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We investigate the encapsulation of water by a thin elastic film as a minimal model of elastocap-
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illary self-folding with fluid transport. An equilateral triangular polydimethylsiloxane film is lifted

quasi-statically from a water surface, while its side length and thickness are systematically varied.
Depending on these parameters, the film exhibits three distinct morphologies: folding, recoiling,
and liquid encapsulation. We show that the morphology is governed by the interplay of surface,
gravitational, and bending energies, and that encapsulation occurs only within a narrow parameter

region where the elastocapillary, elastogravity, and capillary length scales become comparable. This

provides a simple physical criterion for liquid encapsulation by elastic films.

1 Introduction

Interfacial tension dominates gravitational effects when the char-
acteristic length of a system becomes smaller than the capillary
length, L., = \/7/(pg). Under such conditions, capillary forces
can drive counterintuitive fluid motions, such as capillary rise and
the spontaneous climbing of droplets against gravity®, These
phenomena originate from the tendency of interfacial tension to
minimize surface area, leading to cohesive interactions between
fluids and surrounding structures. When the characteristic length
scale is sufficiently small, this balance between surface energy
and gravity provides a simple physical framework for understand-
ing a wide range of capillarity-driven behaviors.

When solid boundaries interacting with a liquid are soft and
deformable, interfacial tension can induce significant elastic de-
formation, leading to elastocapillary phenomena. A droplet on
an elastomer creates ridges at its contact line, thereby modify-
ing its wetting dynamics®. Similarly, thin elastic filaments can
undergo spontaneous twisting driven by the draining of liquids,
and micro to nanoscale resist structures may collapse during dry-
ing due to capillary forces?. These examples demonstrate that
elastocapillary effects not only alter local wetting behavior but
can trigger large-scale deformations of soft solids. Such defor-
mation of soft boundaries, in turn, can strongly influence the dy-
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namics of interacting fluids. Beyond engineered systems, similar
elastocapillary and capillarity-driven mechanisms are widely ex-
ploited in nature, for example, in the water-collecting structures
of plants®19, the locomotion of water-walking insects™ 13, and
emerging soft robotic systems1415,

Exploiting the coupling between elasticity and capillarity,
capillary origami enables the spontaneous formation of three-
dimensional structures from two-dimensional elastic films1617,
By appropriately designing the film shape, such self-folding can
be harnessed to capture and lift liquid droplets. In their study,
the folding behavior and resulting functions were primarily con-
trolled by modifying the film geometry, for example, through the
number of petals. Related approaches have also demonstrated
elastomer-based devices capable of liquid pipetting driven by cap-
illary forces®?.

Despite these advances, the physical criteria governing the on-
set of liquid encapsulation and self-folding remain unclear, par-
ticularly in relation to the competing roles of elasticity, surface
tension, and gravity. In this study, we address this issue by sys-
tematically varying the side length and thickness of an equilateral
triangular film. This minimal geometry allows us to construct a
phase diagram for elastocapillary self-folding and liquid encapsu-
lation, which we interpret using characteristic length scales asso-
ciated with bending, capillarity, and gravity.

In the work by Reis et al. 18 the film geometry was optimized
into a petal-like shape to achieve controlled deformation. Naka-
mura et al.7% employed fixed flower-like geometries and treated
the lifting speed and gravity direction as control parameters. In
the present study, by contrast, we focused on a minimal equilat-
eral triangular film and observed three deformation morpholo-
gies corresponding to folding, recoiling, and liquid encapsula-
tion. Whereas previous studies achieved encapsulation using
specifically designed geometries such as petal-shaped films™8, the
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Fig. 1 (a) Geometry of the PDMS film. The film thickness & and side length w were systematically varied. (b) Schematics of experimental setup.
The PDMS film was lifted vertically from the water surface by a wire attached at its center. (c) Representative snapshots showing three deformation
morphologies of the film: folding (F; A~ = 98 pm, w = 20 mm), recoiling (R; 7 = 132.25 pym, w = 12.5 mm), and encapsulation (C; 7 = 98 pm, w =
10 mm). The time 7 =0 corresponds to the onset of lifting. Scale bar: 10 mm.

present study demonstrates that encapsulation can emerge even
in a simple triangular geometry through the competition between
elastocapillary, elastogravity, and capillary length scales. This pro-
vides a more general physical criterion that is not tied to a par-
ticular geometric design. We further tested this interpretation by
varying the surface tension of the aqueous phase using surfactant
solutions.

