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Spontaneous Elastocapillary Winding of Thin Elastic Fibers in Contact with Bubbles
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We study the elastocapillary interaction between flexible microfibers in contact with bubbles trapped at
the surface of a liquid bath. Microfibers placed on top of bubbles are found to migrate to and wrap into a
coil around the perimeter of the bubble for certain bubble-fiber size combinations. The wrapping process is
spontaneous: the coil spins atop the bubble, thereby drawing in excess fiber floating on the bath. A two-
dimensional microfiber coil emerges which increases the lifetime of the bubbles. A simple model
incorporating surface and bending energies captures the spontaneous winding process.
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Surface wetting is common to many natural and indus-
trial processes like the clumping of wet hairs and fibers
[1-5], and the spreading of liquids on surfaces [6—8], which
can result in beautiful and useful elastic deformations of the
solid surface [9-17]. Even simple systems consisting of a
stiff fiber which is partially wet by a drop is more
complicated than it may first appear, as it can take on
two equilibrium states: an axisymmetric “barrel” where the
fiber penetrates the drop, and a nonaxisymmetric “clam-
shell” configuration where the droplet is sessile on one side
of the fiber [6,7,16,18-21]. More compliant fibers are able
to buckle and collapse inside the drop when tension is
reduced [5,22-26]. In some cases this process has been
shown to result in spooling a fiber within a liquid drop, and
is used by some types of spiders in web construction [25].
Alternatively, a droplet may take on a clamshell configu-
ration when placed on a fiber if the liquid drop is small
compared with the radius of the fiber, or if the fiber is
less wettable [12,20,21,27]. In the clamshell configuration,
capillary forces can be strong enough to induce large
deformations in a thin strip or fiber [27], in some
cases even causing the fiber to wrap entirely around the
drop [12,28].

In all of these elastocapillary systems, where capillarity
and elasticity compete, a natural length scale emerges
which sets an approximate upper bound on the size of
elastic deformations caused by capillary forces [16,17]. The
bending elastocapillary length [, represents the ratio
between bending and capillary energies in a system, and
for a fiber can be defined as I, = \/EI/2xry, where EI is
the bending stiffness of the elastic fiber, 2zr is the
circumference of the fiber, and y is the liquid-vapor surface
tension [16]. EI, which depends on Young’s modulus of the
fiber E and the second moment of area /, has a strong
dependence on the radius of the elastic fiber r. For a
uniform, cylindrical fiber, I = zr*/4, which explains why
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elastocapillary deformations are easily observed in slender
objects like thin fibers.

Here we explore the elastic deformation of a fiber due to
capillary forces at a liquid bath with an air bubble. An
elastic fiber is introduced at the liquid membrane at the top
of an air bubble. If the fiber diameter is greater than the
thickness of the film, the fiber bridges across the film, and,
under some conditions, causes the fiber to spontaneously
wind around the circular periphery of the liquid membrane.
The resulting coil is shown in Figs. 1(a) and 1(b) before (a)

FIG. 1. An elastic fiber (SIS) with a radius r =5 pm winds
around the liquid film at the top of an air bubble at the interface of
a glycerol bath before (a), and after (b), the bubble bursts [in this
case a small air bubble remained trapped below the coils on the
right side of (b)]. (c) A time sequence of the winding process. The
fiber can coil spontaneously, forming structures like these in no
more than 2-3 minutes. For scale, the diameter of the coil in (a)
and (c) is ~500 pm.
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and after the air bubble bursts (b) (video in Supplemental
Material [29]). The bridging mechanism is reminiscent of
Pickering emulsions and techniques for bubble stabilization
involving the absorption of solid inclusions at the liquid
interfaces [30-38]. In short, the fiber has a lower free energy
when bridging the liquid film on the top of the bubble,
compared with that at the liquid interface, where less fiber is
in contact with air. Using a simple model which balances the
energy cost of bending the fiber against the reduction in the
surface energy when the fiber bridges the liquid film, we
predict the onset of winding. This coiled structure bears a
striking resemblance to the packing of genetic material
within viral capsids, a process that requires large lengths
of fiberlike materials to pack and orient within small
volumes [39-42]. We observe that the wound structure
stabilizes air bubbles at the interface.

