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Wrapping with a splash: High-speed
encapsulation with ultrathin sheets

Deepak Kumar,? Joseph D. Paulsen,® Thomas P. Russell,>**¢ Narayanan Menon'*

Many complex fluids rely on surfactants to contain, protect, or isolate liquid drops in an
immiscible continuous phase. Thin elastic sheets can wrap liquid drops in a spontaneous
process driven by capillary forces. For encapsulation by sheets to be practically viable, a
rapid, continuous, and scalable process is essential. We exploit the fast dynamics of
droplet impact to achieve wrapping of oil droplets by ultrathin polymer films in a water
phase. Despite the violence of splashing events, the process robustly yields wrappings that
are optimally shaped to maximize the enclosed fluid volume and have near-perfect seams.
We achieve wrappings of targeted three-dimensional (3D) shapes by tailoring the 2D
boundary of the films and show the generality of the technique by producing both

oil-in-water and water-in-oil wrappings.

any liquid-phase technologies require the

encapsulation of one liquid in another.

In the stabilization of emulsions, drug

delivery, and remediation of oil spills,

liquid droplets are separated from the
surrounding liquid by a fluid monolayer of mo-
lecular or particulate surfactants (7-3). By con-
trast, we typically wrap solid contents, such as
chocolates or the filling in a dumpling, with solid
elastic sheets. Solid wrappings of liquids would
allow new possibilities, such as drops with non-
spherical shapes, designed permeability, and me-
chanical shear rigidity. Sufficiently thin planar
sheets will spontaneously wrap liquid droplets by
balancing the elastic energy of curving the sheet
with the reduction in interfacial surface energies.
Elastomer films of thickness ¢ ~ 100 um were
shown to bend around a water droplet by this
mechanism (4, 5). For much thinner films, the
energetic cost of bending becomes negligible com-
pared with the surface energies (6). Paulsen et al.
(7) found that in this regime of highly bendable
sheets (8), the wrappings are optimal in the sense
that they enclose the maximum volume within
a fixed area of sheet. However, those experiments
changed the volume of the liquid quasistati-
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cally and required controlled initial conditions
that are not scalable for the rapid production
of wrapped drops.

Here, we establish a fast, dynamic route to
wrapping in the high-bendability regime, exploit-
ing the dynamics generated by the impact of a
drop of oil on an ultrathin polymer sheet floating
on a pool of water. Polystyrene films of thickness
t from 46 to 372 nm are cut into circular discs
of radius W = 1.6 to 3.2 mm and placed on the
water surface in a cuvette (9) as shown in Fig. 1.
A drop of fluorinated oil of radius R = 0.6 to
1.2 mm, density p,; = 1800 kg/m?, and surface
tension y,; = 16 mN/m is released from a height
h =10 to 300 mm above the surface. The drop
hits the surface with a kinetic energy propor-
tional to . Immediately after the impact, a cra-
ter begins to form, which reaches a maximum
depth and then retracts back toward a flat inter-
face. During the retraction, the drop separates
from the water-air interface while the sheet wraps
around the drop. Despite the uncontrolled dy-
namics of the splash, the drop achieves optimal
wrapping, both in terms of the three-dimensional
(3D) shape of the wrapped drop (7) and in the
near-perfect closure achieved along the seam. This
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sequence of events takes tens of milliseconds to
complete (movie S1). Once the wrapped oil sepa-
rates from the water surface, it sinks under gravity.

The static 3D shape is optimal when the ex-
posed area of the fluid interface is minimized,
asin Eq. 1 (7)

U= YAﬁ'ge (1)

where the only dimensionless control param-
eter is W/R, the ratio of the sheet radius to the
droplet radius. In the dynamical splashing pro-
cess, the energies of the initial and final state
involve the surface energy of the partially or
fully wrapped drop, as well as the energies of all
other interfaces between the air, oil, water, and
sheet. The final energy is higher, which implies
that an energy barrier (9) must be overcome by
the Kinetic energy of the drop. As is typically done
in splashing problems (10), we take the ratio of
the Kinetic energy at impact to the initial surface
energy of the drop to form the dimensionless

2
‘Weber number, We = % If the oil drop does

not carry sufficient Kinetic energy to overcome
all the relevant interfacial energies, it fails to
separate from the water-air interface, and both
oil and sheet spread out over the water surface.

