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Millimetric liquid droplets coated with particles, known as “liquidmarbles”, exhibit some curious physical prop-
erties such as extended lifetime with regards to evaporation, low-friction when in contact with other surfaces
and non-coalescence with other liquids. The formation dynamics have been well-characterized as well as ther-
mal properties, however, their mechanical properties have not. Here, we investigate the response of liquid mar-
bles to compressive deformation between two plates. Above a compressive strain of approximately 40–50%,
cracks appear in the particle coating and the liquid can wet the surface of the plates, i.e. the marble ruptures.
However,more strikingly,we find that even for relatively small compressive strain (without rupturing), themar-
bles often undergo an irreversible deformation - that is they do not regain their original shape. We quantify this
shape ‘hysteresis’ across a range of particle sizes and liquids, showing that it correlates primarily with compres-
sive strain, but also particle type and underlying fluid. Furthermore, we analyse the compressed marble shapes
upon approach to rupture in the context of previous analytical approximations, showing that the recent theory
of Whyman & Bormashenko (2015) provides a good description of crushed marble shapes.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Liquid marbles are millimetric droplets coated with particles [1–6].
In order to form a liquidmarble, the particlesmust remain at the surface
andmost studies therefore use hydrophobic particles, although it is pos-
sible to use hydrophilic particles [7]. This shell of particles inhibits the
liquid inside from making physical contact with surfaces outside, be
they solid or liquid. As such, a liquidmarble placed on a solid surface ex-
hibits a non-wetting state, shown in Fig. 1. Only a slight deformation is
observed at the base due to gravity [2, 3] since themarble diameter,D, is
comparable to the capillary length lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ=ðρgÞp

, where σ is the liquid
surface tension, ρ is the liquid density, and g is the acceleration due to
gravity.

The formation of liquid marbles is an interesting phenomenon
which has been studied extensively (e.g. [8–14]), eluding to some criti-
cal conditions in terms of liquid properties, and droplet to particle diam-
eter ratio, D/dp.

Some of the proposed applications of liquidmarbles such as sensors,
micro-reactors, transporters etc. [15–22], rely on the mobility of the
marble, which in turn appears to depend on the packing structure of
particles at the surface. If the surface coverage is too low, then wetting
may occur and destroy the integrity of the marble. However, when the
packing becomes too dense and all the liquid free-surface disappears,
it was shown ([12–14, 23–25]) that liquidmarbles undergo an irrevers-
ible deformation to a jammed interface, where non-spherical marbles
).
form. This is clearly an undesirable state in the context of mobility.
Therefore, understanding their robustness and elasticity is paramount,
yet to date, only a few studies have elucidated tomechanical properties.
In particular, we note theworks of [26–28] where the response to grad-
ual compression was measured, resulting in both forces and surface
areas as functions of compression ratio (versus original shape). They
found that themarbles could withstand a compression of up to approx-
imately 30%. However, in each of these studies only a single combina-
tion (liquid-particle) was studied. Bormashenko and coworkers (e.g.
[29–31]) have also perfomed studies on the elasticity of liquid marbles,
where in particular, a simplemodel for the shape deformation could ac-
count for the observations of elasticity in [27, 28].

Here, we report on experiments of compressive deformation of liq-
uid marbles, similar to [27, 28], but for a wide range of liquids and par-
ticle sizes. We not only measure the critical compression ratio at which
marbles rupture, but we also perform compress-release experiments
and observe that even a modest compression can result in irreversible
deformation. Furthermore, the simplemodel of [30] for the shape defor-
mation is quantitatively tested. Whilst the rupture appears to be inde-
pendent of particle characteristics and liquid, the hysteresis is found to
depend on the compressive strain, particle size and underlying liquid.

2. Materials and methods

Liquid marbles are prepared by allowing a droplet of water to gently
contact a bed of hydrophobic glass beads. The droplet is then manually
rolled across the surface until a complete coating is achieved and subse-
quently placed on a horizontal microscope slide. A top plate is placed

http://crossmark.crossref.org/dialog/?doi=10.1016/j.powtec.2018.05.058&domain=pdf
https://doi.org/10.1016/j.powtec.2018.05.058
jeremy.marston@ttu.edu
https://doi.org/10.1016/j.powtec.2018.05.058
http://www.sciencedirect.com/science/journal/00325910
www.elsevier.com/locate/powtec


Fig. 1. A liquidmarble at rest on a microscope slide. Themarble is approximately 3 mm in
diameter and the particles have a mean diameter of 178 μm. The scale bar is 2 mm long.
Red food dye has been added for visualization purposes.