In the following sections, we describe an experimental sys-
tem in which an equilateral triangular elastic film is lifted quasi-
statically from a water surface while its side length and thickness
are systematically varied. Depending on these parameters, the
film undergoes folding, recoiling, or liquid encapsulation. We an-
alyze these behaviors in terms of the competition between bend-
ing, capillary, and gravitational effects.

2 Experimental setup

2.1 Sample preparation
Elastic films with thickness = 38-160 um made of polydimethyl-
siloxane (PDMS) were prepared following standard procedures.
The base and curing agents of SILPOT 184 (Dow Chemical) were
mixed at a weight ratio of 10:1. The mixture was spin-coated onto
a PTFE substrate at rotation speeds ranging from 500 to 1500 rpm
to form thin films. The films were then cured at 100 °C for 1 h
to obtain elastic PDMS sheets. After curing, the films were cut
into equilateral triangular shapes with a side length w, as shown
in Fig.[TIj(a). The Young’s modulus of the PDMS film was taken as
E = 0.7 x10° Pa20,

The liquids used in this study were pure water and a 30
mM aqueous solution of Polyethylene Glycol Mono-4-octylphenyl
Ether (Triton X). Pure water was prepared using a Millipore Milli-

2| Journal Name, [year], [vol.], 1ﬁ

Q system. Triton X was purchased from Tokyo Chemical Industry
Co., Ltd. (P0873). The density p of both liquids was assumed to
be 1.0 x103kgm 3. The surface tension of water, ¥, was taken as
72mNm~!, whereas that of the Triton X solution, ¥, was taken
as 30 mNm !, since the Triton X concentration (30 mM) is well
above the critical micelle concentration (CMC ~ 0.2-0.3 mM).
Here, ¥; denotes the surface tension of the liquid phase, where
i=worT.

2.2 Experimental apparatus

The schematic experimental setup is shown in Fig. [I{(b). Pure
water was placed in a Petri dish with a diameter of 120 mm and a
depth of 15 mm. The elastic film was attached at its center to an
iron wire using cyanoacrylate adhesive (Aron Alpha, Toagousei
Co., Ltd.). The wire was connected to a load cell (IVS-5VGA,
Kyowa Electronic Instruments Co., Ltd.) mounted on a vertical
translation stage driven by a stepping motor (SGSP20-35, Sigma
Koki Co., Ltd.).

The film was initially positioned at the water surface and then
lifted vertically at a constant speed of 1 mms~!. The deforma-
tion of the film during lifting was recorded using a CMOS camera
(DMK37BUX273, The Imaging Source) at 20 Hz. The force mea-
sured by the load cell was recorded using a data logger (GL7000,
Graphtec Co.) and used to evaluate the weight of the lifted water,
denoted by mg. The value before lifting the film from the water
surface was defined as zero, and the increase from this value was
plotted as the apparent lifted weight in Fig. b,d). Although the
measured force includes the contribution from the film itself, the
film weight is at most 0.1 mN (for w =20 mm and % = 150 um),
which is negligible compared with the measured force. Therefore,
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Fig. 2 (a,c) Phase diagrams of the deformation morphologies of the
lifted film as functions of film thickness & and side length w for (a)
pure water and (c) Triton X solution. Orange triangles, green squares,
and blue circles correspond to the folding, recoiling, and encapsulation
regimes, respectively [see Figc)]. The morphologies were classified
based on the final film configuration observed during lifting. The dashed
line indicates the parameter set used in panels (b,d). All experimental
data points are shown in the phase diagrams. (b,d) Apparent weight of
the liquid lifted by the film, mg, as a function of film thickness & for a
fixed side length of w=10mm, measured for (b) pure water and (d) Triton
X solution.

the measured force mainly reflects the weight of the water lifted
by the film.

3 Results

When an elastic film was lifted from the surface of a liquid, dis-
tinct deformation morphologies were observed depending on the
film thickness and side length. As shown in Fig. [I{c), the film
exhibited folding, recoiling, and liquid encapsulation. In the fol-
lowing, we first describe these representative morphologies and
then summarize them in a phase diagram.