In Fig. 2A, we show a phase diagram that sum-
marizes the outcomes of experiments with circu-
lar sheets of thickness ¢ = 47 nm and varying We
and W/R. The threshold We for successful wrap-
ping (red line) increases with W/R. (Occasionally,
even above the threshold We, the drop pinches
off and separates from the interface but is pulled
back onto the surface by transient fluid flows.)
The final configurations above the threshold We,
obtained for various values of W/R, are shown
in Fig. 2B. As W/R increases, the sheet covers a
larger portion of the drop’s surface. For all the
experiments shown in Fig. 2, we reproducibly

!Department of Physics, University of Massachusetts,
Amherst, MA 01003, USA. 2Polymer Science and Engineering
Department, University of Massachusetts, Amherst, MA
01003, USA. Department of Physics, Syracuse University,
Syracuse, NY 13244, USA. *Materials Sciences Division,
Lawrence Berkeley National Laboratory, Berkeley, CA 94720,
USA. 5Beijing Advanced Innovation Center for Soft Matter
Science and Engineering, Beijing University of Chemical
Technology, Beijing 100029, China. ®Advanced Institute for
Materials Research, Tohoku University, 2-1-1 Katehira,
Aoba, Sendai 980-8577, Japan.

*Corresponding author. Email: menon@physics.umass.edu

Fig. 1. Process of wrapping a splashing drop with a thin sheet. (A) Schematic of the experiment. (B) Sequence of events observed in a typical
experiment where a fluorocarbon oil drop is wrapped with a polystyrene sheet. Here, W/R = 2.4, We = 400, and thickness t = 47 nm.
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obtain the optimal 2-fold shape (reminiscent of
an empanada) near complete wrapping (W/R
=~ 2.26). This process rarely gets stuck in com-
peting, near-optimal states (such as the 3-fold
state) found in the quasistatic experiments (7).
For larger W/R, the sheet has more area than
is required to cover the droplet and forms crum-
pled, but closed, wrappings.

Bending energies of the wrapped state are ex-
pected to be negligible compared with interfa-
cial energies; this competition may be quantified
by the bendability, a dimensionless number, giv-
en by (8): sz /B, for a sheet of size W, Young’s
modulus E, Poisson ratio A, and bending stiff-

_ __Et?
ness B (7 2(1-A2)

ducted at high bendability (~10* to 107) (6, 8, 1I).
The assumption that bending energy can be ne-
glected is confirmed by experiments on films with
arange of thicknesses (¢ = 46 to 372 nm) keeping
W/R constant (Fig. 2C). There is no measured
thickness dependence in the outcome. Neglect-
ing bending energies in the sheet, we estimate a
threshold We by considering the difference in sur-
face energies of the initial and final configura-
tions (see the supplementary text). This estimate
is an order of magnitude lower than the observed
threshold (see Fig. 2A).

This estimate fails because it only considers the
energies of the initial and final states and neglects
the barrier presented by intermediate states as the
oil drop pierces the water surface [unlike (5, 7)] to
create a topologically distinct final state with a
new set of interfaces. The sequence of images in
Fig. 1 (see also movie S1) shows that the impact
sets the water surface in motion, forming a crater
that grows in size, reaches a maximum, and then
collapses back to a flat interface. When the inter-
face begins to rapidly relax back from the highly
deformed shape, the oil at the interface collects
into a drop, forms a neck, and pinches off to de-
tach from the interface. This motivates the hy-
pothesis that successful wrapping events can be
understood as the pinch-off of a pendant drop.
Moreover, in successful penetration events, a part
of the oil drop is left behind at the interface, which
is another characteristic of pinch-off.

To understand wrapping as a pinch-off of a
pendant drop, we study droplet impact in the
absence of a sheet. Although many studies have
looked at the impact of a drop of liquid on a bath
of identical or miscible liquid (12-15), few have
considered immiscible liquids (10).

The oil in our experiments is denser than water,
but a drop of small enough radius R placed gently
at the surface will float because the force of sur-
face tension (¥, ~ 2nRy, ignoring the geometry of
the Neumann contact) exceeds the force of gravity
(Fy = $nR3Apg, where Ap = p,; — p,,). Above a

threshold size Ry = \/g I, set by the capillary

length (lc = \/%), gravity dominates the oil-
water surface tension (Fy > F,), and the drop
sinks and pinches off. However, a smaller drop
can penetrate the surface if it has sufficient
initial velocity (see Fig. 2A, W/R = 0). Figure 3A
shows the time evolution of the height (y) of the

). Our experiments are con-

Kumar et al., Science 359, 775-778 (2018)

A c
600 = + t t t t 200 v T g T g T g 300
i 800 - v
Wrap
2001 No Wrap 4150 1200
o v —
= IS
2 £ * :
sool = 400 ® =
® 4100
150
A/Threshold—b
0’ P R .—|_—.—|—_—|——-0 0 N L N L N L N 0
.0 0.5 1.0 1.5 2.0 25 0 100 200 300 400
B W/R t (nm)
1 mm
W/R=1.4 17,3 2.1

