H 10 '

Figure 3b shows the variation of the restitution coefficient e pre-
dicted based on Eq. (2) as a function of H, in which C; is 0.2 and G, is
0.535. Notably, Eq. (2) quantitatively agrees with our experimental
results with the water layer. When h is comparable to R (H > 0.2), F. and
We. become negligible. As a result, the restitution coefficient becomes
independent of the water layer thickness. Furthermore, we conducted
additional experiments using a surfactant aqueous liquid layer con-
taining sodium dodecyl benzene sulfonate (Supplementary Fig. 6),
which exhibits lower interfacial tensions compared to pure water. We
found the dependence of the restitution coefficient e, on the dimen-
sionless water layer thickness H, for the surfactant case is similar to
that of the pure water layer case. Remarkably, the predictions from Eq.
(2) align well with the experimental results for both cases, further
confirming the validity of our theoretical model.

To probe the effect of the liquid layer viscosity on the restitution
coefficient of a bouncing droplet, we choose the glycerin solutions
with different viscosities but similar interfacial tensions (Table 1),
which can be achieved by tailoring the glycerin mass fraction ranging
from 10% to 40% (Supplementary Fig. 7). Note that in our experiment,
we intentionally select a large liquid layer thickness (at the plateau

@)
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region of e) to decouple its effect on e, while We is fixed at 10.7.
Because We. is negligible at a large H, Eq. (2) can be further reduced to

oo | (05-0.92011%)"°, for Oh;<0.004 3
o, for Ohs>0.004

As shown in Fig. 3¢, the data predicted based on Eq. (3) demon-
strate excellent agreement with our experimental findings, despite the
variations in the viscosity of the liquid layer. When Oh¢ > 0.004, the LM
droplet cannot bounce off due to the large viscous dissipation in the
liquid layer, yielding e = 0, which is validated by our experiments with a
highly viscous aqueous liquid layer with Oh¢=0.0043 (Supplemen-
tary Fig. 8).

Discussion

The complete bouncing of the LM droplet observed in this study dif-
fers from our previous work on water droplet impact on slippery oil-
infused surfaces®. In the previous study, a highly viscous oil layer
(viscosity > 0.15 Pa s) was deliberately chosen, resulting in Oh¢ > O (0.1).
However, in the present study, the aqueous liquid layer above the solid
surface has a lower viscosity, leading to Oh;< O (107%). Consequently,
the viscous dissipation is significantly reduced, facilitating the boun-
cing of the droplets. The counterintuitive bouncing dynamics of the
LM droplet originate from the trapping of a thin low-viscosity lubri-
cation film that prevents droplet-solid contact with minor viscous
dissipation, triggering the complete rebound of the LM droplet.
Moreover, the negative capillary pressure in the thin water lubrication
film due to the spontaneous spreading of water on the LM droplet
modulates the LM droplet’s restitution coefficient.

The intriguing phenomenon reported here has potential appli-
cations in a wide range of scenarios***. By leveraging the jumping
feature of LM droplets, we present the proof-of-concept demonstra-
tion of a water strider-like robot that integrates LM droplets on its legs
to serve as reconfigurable wheels. In our design, LM droplets with a
volume of ~14 pL are attached to the bottom of four legs of a 3D-
printed water strider robot due to the strong adhesion force generated
by liquid metal oxide (Fig. 4a). As a demonstration, the as-fabricated
water strider-inspired robot is released from a height of 40 mm. When
in contact with the water layer, the thin water lubrication layer pre-
vents direct contact between the robot wheels and the solid surface,
enabling the water strider robot to successfully jump from the sticky
water layer. Moreover, spontaneous sliding locomotion along the
surface with negligible adhesion is achieved, by placing it on a 30°
inclined substrate, as shown in Fig. 4b. Notably, the measured jumping

a C

height and sliding velocity are 2.61 mm and 0.34 mm s, which are 3.5
times and 1.5 times higher than those of counterparts without the
decoration of LM droplets, respectively (Fig. 4c). Therefore, such an
enhanced jumping and sliding capability switched by the thin water
layer adds a new dimension and flexibility for robot locomotion.