Table 1
Volume-based particle size characteristics. All values stated are in μm. GB = glass beads.
PTFE = Polytetrafluoroethylene powder.

Particulate label d10 d50 d90

GB: b53 μm 20.4 33.9 48.9
GB: 100 μm 89.2 126 169.9
GB: 100–300 μm 169 227 309
PTFE: 1 μm 0.77 1.03 1.62
PTFE: 35 μm 12.88 22.4 33.9
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above the marble and then gradually lowered using a motorized
translation stage (MTS50-Z8, Thorlabs Inc.) at a maximum speed
dz/dt = 1 mm/s. The compression ratio, or vertical strain, is defined
as ϵz = Δz/z0, whilst the elongation ratio, or horizontal strain, is de-
fined as ϵx = (D − D0)/D0, shown graphically in Fig. 2.

As depicted in Fig. 2, we performed two types of experiments: In the
first experiment, the compression continues until the marble ruptures
and the liquid wets one of the plates (Fig. 2(a)). In the second experi-
ment, the compression was halted before rupture in order to assess
the ability of the marble to regain its initial shape (Fig. 2(b)). In these
compress-release cases, we characterized the deformation by compar-
ing the initial and final shapes, i.e. zf − z0 and Df − D0. The process
was captured by either high-speed video (PhantomMiro 310, Vision Re-
search Inc.) or regular video (Nikon D90) with high-magnification to
render effective pixel sizes of approximately 4.2 μm/px. The marble
shapes are digitally extracted using a similar MatLab routine to that of
[12], giving dimensions accurate to within ±4 px (2 px at each edge).

The particles comprised a range of glass beads and PTFE powders.
The PTFE powder is naturally hydrophobic, whilst the glass beads
were hydrophobized using the technique outlined in previous publica-
tions [12, 14, 23, 33]. The particle size distributions were characterized
Fig. 2. Graphical definition of the measurements pertaining to the compression experimen
characterized by D and Δz and (b) compress-release experiment where the hysteresis is chara
by the cumulative volume-based fractions (d10, d50, d90), measured
using an API Aerosizer (TSI Inc.), given in Table 1 and Fig. 3. In addi-
tion, microscope images revealed that the glass beads were circular,
with C = 4πA/P2 ≥ 0.9, whilst the PTFE powders were coarse.

Awater droplet placed on a layer of these powders typically exhibits
an apparent contact angle between 145° and 155°, whilst images of iso-
lated particles at the drop interface exhibit contact angles of approxi-
mate 120o (e.g. [32, 33]). NaCl and glycerin droplets exhibited slightly
higher contact angles of approximately 160o and 155o respectively,
however the SDS solution exhibited contact angles of approximately
87-95o for glass beads, but 120-140o for PTFE.

In order to study the possible influence of fluid properties, we used
pure water, glycerin, surfactant and salt solutions, as detailed in
Table 2. redBased upon these physical properties and radii of R0 ≈
1–1.6 mm, we estimate the following dimensionless number ranges:

Ca ¼ μdz=dt
σ

¼ 1:4� 10−5−1:2� 10−4; Bo ¼ ρgR2
0

σ
¼ 0:13−0:81

Oh ¼ μffiffiffiffiffiffiffiffiffiffiffiffi
ρσR0

p ¼ 0:0037−0:0023

which confirm that this process is not expected to be dominated by vis-
cosity, but capillary forces.

In some cases, red food dye was added to the water for visualization
purposes, but did not result in any measurable change in physical
properties. We also note that the experiment was conducted within
the timespan of one minute, redat a constant abmient temperature of
22 °C so that we do not expect appreciable effects of evaporation.
ts. (a) Rupture experiment where the compressed shape upon approach to rupture is
cterized by (z0 − zf)/z0 vs. Δz.



Fig. 3. Results from particle size analysis in the form of cumulative volume fraction versus
particle diameter.

Table 2
Physical properties of the test liquids. Approximate concentrations are stated in %w/w.