Fig. 2. Threshold for successful wrapping. (A) Data points indicate the outcome of the experiment
as a function of We and W/R. The red curve shows the observed threshold for successful wrapping.
The dashed green curve shows a naive threshold computed from the difference in the surface
energies between the initial and the final states, assuming no loss of energy to the fluid. The open
symbols represent experiments on a bare water surface without any sheets. (B) Examples of
structures obtained for various W/R values. For clarity, boundaries of sheets (red curves) have been
drawn by hand for W/R = 1.4 and 1.7. (C) The threshold We for successful wrapping shows no
dependence on the thickness t. Here, W/R = 2.4. In some cases (gray circles above the threshold), a
wrapping forms, but fluid recirculation in the cell brings it to the surface, causing it to unwrap.
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Fig. 3. Pinch-off dynamics in the absence of a sheet. (A) Time evolution (red curve) of the lowest
point (red circle) of the air surface (orange curve in the inset) for We = 320 in the absence of a sheet.
The hourglass marker shows the instant when the pinch-off of the oil drop is complete. The oil-water
interface (dark-light contrast) is also clearly visible. The acceleration a is computed with a Gaussian
derivative filter (green curve). (B) The values of (x(: % obtained as a function of We (or h) for

R = 1.15 mm. Circles mark no penetration, triangles successful penetration. (Inset) The value of a at
threshold for different drop sizes R. Filled circles represent splashing experiments, whereas the open

2
circle represents a quasistatic experiment. The red line is the function o =3 (’ﬁ) =3 (m> R=2.

lowest point on the interface after the impact of a
drop of radius R < R,. The water-air interface
accelerates upward against gravity in the moments
leading up to the detachment of the drop (indi-
cated by the hourglass marker). In this dynamic
version of pinch-off, the effective downward force

on the drop is boosted by a factor o = a;g, where

threshold size for pinch-off is simply modified

to Ro = 2% lc.

To test this idea, we show in Fig. 3B the
nondimensional acceleration o computed from
the y(t) curves (see the supplementary text), in the
absence of a sheet, as a function of release height
(h) and We. The value of o initially increases with

a is the upward acceleration of the interface mea-
sured in the lab frame. Our hypothesis is that the
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We but then saturates at approximately the thres-
hold We required for successful penetration of the
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Fig. 4. Effect of the sheet on pinch-off dynamics. (A) Profiles of the air cavity 10 ms after impact
for We = 112 and different W/R. The oil and sheet lie under the rough, central part of the profile
and join the smooth air-water interface at the kink. The gray curve shows the air-water interface
before the impact. (B) The nondimensional acceleration o as a function of W/R for We = 112.
Triangles and circles represent wrap and no-wrap situations, respectively. The inset shows the
change in surface and gravitational energies (see the supplementary text and fig. S3) computed at

the parameter values of (A).

drop (orange triangles). The threshold depends on
the size of the drop (R), because the two forces
scale differently with the radius of the drop
(~R® and ~R, respectively). The inset shows the

A B

measured value of o at the threshold as a
function of R. We also plot the result from the
quasistatic experiment (i.e., o = 0), where a
drop is gently placed at the water surface and

its volume gradually increased until it becomes
unstable and sinks. The predicted relationship
(a =3(% 2) describes all the data with no adjust-
able parameters (red curve in Fig. 3B). We em-
phasize, however, that this is far from a complete
predictive understanding: o is a measured quan-
tity that is controlled by the hydrodynamics of
the impact, and its functional dependence on
We is unknown.

The energy transfer from the drop during the
impact is further modified by the elastic sheet
(5, 16); the threshold We increases upon increas-
ing the size of the sheet. For a given We, the
interface deforms less for larger sheets, as shown
by profiles of the air-water interface displayed in
Fig. 4A and fig. S4. Correspondingly, the accel-
eration o decreases with increasing W/R as shown
in Fig. 4B for We = 112. Thus, at this fixed value
of We, wrapping occurs for small W/R but fails
at larger W/R (circles). Although the sheet is
extremely flexible, it affects fluid dissipation, pre-
sumably by changing the boundary condition for
fluid flow at the interface from being free in the
case of an air-water interface to a no-slip condition
when covered with the sheet. We notice from
Fig. 2, A and C, that the threshold We ast — 0
is different from the limit as W/R — 0; that is,
even an arbitrarily thin sheet modifies the dy-
namics of splashing.