In general, we report a peculiar phenomenon that the bouncing
performance of LM droplets can be regulated by the thickness of the
underlying water layer. We highlighted that the bouncing of the LM
droplet s facilitated by the existence of the low-viscosity aqueous layer
above the glass slide that prevents the LM droplet from contacting the
solid surface with low viscous dissipation, which is strikingly different
from our previous observation that a viscous oil layer completely
inhibits the bouncing due to the significant viscous energy dissipation
in the oil layer. In particular, the restitution coefficient increases with
water layer thickness before reaching a plateau. Our theoretical ana-
lysis points out that the liquid layer thickness modulates the negative
capillary force within the aqueous liquid layer and thus changes the
restitution coefficient. The largely unexplored bouncing regime and
the mechanisms we revealed advance our fundamental understanding
and on-demand manipulation of liquid behaviors for practical
applications.

Methods

Materials

Gallium-based alloy, named eutectic gallium indium, or EGaln (75% Ga,
25% In, Sigma Aldrich), was used as the liquid metal (LM). The liquid
layer used in the experiments is deionized (DI) water, or the mixture of
glycerin (AR, 99%, Macklin) and DI water with different glycerin mass
fractions (10-40%). The surface tensions and interfacial tensions of
these liquids were measured using the pendant drop method, and the
results are listed in Table 1, along with their density p and viscosity u.

Preparation of water layer on the glass surface

The glass substrates were treated with oxygen plasma to remove
the dust and render it superhydrophilic before using for experi-
ments. The liquid layer on the glass surface was formed by
directly dripping the DI water or glycerin solution droplet to
conduct a fast spontaneous spreading, and the thickness of the
liquid layer was controlled by the total volume of water droplets
and measured using the probe method.

Water lubrication effect experiments

The LM droplets were released from a polyethylene tube with an
inner diameter of 0.38 mm connected to a 1 mL syringe. A flow

0.40

®

—= Jumping height

@ === Velocity T 4035

0ms 8.1 mg

40.25

40.20

Velocity (m s™')

0.00

Fig. 4 | Extending water layer-induced drop bouncing for robot application.
a Construction of 3D printed robot equipped with four LM droplets at its feet.

b Optical images show the jumping and rapid sliding of the robot equipped with LM
droplets. ¢ Comparison of jumping height and sliding velocity for robots decorated

Without LM With LM

with and without LM droplets. The scale bar is 10 mm. The error bars for the
jumping height and velocity were obtained from the standard deviation of five
replicate experiments.
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rate of 0.06 sccm was controlled by a syringe pump. The expo-
sure time of the LM droplet in the air before impact was about 15 s
for all the experimental cases, which ensured that the LM droplet
surface was oxidized***>*. Using such setup, LM droplet of a
radius of about 1.5 mm (the volume of 14.1 pL) was generated and
released from a pre-determined height of ho. The LM droplet
dynamics were recorded by the high-speed camera (Photron,
Fastcam Nova S) with a frame rate of 6000 fps, and the inverted
microscope (Nikon Ti-s) with a laser imaging system coupled with
a high-speed camera was used to capture the bottom view of the
droplet impact process. The experiments were conducted at
room temperature (22 +2°C) and ambient environment (1 atm).

Water layer thickness measurement

We used the probe method to measure the thickness of the water
layer. On two mobile microscope platforms (QuantaTM 450; FEG), the
superhydrophilic glass slide and the hydrophilic hanging probe were
fixed horizontally and vertically, respectively. We first recorded the
vertical position of the hanging probe, of which the tip just touched
the glass slide surface. Then, we removed the probe vertically and wet
the superhydrophilic glass slide with a water droplet to form a water
layer with the required thickness. We recorded the vertical position of
the hanging probe again after the hanging probe slowly moved down
until its tip touched the water layer surface, forming a meniscus on the
tip***%. We could get the exact water layer thickness by such two
position records. The measurement error is 1 pm.