Liquid Density Viscosity Surface tension Capillary length

ρ (kg/m3) μ (mPa.s) σ (mN/m)
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ=ðρgÞp

(mm)

Water 1000 1 72 2.7
50% Glycerin 1130 8 67 2.5
0.5% SDS ∼ 1000 1 31 1.75
29% NaCl 1187 1.4 80 2.6
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3. Results

3.1. Qualitative overview

A typical sequence of events for a rupture experiment (Fig. 2(a))
is shown in Fig. 4. The marble sits on a glass plate and, due to the par-
ticulate shell separating the liquid from the plate, exhibits a non-
wetting configuration. The top plate is gradually lowered and
again, the particle shell on the upper portion of the marble prevents
wetting. As the top plate is lowered further, the marble compresses
in the vertical direction (z b z0) and elongates in the horizontal direc-
tion (D ND0) until cracks begin to appear in the surface (image 7, ϵz=
Fig. 4. Image sequence showing the step-wise compression of a water marble (D0 ≈ 3.3 mm, d
0.389, 0.464, whilst the elongation ratios are ϵx=0, 0.002, 0.067, 0.101, 0.21, 0.23 and 0.29. The
surface, indicated by the arrow in the final image.
0.46). Further compression from this point leads to rupture, whereby
the liquid wets the top plate, destroying the integrity of the marble.
The compression ratio at this point is ϵz∗ =0.49, i.e. rupture in this re-
alization occurred when the marble was compressed to about half of
the original height.

In Fig. 5(a), the liquid marble is compressed to ϵz = 0.33 b ϵz∗ but
then released so that rupture does not occur. When the top plate is
lifted high enough so that it no longer contacts the liquid marble,
we digitally extract and overlay the initial and final shapes, shown by
the blue and red outlines in Fig. 5(b).Weobserve that themarble hasflat-
tened - i.e. a decrease in height (ϵz, final =0.09) and increase in diameter
(ϵx, final = 0.05). In other words, the result of the compress-and-release
procedure is an irreversible deformation of about 10% of the original
height.

This observation is rather unexpected since the maximum com-
pression in this case was ϵz = 0.33 and previous reports [26, 27, 28]
indicate that compression of a liquid marble with ϵz ∼ 0.3 should be
reversible. To explore this observation further, we conducted a se-
ries of compress-and-release tests where the compression ratio
was systematically increased from ϵz = 1 down to ϵz = ϵz∗ ≈ 0.5.
We also varied both the liquid and particle size to determine if
the hysteresis was a generic feature of liquid marbles. We begin
our quantitative analysis by seeking to describe the shape of com-
pressed marbles, from which we can also calculate changes in sur-
face area.

3.2. Description of deformed shape from volume conservation

With regards to the shape of the compressed marble, we note from
Figs. 3 and 4 flat poles (top and bottom) and splayed edges, which we
seek to quantitatively describe, The two analytical approximations in
the literature for the deformed shapes of compressed liquid marbles
can be found in Aussillous & Quere (2006) andWhyman & Bormashenko
(2015). In the former, it is assumed that the marble with initial radius R0
takes on an elliptical shape which, subject to compression ΔZ, has radius
in the major axis, R and minor axis R0− Δz

2 . Volume conservation then
yields

R ≈

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R3
0

R0−
Δz
2

vuuut ð1Þ

In contrast, Whyman & Bormashenko (2015) consider two cases to
derive the shape of compressed marbles. The first is for small
p = 178 μm). The compression ratios in frames 1–7 are ϵz = 0, 0.076, 0.186, 0.261, 0.341,
critical compression ratio ϵz∗ =0.494, whereupon themarble ruptures andwets the upper



Fig. 5. (a) Image sequence showing the step-wise compression of a water marble (D≈ 3.3 mm, dp =178 μm). The marble is compressed to ϵz =0.33, then released (the arrows indicate
the direction of motion of the top plate). The initial and final shapes are compared in (b), indicating a hysteresis of 9%.

Fig. 6. Graphical definitions of parameters in the shape deformation models of [30] pertaining to Eqs. (2) and (3). The values of R, R0, Δz, a, and b are stated in millimeters.
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deformations, where the north and south poles of the marble become
slightly flattened (see Fig. 6(b)), in which case the radius is