Fig. 5. Versatility of wrapping technique. (A to E) Different 3D shapes obtained from wrapping a drop of fluorinated oil inside water using sheets
whose shapes are sketched in the insets. The quality of the seam is highlighted by the magnified sections of the images. (F) Mineral oil wrapped in an
ethanol environment. (G) Water drop wrapped in a hexadecane environment. (H) Water drop extracted out in air from hexadecane. Scale bar, 0.5 mm.
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Using the profiles shown in Fig. 4A and as-
suming axial symmetry, we compute the inter-
facial areas and, hence, the total surface and
gravitational energies (see the supplementary text
and fig. S3) 10 ms after impact for different values
of W/R. The surface and gravitational energies
decrease modestly with increasing W/R. Taken
together, these account for a substantial fraction
of the incoming Kinetic energy of the drop.

We thus validate a picture of the underlying
physics of droplet penetration as a pinch-off
process driven by the large acceleration of the
interface resulting from impact: We are able to
correctly predict acceleration as a function of
radius (Fig. 2B) and understand qualitatively
the effect of the sheet in the splash. A solid sheet
can profoundly affect the transfer of energy to
the fluid, even if it is too thin to store elastic
energy. Our data (Fig. 4B) more sharply pose
a central question in the hydrodynamics of an
immiscible splash; droplet penetration can be
understood if the retraction acceleration o is de-
termined in terms of initial kinetic energy We.

We illustrate the potential of impact wrapping
by showing that the 3D shape of the wrapped
drop can be tailored by designing the planar
shape of the sheet. We have studied wrappings
with sheets cut in 2D shapes inspired by the ge-
ometry of folding polyhedra (17). A tetrahedron
can be cut open into a planar sheet in many dif-
ferent ways (I18), known as the nets or unfoldings.
Two of the simplest polygonal unfoldings of a
tetrahedron (I8) indeed yield a 3D shape close
to a tetrahedron (Fig. 5, A and B). We also ex-
amined two different possible nets of a cube.
The resulting wrappings are shown in Fig. 5, C
and D. We emphasize that unlike in origami, no
features need be scribed along the intended folds
of the planar net (19, 20); the 3D shape is guided
purely by a 2D contour. This is remarkable, as a
planar shape like an equilateral triangle can be
folded into many different closed 3D shapes (21),
but a high-symmetry wrapping is selected during
splashing. The wrappings are also robust under
mechanical perturbations; a wrapped object can
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be deformed substantially and reform into the
optimal shape, with the free edges having re-
aligned (movie S4).

The quality of encapsulation achieved in wrap-
ping 3D objects with 2D sheets depends crucially
on how well the free edges are aligned together.
Close examination of the seam achieved in these
wrappings (Fig. 5, B and E) reveals that the edges
of the sheet avoid both an overlap and an open-
ing. The absence of an overlap suggests that
there is no self-adhesion. Thus, this method
of encapsulation is also reversible and can be
opened to release the encapsulated liquid or
can spontaneously reform after being distorted
(see movie S4). This near-perfect seam is also an
efficient barrier to diffusion and evaporation (as
shown in figs. S5 and S6 and movie S5) and in this
respect can be superior to particulate encapsulants.

In Fig. 5, F and G, we demonstrate the gen-
erality of the process with examples of hydro-
carbon oil wrapped in an ethanol phase and of
a water drop encapsulated in a hydrocarbon en-
vironment. In these situations, the sheet can also
be functionalized to accommodate any chemical
incompatibility of the fluid with the sheet. In
Fig. 5G, for example, we use a bilayer sheet with
an amorphous fluorocarbon polymer (Cytop)
on the oil side of the interface and polystyrene
on the aqueous side, because polystyrene is de-
graded by prolonged contact with the hydro-
carbon oil. Finally, in Fig. 5H, we demonstrate
that the wrapped object may be extracted out of
the liquid-liquid interface where it was created,
provided that the surface energy of this interface
is relatively low. Thus, the versatility and robust-
ness of impact wrapping indicates the possibility
of application in many settings for many pairs of
liquids—e.g., as containers for chemical reactions,
targeted delivery of tiny liquid cargo, or separa-
tion and isolation of unwanted liquid phases. Here,
we use bilayer films to achieve chemical compati-
bility, but a large class of scalable techniques can
be exploited to make polymer films with designed
chemical functionality, optical qualities, or con-
trolled permeability.
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It's a wrap

Whether an object has a regular or irregular shape, wrapping it with a thin film can be challenging. Kumar et al.
released droplets of oil above thin polymer sheets floating on water (see the Perspective by Amstad). With sufficient
impact force, the polymer wrapped around the droplet with near perfect seams. The shape of the resulting enclosed drop
depended on the shape of the sheet initially placed at the air-liquid interphase.
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