In the experiment a fiber with radius » ~ 10~% m is placed
on the surface of a glycerol (y ~% 64 mN/m) bath. Small air
bubbles with radii ranging from approximately R, ~ 10~ to
R;, ~107% m are introduced below the surface of the bath
with a syringe connected to a micropipette. Buoyancy
carries the air bubbles to the surface, lifting the fiber as
the bath’s surface deforms locally into a shape well approxi-
mated by a spherical cap. A schematic of the air bubble is
shown in Fig. 2(a). The air bubble and fiber are observed
with optical microscopy from above [see Figs. 2(b)-2(g)].
Worth noting is that the bubble cap can be related to R,
through the Bond number, Bo, which relates the relative
importance of gravity to surface tension. Bo = pgRi/y,
where p~ 1.3 x 10° kg/m? is the difference in density
between the air and the liquid, and g is gravitational
acceleration. Here Bo < 1, and a bubble at the surface of

liquid membrane

(a)  sideview

FIG. 2. (a) A schematic of an air bubble which deforms the
surface of a liquid bath via buoyancy. (b)-(g) A SIS fiber
spontaneously winding around an air bubble in a bath of glycerol
over approximately 30 seconds. The scale bar is 200 um.

aliquid will remain nearly spherical and protrude only about
~0.05R;, above the surface of the liquid [43-45].

The polymer fibers used in the experiment are made from
several materials: polystyrene (PS), a glass at room temper-
ature with a molecular weight of M,, = 25000 kg/mol and
polydispersity index of 1.04 (Polymer Source Inc.);
Elastollan 1185A-10 (BASF Inc.), a polyether-based physi-
cally cross-linked elastomeric solid at room temperature;
and styrene-isoprene-styrene (SIS), a triblock copolymer
(14% styrene content, Sigma-Aldrich) which is a physically
cross-linked elastomeric solid at room temperature. The
elastic modulus of Elastollan is E,j,; = 10 £ 3 MPa (deter-
mined via extensional stress-strain tests performed on fibers
with r ~ 107% m). The elastic moduli of PS and SIS are
taken from the literature (Epg = 3.4 GPa, Eq;q = 0.8 MPa)
[46,47]. Fibers are made by either melting or dissolving the
polymer, dipping a glass pipette into the viscous polymer
liquid, then rapidly pulling the pipette out of the polymer. PS
and Elastollan were melted by heating a small sample
(170°C for PS and 235°C for Elastollan), while the SIS
was dissolved into toluene (Optima-grade, Sigma Aldrich)
to form a viscous polymer solution. The resulting fibers have
uniform, cylindrical cross sections with diameters ~10 um,
which were inspected optically for uniformity.

When a fiber and bubble come into contact, depending
on the size of the air bubble and fiber, one of two processes
occur. Either the fiber remains at the apex of the liquid film
until the bubble eventually ruptures, or the fiber begins to
bend, thereby increasing curvature, and migrate down the
cap toward the perimeter of the bubble where it remains
bridged but bounded by a membrane of increasing thick-
ness. If the fiber migrates to the perimeter of the liquid film,
the fiber winds around the portion of the bubble that is
extended above the undeformed surface of the bath, and
forms a coil. A sequence of the winding process taken with
an optical microscope from the above experiment is shown
in Figs. 2(b)-2(g). For a fiber to spontaneously wrap
around a bubble, the system must overcome the energy
cost of bending around the perimeter of the liquid film atop
the bubble, which is driven by a decrease in the system
surface energy. We turn our attention first to the bending
energy, before describing the surface energy.

When a fiber winds, it is observed to wind around the
periphery of the bubble cap that extends above the surface
of the liquid bath. We measure the radius of the bubble cap
R. by imaging the bubble from above with monochromatic
light, resulting in a distinct light circle corresponding to the
extended cap. An example of one of these images is shown
in Figs. 3(a) and 3(b). Assuming linear elastic deformation
of the fiber (typical strains <0.02 [29]), the bending energy
per unit length for a fiber can be described with the Euler—
Bernoulli beam theory,

rEr*
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FIG. 3. (a),(b) Top-down, monochromatic optical images of a
fiber-bubble system before and after migrating to the perimeter of
the bubble cap. Red circles are numbered 1-3 and correspond to
the different states of a segment of fiber shown in (c). The scale
bar is 250 ym. Inset: interference fringes from the meniscus
surrounding the bridged fiber. (c) Schematic of the fiber-bubble
system side-on. The fiber is shown in light blue in position 1, 2,
and 3, representing the unbridged, prewinding and postwinding
positions of the fiber. (d),(e) Schematics of a fiber cross section
floating on a fluid bath (unbridged), and bridged across a fluid
membrane respectively. The schematic in (e) omits the bridging
meniscus for clarity.

when the fiber bends to a radius of curvature R. As the fiber
winds, it takes on a radius of curvature R = R, resulting in
an increase in bending energy.