Surface tension measurement

Surface tensions of the LM (yma) and liquid layers (ywa), and the
interfacial tension (ymy) of LM droplets exposed to the water or gly-
cerin solution (used as the liquid layer) were measured by the pendant
drop method with a Contact Angle Meter (TBU 100,
Dataphysics)™""**°. LM or aqueous liquid droplets at room tem-
perature were generated at a volume rate of 6 pL/min on the pinpoint
to form a pendant drop. The profile of the pendant droplet at the
equilibrium state was captured by the contact angle meter. Our mea-
surements give a LM surface tension of yma~686mNm~., and a LM-
water interfacial tension of yyw=511mNm™~., which are consistent with
the previous reports™>>%,

Water layer visualization using the interference fringe

The interference images were captured using RICM combined with a
high-speed camera (Photron, Fastcam Nova S), at a frame rate of
8000 fps and a shutter speed of 1/100,000. A high-pressure mercury
lamp with a main wavelength range of 405-546 nm is used as the light
source.

Data availability

The experimental raw data supporting the findings of this study are
available from the corresponding author upon request. The processed
data are available within the manuscript and its Supplementary Infor-
mation Files. Source data are provided with this paper.

References

1. Dickey, M. D. Stretchable and soft electronics using liquid metals.
Adv. Mater. 29, 1606425 (2017).

2. Chen, R. et al. Magnetically controllable liquid metal marbles. Adv.
Mater. Interfaces 6, 1901057 (2019).

3. Siegel, A. C. et al. Foldable printed circuit boards on paper sub-
strates. Adv. Funct. Mater. 20, 28-35 (2010).

4. Ladd, C., So, J.-H., Muth, J. & Dickey, M. D. 3D printing of free
standing liquid metal microstructures. Adv. Mater. 25, 5081-5085
(2013).

5. Zheng., He Z., Gao Y., Liu J. Direct desktop printed-circuits-on-
paper flexible electronics. Sci. Rep. 3, 1786 (2013).

10.

.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

283.

24.

25.

26.

27.

28.

29.

30.

Chen, S., Wang, H.-Z., Zhao, R.-Q., Rao, W. & Liu, J. Liquid metal
composites. Matter 2, 1446-1480 (2020).

Chen, S. & Liu, J. Liquid metal enabled unconventional heat and
flow transfer. ES Energy Environ. 5, 8-21 (2019).

Hao, C. et al. Superhydrophobic-like tunable droplet bouncing on
slippery liguid interfaces. Nat. Commun. 6, 7986 (2015).

Richard, D., Clanet, C. & Quéré, D. Contact time of a bouncing drop.
Nature 417, 811-811 (2002).

Moevius, L., Liu, Y., Wang, Z. & Yeomans, J. M. Pancake bouncing:
simulations and theory and experimental verification. Langmuir 30,
13021-13032 (2014).

De Ruiter, J., Lagraauw, R., Van Den Ende, D. & Mugele, F.
Wettability-independent bouncing on flat surfaces mediated by
thin air films. Nat. Phys. 11, 48-53 (2015).

Schutzius, T. M. et al. Spontaneous droplet trampolining on rigid
superhydrophobic surfaces. Nature 527, 82-85 (2015).

Habenicht, A., Olapinski, M., Burmeister, F., Leiderer, P. & Boneberg,
J. Jumping nanodroplets. Science 309, 2043-2045 (2005).
Afkhami, S. & Kondic, L. Numerical simulation of ejected molten
metal nanoparticles liquified by laser irradiation: interplay of geo-
metry and dewetting. Phys. Rev. Lett. 111, 034501 (2013).
Handschuh-Wang, S., Gan, T., Wang, T., Stadler, F. J. & Zhou, X.
Surface tension of the oxide skin of gallium-based liquid metals.
Langmuir 37, 9017-9025 (2021).

Zhang, C., Li, L., Li, Z., Chang, H. & Liu, J. Investigation on the
spreading and solidification of supercooled gallium droplets during
impact. Int. J. Heat. Mass Transf. 183, 122142 (2022).

Dickey, M. D. et al. Eutectic gallium-indium (EGaln): a liquid metal
alloy for the formation of stable structures in microchannels at
room temperature. Adv. Funct. Mater. 18, 1097-1104 (2008).
Scharmann, F. et al. Viscosity effect on GalnSn studied by XPS. Surf.
Interface Anal. 36, 981-985 (2004).

Chiechi, R. C., Weiss, E. A., Dickey, M. D. & Whitesides, G. M. Eutectic
gallium-indium (EGaln): a moldable liquid metal for electrical
characterization of self-assembled monolayers. Angew. Chem., Int.
Ed. 47, 142-144 (2008).

Doudrick, K. et al. Different shades of oxide: from nanoscale wetting
mechanisms to contact printing of gallium-based liquid metals.
Langmuir 30, 6867-6877 (2014).

Khan, M. R., Eaker, C. B., Bowden, E. F. & Dickey, M. D. Giant and
switchable surface activity of liquid metal via surface oxidation.
Proc. Natl Acad. Sci. U.S.A. 111, 14047-14051 (2014).

Yang X-H, Liu J. Advances in liquid metal science and technology in
chip cooling and thermal management. Adv. Heat Transf. 50,
187-300 (2018).

Jeong, S. H. et al. Liquid alloy printing of microfluidic stretchable
electronics. Lab Chip 12, 4657-4664 (2012).

Wang, H., Chen, S., Yuan, B., Liu, J. & Sun, X. Liquid metal trans-
formable machines. Acc. Mater. Res. 2, 1227-1238 (2021).

Mani, M., Mandre, S. & Brenner, M. P. Events before droplet
splashing on a solid surface. J. Fluid Mech. 647, 163-185 (2010).
Blanken, N., Saleem, M. S., Antonini, C. & Thoraval, M.-J. Rebound
of self-lubricating compound drops. Sci. Adv. 6, eaay3499
(2020).

Angarska, J. K. et al. Detection of the hydrophobic surface force in
foam films by measurements of the critical thickness of the film
rupture. Langmuir 20, 1799-1806 (2004).

Yoon, R.-H. & Yordan, J. The critical rupture thickness of thin water
films on hydrophobic surfaces. J. Colloid Interface Sci. 146,
565-572 (1991).

Mahnke, J., Schulze, H., Stockelhuber, K. & Radoev, B. Rupture of
thin wetting films on hydrophobic surfaces: Part |: methylated glass
surfaces. Colloids Surf. A 157, 1-9 (1999).

Guo, R., Sun, X., Yuan, B., Wang, H. & Liu, J. Magnetic liquid metal
(Fe-EGaln) based multifunctional electronics for remote self-

Nature Communications | (2023)14:3532



Article

https://doi.org/10.1038/s41467-023-39348-x

healing materials, degradable electronics, and thermal transfer
printing. Adv. Sci. 6, 1901478 (2019).

31. Liu, T., Sen, P. & Kim, C.-J. Characterization of nontoxic liquid-metal
alloy galinstan for applications in microdevices. J. Microelec-
tromech. Syst. 21, 443-450 (2012).

32. Ding, Y. & Liu, J. Water film coated composite liquid metal marble
and its fluidic impact dynamics phenomenon. Front. Energy 10,
29-36 (2016).

33. Zhang, J., Yao, Y., Sheng, L. & Liu, J. Self-fueled biomimetic liquid
metal mollusk. Adv. Mater. 27, 2648-2655 (2015).

34. Kramer, R. K., Boley, J. W., Stone, H. A., Weaver, J. C. & Wood, R. J.
Effect of microtextured surface topography on the wetting
behavior of eutectic gallium-indium alloys. Langmuir 30,
533-539 (2014).

35. Khan, M.R., Trlica, C., So, J.-H., Valeri, M. & Dickey, M. D. Influence of
water on the interfacial behavior of gallium liquid metal alloys. ACS
Appl. Mater. Interfaces 6, 22467-22473 (2014).

36. Ji,B., Yang, Z. & Feng, J. Compound jetting from bubble bursting at
an air-oil-water interface. Nat. Commun. 12, 6305 (2021).

37. Dussaud, A. D. & Troian, S. M. Dynamics of spontaneous spreading
with evaporation on a deep fluid layer. Phys. Fluids 10, 23-38
(1998).

38. Fay, J. A. The Spread of Oil Slicks on a Calm Sea. 53-63
(Springer, 1969).

39. Wildeman, S., Visser, C. W., Sun, C. & Lohse, D. On the spreading of
impacting drops. J. Fluid Mech. 805, 636-655 (2016).

40. Hawkes, E. W. et al. Engineered jumpers overcome biological limits
via work multiplication. Nature 604, 657-661 (2022).

41. Liu, T.-Y. et al. An integrated soft jumping robotic module based on
liquid metals. Adv. Eng. Mater. 23, 2100515 (2021).

42. Zavabeti, A. et al. A liquid metal reaction environment for the room-
temperature synthesis of atomically thin metal oxides. Science 358,
332-335 (2017).

43. Creighton, M. A. et al. Oxidation of gallium-based liquid metal alloys
by water. Langmuir 36, 12933-12941 (2020).

44, Yum, K. & Yu, M.-F. Measurement of wetting properties of individual
boron nitride nanotubes with the Wilhelmy method using a
nanotube-based force sensor. Nano Lett. 6, 329-333 (2006).

45. Wang, X. et al. Influence of head resistance force and viscous fric-
tion on dynamic contact angle measurement in Wilhelmy plate
method. Colloids Surf., A 527, 115-122 (2017).

46. Xu, Q., Oudalov, N., Guo, Q., Jaeger, H. M. & Brown, E. Effect of
oxidation on the mechanical properties of liquid gallium and
eutectic gallium-indium. Phys. Fluids 24, 063101 (2012).

47. Yunusa, M., Amador, G. J., Drotlef, D.-M. & Sitti, M. Wrinkling
instability and adhesion of a highly bendable gallium oxide nano-
film encapsulating a liquid-gallium droplet. Nano Lett. 18,
2498-2504 (2018).

48. Bormashenko, E. et al. Shape, vibrations, and effective surface
tension of water marbles. Langmuir 25, 1893-1896 (2009).

49. McHale, G., Elliott, S., Newton, M., Herbertson, D. & Esmer, K.
Levitation-free vibrated droplets: resonant oscillations of liquid
marbles. Langmuir 25, 529-533 (2009).

Acknowledgements

We acknowledge support from the Research Grants Council of Hong
Kong (no. 1-BDCN, no. C1006-20WF and no. B-QCOR), the Tencent
Foundation through the XPLORER PRIZE, the Innovation and Technology
Council (no. 9440248), the National Natural Science Foundation of
China (grant nos. 51975502, 21621001, 12071367, 52005128, and
91852205), and Program of Shenzhen Peacock Innovation Team (no.
KQTD20210811090146075).

Author contributions

Z.W. conceived the research. S.W., C.H., and Z.W. supervised the
research. Y.D. and M.L. carried out the experiment. Y.D., B.J., X.W., and
S.Y. collected data and analyzed the experimental results. B.J. and P.Y.
conducted the theoretical modeling. M.L., Y.D., and S.Y. prepared the
experimental apparatus. All authors contributed to the interpretation
and drafting of the paper.

Competing interests
The authors declare no competing financial or non-financial interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-39348-x.

Correspondence and requests for materials should be addressed to
Steven Wang, Chonglei Hao or Zuankai Wang.

Peer review information Nature Communications thanks Douglas Kelley
and the other anonymous reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Nature Communications | (2023)14:3532


https://doi.org/10.1038/s41467-023-39348-x
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Liquid metal droplets bouncing higher on thicker water layer
	Results
	LM droplet bouncing experiments
	Lubrication effect of water layer
	Restitution coefficient
	Theoretical model

	Discussion
	Methods
	Materials
	Preparation of water layer on the glass surface
	Water lubrication effect experiments
	Water layer thickness measurement
	Surface tension measurement
	Water layer visualization using the interference fringe

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