3.1 Deformation morphologies of elastic films

As shown in Fig. [T(c), the film initially lifted liquid due to wet-
ting of the PDMS film surface in all cases. When the film was
sufficiently thin, it folded spontaneously with threefold symmetry
around the attached wire while the liquid was gradually drained
away [Fig. c:F1—4)]. In contrast, when the film was sufficiently
rigid to resist deformation, it recoiled back to a nearly flat shape,
while retaining only a small droplet at its bottom [Fig. [T(c:R1-4)].
In an intermediate parameter range between these two regimes,
liquid encapsulation was observed, in which the liquid was spon-
taneously wrapped inside the film [Fig. [T[(c:C1-4)].
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Fig. 3 Characteristic deformation modes of the elastic film, classified
as (a) Mode I, (b) Mode I, and (c) Mode Ill. The dashed lines indicate
regions of large mean curvature. Bottom images show the corresponding
regions of high mean curvature in the experimental snapshots shown in

Fig. c).

3.2 Phase diagram of film morphologies

Fig.[2)(a) shows the phase diagram of the observed film morpholo-
gies as a function of film thickness / and side length w. The defor-
mation morphologies were classified based on the final film con-
figuration. Three distinct regions corresponding to folding, recoil-
ing, and encapsulation morphologies are identified. The encap-
sulation morphology appears in an intermediate region between
the folding and recoiling regimes. A small number of marginal
cases, where mixed or asymmetric behaviors were observed, are
also indicated.

The liquid encapsulation regime is further characterized by the
weight of the lifted liquid, mg, as shown in Fig. [2(b). These
data were obtained for films with a fixed side length w=10 mm.
Larger values of mg were observed when the film exhibited the
encapsulation morphology. As the system transitions from fold-
ing to encapsulation, the lifted liquid weight increases gradually.
In contrast, a sharp decrease in mg was observed when the system
transitions from encapsulation to recoiling at larger h.

In addition to these dominant behaviors, marginal cases were
observed, including intermediate encapsulation-recoiling states,
where the deformed film retained a finite liquid droplet at its bot-
tom, as well as asymmetric folding without threefold symmetry.
These marginal events are indicated by black crosses in Fig. [2] (a)
and (b).

We have also conducted additional experiments using a Triton
X solution. The corresponding results are shown in Fig. [2{(c) and
(d). The phase diagram is shifted toward the lower-left corner,
and the parameter region for the encapsulation regime becomes
smaller. The lifted liquid weight shown in Fig. [2(d) also exhibits
a strong dependence on the observed morphology.

We also examined the effect of lifting speed and liquid viscos-
ity on the final morphology. The lifting speed was varied from
0.1 to 30 mms~!. The liquid viscosity was varied from approxi-
mately 1 mPas (pure water) to 50 mPas using a 30 wt.% PEG6000
aqueous solution. However, no substantial change in the final
morphology was observed. Under these conditions, the capillary
number, Ca = uV /¥;, ranged from approximately 10~ in the stan-
dard experimental condition to 10~!, but remained below unity.
The Reynolds number Re = pLV /u remained of order unity or
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smaller in the present system. The Weber number We = pV2L/y;
ranged from 10~* to 10~!, indicating that inertial effects are neg-
ligible. These observations indicate that viscous effects associated
with the lifting motion do not dominate the morphology selection
within the accessible experimental range. We therefore focus on
the quasi-static balance between bending, capillary, and gravita-
tional effects.

4 Discussion

4.1 Deformation modes of elastic films

The deformation morphology observed in the lifting process can
be interpreted in terms of three characteristic deformation modes
(Mode I-III), as illustrated in Fig. a-c). These modes preserve
the threefold symmetry of the equilateral triangular film and are
distinguished by the locations of regions of high curvature.

In the folding regime, the deformation is initially dominated
by Mode I [Fig. [3(a)], where ridges form along lines connecting
the lifting point to the midpoints of the film edges. Geometrical
constraints at the vertices due to capillary force at the air-water
interface prevent vertical deformation, leading to the coexistence
of Mode I and Mode III [Fig. c)] at later stages. This combined
deformation ultimately results in expulsion of the liquid.

In contrast, recoiling behavior is associated with Mode II
[Fig. b)], in which the regions near the vertices bend down-
ward. As the film is lifted, capillary breaking occurs, and the
elastic energy stored in the film drives the system back to a nearly
flat configuration.

Liquid encapsulation emerges in an intermediate regime,
where the deformation evolves from a mixed Mode I-II configura-
tion toward a Mode II-dominated state. In this case, the approach
of the three vertices facilitates the formation of a transient liquid
bridge, which subsequently undergoes capillary breaking to form
a closed capsule.