Bending in the fiber will only proceed spontaneously if
the system free energy is reduced. Here the bending is
accompanied by a reduction of interfacial energy associated
with the fiber bridging the liquid film at the apex of the
bubble. The liquid membrane at the apex of the air bubble is
an air-glycerol-air film shown schematically in Fig. 3(c).
The film is the region where the air bubble extends above
the surface of the bath. The curvature of the membrane
causes liquid to drain from the cap back into the bath,
resulting in radial thinning of the cap. When the cap thins
sufficiently, a fiber laid across the cap may “bridge” or
straddle the liquid membrane, trading solid-liquid interface
for liquid-vapor interface. This is observed experimentally
as the fiber suddenly sinking into the liquid membrane, and
the appearance of interference fringes resulting from a
small meniscus that is created along the length of the fiber
when viewed with monochromatic light. An example of
these interference patterns are visible in the inset of Fig. 3
(a), and an idealized schematic of a fiber before and after
bridging is shown in Figs. 3(d) and 3(e). The bridging
process occurs if there is a net reduction of interfacial
energy per unit length of fiber which is given by

AE, = 27'9_‘, (7sv - ysl)’ (2)

where 6, is the glycerol-fiber contact angle, y,, is the solid-
vapor interfacial tension, and y; is the solid-liquid interfacial
tension. The term on the right corresponds to the change in
interfacial energy on the part of the fiber that bridges across

the liquid membrane and goes from a solid-liquid interface to
a solid-vapor interface. When y, — 74 < 0, surface energy is
reduced when the fiber bridges the liquid membrane. Using
Young’s law for partial wetting, y,, = 74 + y cos 6, Eq. (2)
can be rewritten as

AE, = 2ryf, cos(6,). (3)

Since the thickness of the liquid membrane defining the
air bubble increases radially from the center of the bubble,
there will be a point where the liquid membrane is too thick
for the fiber to bridge. At this point, the change in surface
energy per unit length of fiber AE, results in a driving
force, pulling more fiber on to the air bubble and into the
bridged state. As more fiber is pulled on to the air bubble,
the fiber must bend and reorient to accommodate this extra
length. Wrapping around the perimeter of the liquid mem-
brane allows more fiber to bridge. Figures 3(a) and 3(b)
show a top view of a fiber-bubble system before and after the
fiber migrates to the perimeter of the air bubble, immediately
before the fiber begins to wind around the perimeter of the
membrane. Thus, we have the remarkable result that a fiber
will wrap itself around the capped film at the apex of the
bubble when the increase in bending energy is less than the
decrease in interfacial energy (see video in the Supplemental
Material [29]). Although the driving force causing this
spontaneous winding comes from the bridging phenomenon,
bridging alone is not sufficient to initiate winding, and many
bridged samples do not proceed to wind. The energy released
through bridging must be sufficient to overcome the increase
in bending energy during the winding process.

We formulate a simple model by taking the initial state of
the fiber as unbridged and straight [Fig. 3(d)], and
comparing the energy to the final state of the fiber which
bridges the liquid film and is bent around the perimeter of
the bubble cap [Fig. 3(e)]. The critical radius of the bubble
cap, R., that distinguishes the nonwinding regime,
R < R,, from the winding regime, R > R, is given by
the point where the change in bending energy is balanced
by a change in surface energy: AE; + AE, = 0. We obtain
2ry(6, cos0,) = nEr*/8RZ. Rearranging this expression
allows one to calculate R. as a function of /, and 6,

Ly

/20, cosf,

Since 6, is different for different polymer-liquid combina-
tions, contact angle measurements were performed by
placing small droplets of glycerol on films of each material.
Droplets were imaged from the side to determine the
contact angle ¢, for each polymer. The contact angles
were 78° 4 2°, 82.5° 4 3°, and 67.5° & 3° for PS, SIS, and
Elastollan, respectively [29].

R, = (4)
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FIG. 4. Phase diagram of the winding criterion for Elastollan
(circles), SIS (diamonds), and PS (triangles) fibers in glycerol.
The slope defining the transition from Eq. (4) is m = 1. Green
(light gray) points designate fiber-bubble combinations which
wind, and red (dark gray) points designate those that do not wind.

Equation (4) was tested by observing fibers and bubbles
of various sizes as they were brought into contact. After
bridging, if the fiber migrated to the perimeter of the cap
and continued to pull more fiber onto the cap, it was
considered to have begun winding, and the point was
plotted in green (light gray) in Fig. 4. Otherwise, if the fiber
came to rest without winding around the perimeter, the
point was plotted in red (dark gray). If any result was
ambiguous (for example the bubble bursts while the fiber is
migrating but has not begun to wind), the experiment was
discarded. