Mechanically robust wrinkled liquid marbles
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Abstract

Liquid marble (LM) is a droplet covered with jammed low-wettability fine particles, which exhibits
non-sticking to contacting media while keeping its fluid reconfigurability. While the LM facilitated
the handling of the droplet, LM breaks down upon squeezing, which limits the robust handling. Here,
we show that LM exhibits high compression stability when the jammed particles distort the liquid
surface to form sub- to single-micron roughness. We find that the particle layers’ distortion increases
with the evaporation of the inner liquid. Thus, we regulated the evaporation degree of the droplet by
varying the mixing ratio of the non-volatile and volatile liquids. First, we show the regulation of the
mixing ratio and its effect on the equilibrium LM static shape and particle layer structure. Then, the
effect of the LMs’ surface structure on their mechanical response is explored. When 90% of the inner
liquid is evaporated, the submicron wrinkle structure appears on the LM surface. We name the LM
with the wrinkle structure “wrinkled liquid marble (WLM).” The WLM exhibited high compression
stability and significantly higher resilience force than the droplet one. We believe this work helps the
practical use of the LMs by improving their mechanical stability. Moreover, the fundamental

understanding of the particle layer stability at the interface can be advanced.



Main

When the droplet is in contact with a low-wettable particle whose size is much smaller than the droplet,
the droplet adsorbs the particles on its surface rather than dispersing inside. The droplets covered with
the particle layer, known as liquid marbles (LMs),! roll-off/float-on the solid/liquid surfaces without
sticking. Unlike the droplet covered with continuous solid, LMs exhibit shape reconfigurability,
including split and coalescence.? Thus, LMs are an attractive carrier for delivering or releasing small
amounts of liquid substances.>* For example, the variation of the liquid substances allowed the LM to
apply for chemical reactors,>¢ detectors,’ cell culturing platforms,®~'? and healing agents.!! For these
applications, the stability of LMs*, such as mechanical durabilitu!? is essential.

Previously, the stability of the LM, the effect of the LMs parameter on their lifetime,'3"'> floating
stability,'®!7 and mechanical durability were studied.!>'® The studies focusing on mechanical
durability include the effect of the particle size,'*?° shape,?! unjamming,!! effective surface tension,?
and/or substrate wettability?> on the LM’s compression or impact stabilities. While most works
investigate the stability of the specific LMs, Liu et al.?? or Asaumi et al.!® report that the larger the
microparticles, the higher mechanical compression stability the LM exhibits. Moreover, the
micrometer-sized LMs are found to exhibit higher compression stability than the millimetric ones.®
Other strategies to improve the mechanical stability are modifying the LM’s contacting substrate?* or
introducing the viscous dissipation moiety to the particle layer.?* Despite these efforts, the LM stability
is still insufficient for robust mechanical transportation, such as picking up. Thus, the challenge is to

suggest another strategy to improve mechanical stability further in a generally applicable manner.
In this work, we show that liquid surface structure formed by jamming of the particle layer

contributes to improve the mechanical compression stability of the LM. Despite some works
observing the jamming effect of the particle layer on the liquid surface structure,>-° their effect on
the compression stability has not been clarified. Especially when the particle is highly condensed on
the liquid surface, the wrinkle structure by the jammed particle layer is observed, as shown in Fig.
1a. This wrinkled LM (WLM) does not break down even under 90% compression (Fig. 1b). We
expect the tolerance to the compressive deformation is owing to the wrinkle structure. Generally,
spherical objects increase their surface area with deformation degree. Similarly, when classical LMs
are deformed, particle density on the liquid surface decreases owing to the relative increase in the
liquid surface area.® When the particle density is low enough to penetrate the inner liquid, the liquid
penetration resisting pressure outweighs hydrostatic pressure, and LMs break down.!? Thus, the
wrinkled particle layer is expected to be tolerant to the deformation-induced decrease in particle
density. Although this is not an example of LM, the wrinkled structure is known to be durable under

deformable conditions.?!-32
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FIG. 1. (a) Illustration of a wrinkled liquid marble (WLM) exhibits the compression stability. See
Figure 3b for the wrinkle structure. (b) No breakage of the WLM under ~90% compressed condition.



Figure 2 explains the method to control the particle number density on the LM surface. We
formed LMs whose core liquid is the mixture of the non-volatile ionic liquid (IL) 1-(2-Hydroxyethyl)-
3-methylimidazolium tetrafluoroborate and volatile ultrapure water (W). This work controls the
mixture ratio IL,W-, quantified with IL fraction x. We used the HMDS (hexamethyldisilazane)-
treated hydrophobic fumed silica nanoparticles (AEROSIL® 300 (Evonik Industries, Germany)) with
a primary diameter of = 7 nm and aggregates of = 100 to 200 nm (Fig. S1). Despite the slight decrease
in the mixture surface tension with x, the contact angle on the HMDS-treated surface®® was = 80° in
constant (Fig. S2). We formed the LM by gently rolling the mixture droplet on the nanoparticle-coated
container with reference to Li’s method.?” The particles are adsorbed on the liquid surface with a
random closed packing state from LM. We define the liquid volume and particle number density
(unable to quantify because of the non-spherical fumed silica structure) just after the formation of the
LM with Vo and wo, respectively (Fig. 2a). At this initial state, the particle number density does not
depend on the mixture ratio x. However, when the LM is placed in ambient conditions (Temperature:
20 to 21°C, Humidity: 49 to 53%RH in this work), the volume of the volatile liquid is decreased or
increased via water evaporation or adsorption from the air. Whether the volume increases or decreases
depends on the x (Fig. 2b). After 24 hours, the droplet volume achieves the equilibrium, denoting the
final state. We define the liquid volume and particle number density at the final state with ¥ and v,
respectively. Assuming the droplet is ideally spherical, the surface area is proportional to 23, Since
the particle number covering the droplet is the same between the initial and final state, we obtain the
particle number density at the final state to be w = wo(V/Vo) 3. Thus, the volume ratio indirectly
controls the particle number density of the LM, which is linearly proportional to the mixture ratio x ~
VIV (Fig. 2¢). Thus, we obtain y ~ x 2. Moreover, Figure 2¢ indicates that the equilibrium liquid
mixture ratio is x = 0.9, which clarifies the boundary condition y = wo at x = 0.9. We finally obtain the
relationship y = wo(x/0.9)?3. Moreover, our focus is the mechanics of the LM with jammed particle

layer distorts the liquid surface w > wo. Thus, the mixture ratio is varied within the 0 <x < 0.9 range.
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FIG. 2. (a) Method for controlling the particle number density of LMs. The non-volatile/volatile liquid
mixture (ionic liquid IL./water Wi-,, where x is the mixture ratio) is used as core liquid (denote initial
state). Depending on the mixture ratio, the droplet volume decreases/increases from Vj to 7 (denote
final state) via water evaporation/adsorption. The droplet volume change regulates the particle number
density of the LM from y to y. (b) Water evaporation or adsorption of the core liquid for x = 0.3 or

1.0. (c) Volume change of the core liquid V/Vy as a function of x.



We obtained the LMs with the equilibrium volume of V"= 10 pL from the different mixture ratio
[NO_PRINTED FORM]liquid by adjusting the initial liquid volume Vo. Note that the particle number
density y increases with the decrease of x, and random close-packed LM (denoted as control) is the
case for x = 0.9. Figure 3a shows photo images of the equilibrium LMs. We find optical variation in
LMs with x. LM transitions from transparent to opaque in the visible range with the x decreases. Since
the equilibrium core liquid composition does not differ with x, the optical change is due to the particle
layer. Figure 3b shows their surface particle images obtained using differential interference contrast
microscopy. For x = 0.9, we hardly observe the surface structure at the submicron scale, although
concave-like domains are faintly observed. For 0.3 <x <0.7, the convex domains are observed on the
LMs, possibly because the jammed particle layer deforms the liquid surface. We find the domain width
increases from submicrometer to single micrometer with the decrease of x. This means that the
distorted area of the liquid surface increases with the degree of evaporation. For x = 0.1, drastically
different from others, the surface has high-density wrinkled patterns, and apparent light scattering by
the pattern is observed. Figure 3¢ quantifies the surface roughness scale by observing the variation of
color contrast as a function of line positions, which reveals that the wrinkle observed for x = 0.1 is
highly periodic. The fitting by trigonometric function quantified the wrinkle wavelength to be =~ 520
nm, which is comparable to the visible wavelength. Thus, the optical change in the LMs is due to the
Mie scattering of the structured particle layer.>* Here, we define the equilibrium LM for x = 0.1 with
WLM. Notably, the observed wrinkle scale and uniformity differ from those formed by the particle
thickness or liquid removing manner.?”-?%3% Generally, wrinkles are formed by buckling the thin, hard
films on the soft substrate.3® In this case, the film thickness, elasticity, and compression rate decide the
wrinkle wavelength and the amplitude.’” For WLM, the particle layer works as a solid film owing to
the interfacial jamming transition despite the discontinuity.® The liquid layer works as the soft
substrate because of its quasi-elasticity under non-sticking conditions.® The buckling force is expected
to be the capillary force that works to minimize the surface area because the particle wettability hardly
varied with the mixture ratio (Fig. S2); however, the jammed particles resist the surface minimization,
resulting in buckling. Thus, the LMs sphericity quantified with 4/d (h: LM height, d: LM width)
slightly decreased with x decreases, as shown in Fig. 3d. We further observed the surface structure
evolution by inner liquid evaporation in Fig. 3e, which also supports the water evaporation works to

increase the surface roughness gradually.
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FIG. 3. Structural analysis of the LMs. (a) Photo images and (b) surface microscopic images of final
state LMs (V= 10 pL) with different x. For x = 0.9, the droplet volume is not changed with time V/V;
= 1. Thus, we regard the LM for x = 0.9 as the control LM. The LM for x = 0.1 has a wrinkled structure
of the particle on the droplet surface, that is, WLM. The black arrow points to the convex domains on
the LM surfaces. (c) Surface roughness profile of the LM with different x. For x = 0.1, we observed
the periodic wavy structure whose wavelength is obtained by sin fitting. (d) LM sphericity quantified
with A/d (h: LM height, d: LM width) variation with x. () DIC image of the surface structure evolution
by water evaporation for x = 0.1. 0 minutes means the initial state. The observation light accelerates

the evaporation.



Finally, we studied the compression resistance of the LMs with different x (Fig. 4). In the
experimental setup, the LMs are sandwiched by two glass substrates, and the plate distance is gradually
decreased at the speed of 0.1 mm/s. In compression, the resilience force of the LMs is monitored by
microbalance. Fig. 4a shows the critical breakage height of the LMs. It is apparent that a significantly
higher compression is required to break the LMs (x = 0.1 ~ 0.7) than the control one (x = 0.9). In
particular, the WLM exhibited outstandingly high compression tolerance. Fig. 4b quantifies the
resilience force f as a function of the compression rate o = z/h (z: compression length). Due to the
control limit in particle coverage (mainly occurred by random close packing behavior of the particles
at the initial state), there is fluctuation in the force curve even for the same x. Thus, we repeated the
compression test at least 6 times, plotting all the force curves in the same graph. All the force curves
are similar in shape in that the f grows accelerated with ¢ and suddenly decreases. The sudden decrease
in the f means the breakage of the LMs. From the double-logarithmic graphs of the force curve, we
find that all LMs obey the power law /'~ ¢*2. The power law explains that the LMs can be regarded
as the elastic sphere, known as the Hertz model.*

Figure 4c plots the critical resilience force f. and compression rate o. just before the breakage. It is
clear that the critical resilience force and the critical compression rate increased in the order of the LM
for x =0.1 >>0.5> 0.3 > 0.7 = 0.9. It is apparent that the wrinkle formation effectively improves
mechanical stability. Despite the expectation that the mechanical stability increased with x decreases,
those for x = 0.3 and 0.7 are lower than expected. Let us check the roughness profile of the particle
layer again (Fig. 3b and 3c¢). We find that both LMs for x = 0.3 and 0.7 have “localized” micrometer-
scale convex undulations, which may localize the compression stress to exhibit lower mechanical
stability than expected. While this, LMs for x = 0.1 and 0.5 have uniformly distributed
wrinkles/microdomains. Thus, as long as the LM has uniform surface roughness, liquid surface
distortion by jamming of the particle layer drastically improves mechanical stability. We further
discuss the particle layer effect (Fig. 4c-4e). If the LM elasticity solely corresponds to the liquid
surface tension, we obtain the power law f; ~ 6.*?; however, we find the power law f; ~ 6c>7 from the
double-logarithmic graphs of the critical resilience force and compression rate. This means that the
particle layer effect contributes to increasing the elasticity. We expect the force chain contributing to
the elasticity to be formed at the LM surface when the jammed particle layer distorts the liquid surface
(Fig. 4d and 4e). Under compression, the force chain may be composed of the particle elasticity by
interparticle friction/pressure and liquid quasi-elasticity by localized Laplace pressure at the distorted
liquid surface (Fig. 4d). These two elastic forces are alternatively connected at the WLM surface to
form force the chain such as the series connection of the spring with different spring constant (Fig.
4e). In this model, inter-particle elasticity depends on the Young modulus of the particle and the
particle surface roughness, and the liquid quasi-elasticity depends on the liquid surface tension and

curvature of the distorted liquid surface.
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FIG. 4. (a) Side view images of the LM with different x just after the breakage by compression. (b)
Resilience force f curves of the compressing LMs, where compression rate ¢ = z/h (z: compression
length). Their resolutions are 0.01 mN for f'and 0.001 for o. Inset is their double-logarithmic graphs.
(c) The critical resilience force f; and compression rate o, just before the breakage. Inset is their double-
logarithmic graphs. (d) Illustration of the possible mechanical interactions and (e) force chain
formation at the WLM surface in compression (Light red arrow: interparticle elasticity; Light blue

arrow: Laplace pressure induced liquid quasi-elasticity).



In conclusion, we explored the effect of the jammed particle layer structure on LMs' mechanical
stability. Our findings are: (i) Jammed particle layer, formed by the fumed silica nanoparticles with a
primary diameter of =~ 7 nm and aggregates of =~ 100 to 200 nm, distorts the water surface to create the
submicrometer to single micrometer scale roughness on LMs; (ii) When 90% of the inner liquid is
evaporated, the LM with submicron wrinkle structure (WLM) is formed; (iii) Compression stability
increased with the packing density although the non-uniform undulation can localize the compression
stress; (iv) The particle roughness improve not only the critical compression rate but also the resilience
force owing to the interparticle mechanical interaction. Since wrinkle formation on the liquid surface
is a universal phenomenon to various particles used for LMs, we believe it can be the versatile strategy
to improve the LM stability for its practical use. Moreover, we expect that further regulation of the
wrinkle structure, such as wavelength and amplitude, may contribute to the flexible modulation of the

LM mechanical property.



SUPPLEMENTARY MATERIAL

See the supplementary material for the particle structure and the droplet wettability.
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