R ≈ R0 þ Δzð Þ2
2R0

−
Δzð Þ3
6R2

0

þ O Δz5
� � ð2Þ

The second case is for highly compressedmarbles, where themarble
assumes a ‘pancake’ shape (see Fig. 5(c)). Flattened areas at the poles,
given by the radius a, are now significant and the outer curved part
has a much reduced radius of curvature, b. In this case, the expressions
for these two radii are given in [30] as

a ≈ R0 a1ϵz þ a2ϵ2z þ a3ϵ3z þ a4ϵ4z
� �

; b ¼ R0−Δz ð3Þ

where the coefficients are a1 = 4/π, a2 ¼ 4
π ð1− 8

π2Þ, a3 ≈ 0.2746, a4 ≈
0.2168. The total deformed radius for the pancake model is then R=
a + b. Using the functional forms of the total radius given by
Eqs. (1)–(3), the ‘predicted’ horizontal strain, ϵx = [R − R0]/R0, can
then be computed as a function of the horizontal strain, ϵz = Δz/z0,
and the normalized functional form we seek is ϵx = ϵx(ϵz).
Fig. 7.Normalized shapes of liquidmarbles for (a) Water, (b) 50% glycerin, (c) 29% NaCl, and (d
legend), whilst the dashed and solid lines represent the theoretical approximations from Eqs. (
Taking these three approximations and plotting against our experi-
mental data, we find that Eq. (1) fails to quantitatively describe our
data, as shown in Fig. 7. However, the approximations from Eqs. (2)
and (3) provide a reasonable description across the range of compres-
sions we consider. We note that the comparison is very good at lower
strains, ϵz ≲ 25 %, but that [2] slightly overestimates the elongation for
higher strains, whilst [3] underestimates.

In particular, we find the crossover point for the two expressions in
Eqs. (2) and (3) is ϵz ≈ 0.19. After the crossover point, the ‘pancake’
model of Eq. (3) predicts a lower elongation than that in Eq. (2).
Given that the two approximations are for small and large deformations
respectively, we could interpret this crossover point to represent the
upper limit of applicability of Eq. (2) and the lower limit of Eq. (3), how-
ever, our data supports the use of Eq. (2). One should keep in mind that
the mean diameters in most cases are slightly larger than the capillary
lengths lc ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ=ðρgÞp

, which means that the marbles deform slightly
under gravity before compression, which the two approximations do
not account for. In fact, the pancake model is preferential for diameters
greater than the capillary length. Therefore, the true marble shapes are
likely to be confined between these two limiting cases, which is indeed
the case.
) 0.5% SDS. The data points are the experimental data encompassing all particle sizes (see
1), (2), and (3).



Fig. 8. (a): Top and side view images showing cracks just prior to rupture (top image: GB 100 μm, bottom image: PTFE 1 μ). (b): Rupture sequence showing the liquid wetting the upper
plate. The time interval between frames is 2 ms. (c) and (d): Critical compressive and elongation strains, Δz⁎ and ΔD⁎, versus particle diameter.
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Wenote that the derivations for shapes of compressedmarbles, unlike
those for force, are independent of the effective surface tension and
therefore one would expect the data from different liquids and different
particles to collapse. This again is the case as our experimental data in
Figs. 7(a)-(d) does not distinguish between the different combinations
tested.
Fig. 9. Critical compressive strain at rupture, ϵz∗ = Δz∗/z0, versus the Bond number, Bo =
ρgR0

2/σ. The data indicates that rupture does not depend on initial radius or liquid
surface tension.
3.3. Rupture

The rupture ofmarbleswasfirst experimentally studiedby [3], in terms
of themaximal diameter prior to rupture and thenby [26] in termsofmax-
imal force. Here, we seek to characterize both the shape (dimensions) and
increase in surface area immediately prior to rupture. Fig. 8(a) shows im-
ages of marbles at this stage. What we notice is that the marbles have de-
veloped significant cracks in the particulate shell. It is this expsoure of free
surface which allows liquid to contact the compression plates. The actual
rupture process, when the liquid inside the marble finally wets one of
the plates, can be quite violent (see Fig. 8(b)) when compared to a spher-
ical droplet placed gently on a glass substrate (e.g. [34]) because the com-
pressed shape is under higher Laplace pressure (ΔP � 2σ

Z0−ΔZ) [26] than an

underformed droplet of the same volume (ΔP � 2σ
R0
).



Fig. 10.Normalized surface area, S/S0, calculated fromEq. (4) versus compressive strain, ϵz.
The red portion of the curve indicates where ruptures were observed in this study.
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Notice that the cracks are typically 1 mm long and hundreds of mi-
crometers wide. In other words, they are always large compared to
the particles used in this study. Again, this would imply that the rupture
Fig. 11.Hysteresis versus compressive strain for watermarbles with (a) glass beads and (b) PTF
whilst filled sybols correspond toD0=2.1mm. Particle sizes are given in the legends. Represent
PTFE 35 μm. The scale bar in (c) is 200 μm and applies to both images.
should be independent of the particle size. Indeed, Figs. 8(c) and (d)
indicate this is case, i.e. robustness does not depend on particle size.
The mean compressive strain at rupture is ϵz∗ ≈ 0.49 whilst the mean
elongation strain is ϵx∗ ≈ 0.46, meaning that on average a marble can
be crushed down to half of its original height before losing integrity.
However, the total range of compressive strain values is from 0.3 up
to 0.61 with no quantifiable trend between the data sets. Further-
more, the rupture is also independent of the droplet size and surface
tension, best characterized by the Bond number, Bo = ρgR02/σ, as in-
dicated by Fig. 9.

The fact that rupture appears to be independent of the liquid proper-
ties and powder characteristics thus suggests that the only factor that
can determine rupture is the increase in surface area and corresponding
decrease in surface coverage. We denote the change in surface area as
ΔS= S⁎− S0, where S0 ≈ 4πR02 is the initial surface area for an approx-
imately spherical marble and S⁎ is the surface area of the compressed
shape just before rupture, which we can take from the pancake model
[30] to be

S� ≈ 4πb2 þ 2π2abþ 2πa2 ð4Þ

where a and b can be found fromEq. (3). Performing this calculation and
normalizing with respect to S0, we can plot the solution against the
compressive strain, as shown in Fig. 10.

From this, we see that compressive strains of 30–60% lead to an in-
crease of surface area of about 3–21%. As such, since all the marbles ini-
tially appear to be fully coated with particles, if we assume an initial
E powder. Open symbols correspond tomarbles withmean initial diametersD0= 3.2mm,
ativemicroscope images of the two particulates are given in (c) for GB b 53 μm, and (d) for
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coverage Γ0 ≳ 0.9 (see refs [23, 35]), and the corresponding particle cov-
erage at rupture, Γ⁎ is given by:

Γ� ¼ Γ0
S0
S�

ð5Þ

then a conservative estimate for the corresponding particle coverage at
rupture, is Γ∗ ≲ 0.87− 0.74. Again the values of Γ⁎ do not appear to cor-
relate with particle size or fluid properties.

For large particles, the shell appears to be a monolayer, but there is
still someheterogeneity in the packing. For the smaller particles, the ini-
tial packing on the surface is very difficult to control due to inter-particle
cohesive forces (see for example Fig. 7(a)). Even for nano-particles, the
results of [26] indicate that for millimetric marbles, the force at rupture
could vary by at least half an order of magnitude between trials. The
rupture therefore exhibits an inherent variation which is due to a con-
fluence of heterogenity in the initial packing and distribution of parti-
cles sizes, both of which are not easily eliminated.

One final note on the rupture is that the ellipsoid approximation,
first introduced by [3], was assumed by [28] but does not accurately
describe the shape. It is therefore likely that the surface areas at rup-
ture stated by [28] are overestimates, and by implication the values
Fig. 12.Hysteresis for different liquids: (a) 50% Glycerin, (b) 29% NaCl, and (c) 3% SDS, for both
reference.
of ϕc in their paper (i.e. the relative surface coverage) are actually
underestimates.
3.4. Hysteresis

As described in §3.1, by compressing the marble and then releasing
the plate, we can observe hysteresis or an irreversible shape change
whereby themarble does not regain its original shape. To study this fea-
ture in more detail, we compressed marbles to a prescribed value (be-
fore the rupture point) in approximate increments of 10% e.g. ϵz ≈ 0.1,
0.2, 0.3, etc., at a slow speed dz/dt = −0.1 mm/s and then released at
the same speed until the top plate was no longer in contact with the
marble. The principle measurement is the change in height, z0 − zf,
whichwe normalize to give the hysteresis as z0−f=(z0− zf)/z0. The re-
sults for water marbles are shown in Fig. 11 for (a) glass beads and (b)
PTFE powder, which we segregate for clarity.

Fig. 11(a) indicates that the hysteresis is largely a monotonic func-
tion of the strain, with the exception of one data point (D0 = 3.2 mm,
dp b 53 μm GB, ϵz = 0.44), which we assume to be an outlier. Looking
at the general trend, we find the hysteresis is small, z0−f ≤ 4%, for low
strains (ϵz ≲ 10%) but increases gradually up to approximately 10% for
the highest strains (ϵz ≈ 50%). One interesting observation is that
GB b 53 μmand PTFE 35 μm. The corresponding data for water is replicated in each plot for
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there does not appear to be any dependence on particle diameter for
low strains, however they de-couple for the highest strains - i.e. the
largest hysteresis occurs for the largest particles and the smallest hys-
teresis occurs for the smallest particles. The data in Fig. 11(b) presents
a stark comparison, in that we find the hysteresis to be almost indepen-
dent of the compressive strain altogether; even for ϵz = 40–50%, the
hysteresis is only about 1–4%. As such, there is clearly an influence of
particle type.

The microscope images in 11 (c) and (d) show that the glass beads
are relatively circular and smooth, whilst the PTFE powders are coarse.
Previous reports indicate that particle roughness or coarseness leads
to a higher degree of particle ‘interlocking’ (e.g. [38, 39]) but it is unclear
how this factor affects the particulate shell during compression.We can
only postulate that the relative sphericity of the glass beads permits
more structural rearragnement of particles in the polar regions (in con-
tact with the plates) and perhaps more likely to be pushed farther into
the interface. This reasoningwould also explain the larger hysteresis ob-
served for the larger particles as they can sustain a larger absolute dis-
placement than small particles.

Other than water, Fig. 12 shows that there is a dependence on the
underlying composition of the liquid. In particular,we note that the hys-
teresis is smallest for NaCl marbles (σ= 80mN/m), approximately the
same as water for the 50% glycerin marbles (σ=67mN/m), but signif-
icantly larger for the SDSmarbles (σ=30mN/m). Therefore a tentative
conclusion is that the hysteresis is inversely correlated with the surface
tension of the liquid. We postulate that the large hysteresis for the
SDS marbles with glass beads, which can be up to 25%, is due to
‘crushing’ in the polar regions, which leads to a greater degree of par-
ticle impregnation in the liquid surface. This is possible due to the
lower contact angles (θ ≈ 87 − 95o) observed with this liquid. As
such, particles occupy more of the liquid surface in the curshed re-
gions, which in turn leads to jamming when the compressive stress
is removed, as the particles at the splayed edges move back towards
the polar regions.

One final point to discuss is that of the effective tension, σeff, of
the marble since it was shown [36] that there can be hysteresis of
the effective tension. We are cautious, however, to attribute the hys-
teresis and irreversibility of shape solely to this factor since the no-
tion of effective tension in the context of liquid marbles is still
ambiguous [36, 37] and dependent upon both the experimental con-
figuration and the rate of change of surface area. As such, we tenta-
tively conclude that the irreversible change in shape due to
compressive strain is a confluence of (i) particle impregnation
deeper into the liquid surface, (ii) particle interlocking, and (iii) re-
structuring in the particle shell, all of which may lead to a change
of effective tension.

4. Conclusions

In summary, we have performed an experimental study of the com-
pressive deformation of liquidmarbles. The principal result is that under
compressive strain, themarblewill either rupture or, if released, exhibit
shape hysteresis.

As themarble is compressed, the shape is initially sphericalwithflat-
tened poles, but under higher compression resembles a pancake. The
theoretical approximations for these two shapes derived by [30] de-
scribe our experimental data well, however the ellipsoid approximation
by [3] did not.

At themoment just prior to rupture, when the liquid inside themar-
ble contacts the plates, the shape yields an effective increase in surface
area of about 3–21%,which corresponds to a decrease in the surface cov-
erage. The mean surface coverage at rupture was estimated to be Γ0∗ ≈
0.81, but the range of surface areas at rupture indicate that this can
vary considerably.

For trials where the compression was reversed prior to rupture, we
observed an irreversible deformation in the shape - i.e. hysteresis,
which increased monotonically with compressive strain for glass
bead particles, but was very low regardless of strain for the PTFE
powders. Regarding the physical origin of the shape hysteresis, it is
proposed that particle-shell rearrangement including both particle
impregnation into the interface (mainly for large particles) and
packing ‘densification’ (smaller particles) are at play to some extent.
To fully understand the origin of the hysteresis, however, future
studies looking at particle impregnation and hysteresis after snap-
in (e.g. [33]) could be insightful, as well as investigating a range of
deformation rates. Furthermore, to fully test the applicability of the
shape models of [30], liquid droplets of a variety of diameters and
composition should be considered.
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