These deformation modes are not universally traversed in all
cases; rather, each observed behavior follows a distinct deforma-
tion pathway. The central attachment point enforces a symmet-
ric boundary condition, which stabilizes the threefold deforma-
tion patterns but does not qualitatively alter the underlying en-
ergy balance. This classification allows us to interpret the phase
diagram in terms of transitions between dominant deformation
modes.

4.2 Energy competition and morphology selection
Here we discuss the simplified energy estimates. The relevant en-
ergies in the present system are bending energy U, gravitational
energy Uy, and surface energy Us. Here, Uj, ~ BAK2, A is the de-
formed area, and « is the curvature of deformation. U, ~ pgVAz,
where V is the volume of lifted water, and Az is the lifted height
of water. Finally, Us ~ ¥;S, where S is the area of wetted surface.
For the recoiling state, capillary deformation is insufficient
to stabilize large bending deformation, and the dominant con-
tribution is the surface energy associated with the wetted tri-
angular area of the film, U, ~ {yw?. For the folding state,
Uy = EBw/liigge = EBW/Lec, Where the bending energy is assumed
to be localized along the three ridges (Fig. a):Mode ) with
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Table 1 Variables used for dimensional analysis

Variable description values
E Young’s modulus 0.7 x 10° Pa
\% Poisson’s ratio 0.5
p density of water 1.0 x 10% kgm 3
g Gravitational acceleration 10 ms—2

length w/(2v/3), where Ligge ~ Lec, following the estimation of
loop structures in1921, For the encapsulated state, we estimate
U, ~ apgw* +&B, where the first term represents the gravitational
potential energy of the encapsulated liquid volume and the sec-
ond term represents the bending cost of the capsule.

Using simple geometric estimates for these energies, we con-
structed an energy-minimum phase diagram shown in Fig. |5} De-
spite the simplified assumptions, the obtained phase structure re-
produces the experimentally observed morphology sequence and
its shift upon reducing surface tension. These results support the
interpretation that liquid encapsulation emerges in the crossover
regime where bending, capillary, and gravitational effects become
comparable.

4.3 Emergence of characteristic length scales

The phase behavior observed in the present experiments can be
interpreted in terms of a characteristic lateral deformation scale
L, namely the elastogravity length L8 and the elastocapillary
length L..18. These characteristic lengths are given by

1/4 1/2
Leg = <£> ) Lec = <§) (1)
pg Yi

These characteristic lengths provide natural criteria for compar-
ing the effective deformation scale L with the relevant elastocap-
illary and elastogravity scales.

In the case when L > L., the bending energy becomes subdom-
inant compared to the gravitational energy, and the film tends to
undergo folding with significant out-of-plane deformation when
the film is lifted. Indeed, L, is known to correspond to the typ-
ical wavelength of the elastic film under the effect of bottom lig-
uids8. A similar argument applies to the present system. On the
other hand, when L <« L,,, bending rigidity suppresses large out-
of-plane deformation, and the film tends to remain flat and recoil
back.

Similarly, when L > L., capillary forces are sufficiently strong,
and the film undergoes strong capillary-induced bending defor-
mation as reported for elastocapillary loop structuresl®, When
L < L, capillary forces are insufficient to bend the film, and en-
capsulation of water does not occur

When L ~ L, and L =~ L,q, the capillary length L., = (v/pg)'/?
also becomes comparable to L. Therefore, the crossover regime
between these characteristic length scales provides a natural con-
dition for liquid encapsulation. This suggests that encapsula-
tion emerges in the crossover regime where bending, capillary,
and gravitational effects compete. We also note the relation
Leg = \/LecLeg, showing that only two independent characteris-
tic scales exist in the present system.
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Fig. 4 The characteristic length of the system, elastogravity, L. (black
solid line), elastocapillary, L., (red dash-dotted line), and capillary length
L, (green dotted line). Each line is drawn based on Eq. with (a)
water (%,=72 mNm~') and (b) Triton X solution (=30 mNm™)

We note that B = Eh*/{12(1 — v?)}, where B is proportional to
3. Thus, Le, ~ h*/* and L. ~ h*/%. Using the parameters listed
in Table [I] these characteristic lengths are plotted in Fig. [4(a)
and (b). As a function of the film thickness 4, L., increases as
13/* while L,. increases as #3/2. As a result, the two characteristic
lengths become comparable over a finite range of A, irrespective
of the precise numerical prefactors.

This crossover regime corresponds to the parameter range
where water encapsulation was observed in the experiments
(Fig. a) water and (b) Triton X solution), as seen in the phase
diagram shown in Fig. a) and (c). We confirmed the overlap-
ping region shifts toward the lower-left corner when Triton X so-
lution (yr = 30 mNm~!) was used, which is in agreement with
Fig.[2(a) and (¢).

Here, we note that L should be interpreted as an effective lat-
eral deformation scale of the triangular film, rather than the ge-
ometric side length w itself. The deformation is localized along
curved ridges as illustrated in Fig. 3, and each energy term de-
pends on the film geometry. As a result, the relevant length scale
governing bending, capillary, and gravitational effects depends
not only on w but also on the detailed deformation geometry
and boundary conditions. Therefore, the plot in Fig. [4] captures
the ordering and relative location of the experimentally observed
morphology regimes, although the comparison should be under-
stood as semi-quantitative because geometry-dependent numeri-
cal prefactors are neglected in the present model.

5 Summary and conclusion

In this study, we investigated the lifting and encapsulation of wa-
ter by an elastic triangular film attached to a vertically moving
wire. By systematically varying the film side length, thickness
and the surface tension, we identified a limited parameter regime
in which the liquid became encapsulated by the film (encapsula-
tion). Outside the encapsulation regime, two other morphologies
were observed: folding, in which the film deformed symmetri-
cally while gradually draining the liquid, and recoiling, in which
the film returned to a nearly flat configuration after capillary de-
tachment.

Based on simplified geometric assumptions, we confirmed that
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the film’s encapsulation morphology appears in the crossover
regime where the elastogravity, elastocapillary, and capillary
length scales become comparable. Despite the simplified estima-
tion of these energies, the obtained phase diagram showed semi-
quantitative agreement with the experiment.

In this study, we kept the film’s lifting speed constant at 1
mms~!. Preliminary experiments suggested that dynamical ef-
fects become important when the depth of the liquid reservoir is
as small as 1 mm and the liquid viscosity is 1 Pas so that the ef-
fective capillary number for the experiment is of the order of 1.
Under such conditions, the dynamic effect should be interesting
to consider. We leave this regime for future study.

We note that our system is quasi-static in the sense that the
observed morphology is essentially independent of lifting speed.
This suggests that the system evolves toward a minimum-energy
configuration. However, unlike the capillary origami casel®, the
lifting process using a rod attached to the center of the triangular
film constrains the deformation pathway. Accordingly, a precise
understanding of the phase diagram will require not only length-
scale and energy-landscape arguments but also consideration of
force balance and dynamical effects, even though most of the ob-
served morphology selection is governed by quasi-static energet-
ics. A full elastodynamic treatment would require appropriate
handling of film-edge effects and contact-line dynamics. Such an
analysis remains an important direction for future study.

Our results show that simple elastic films can be used to ma-
nipulate liquids by appropriately choosing the thickness and side
length. For potential application, it would be interesting to con-
sider the effect of handling non-Newtonian liquids with a film for
future study. Such approaches may enable the transport and ma-
nipulation of liquids and soft materials using simple elastic films.
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Fig. 5 Energy-minimum phase diagrams calculated from the simplified
energy estimates for (a) water (%,=72 mNm~!) and (b) Triton X solution
(¥r=30 mNm™).

Appendix: Simplified estimation of coefficients in the
energy argument

For the simplified energy estimates introduced in the main text,
the geometric prefactors can be estimated from the triangular film
geometry.

For the recoiling and folding states, the triangular configura-
tion gives { = v/3/4 and & = 1/3/2. For the encapsulated state,
assuming a tetrahedron-like liquid volume with ridge structures
[Fig. [3(b): Mode II], we estimate the enclosed volume and lifted

height as
V2 4

V:976W,

which yields o = v/3/384 for the gravitational energy term. For
the bending contribution, using the characteristic area and curva-

ture
_ @WZ _ V3
4 )

AZZ?W,

A

)

w
we obtain € = 3\/§/4.

Using these numerical prefactors, we constructed the energy-
minimum phase diagrams shown in Fig. [5| for (a) water and (b)
Triton X solution.
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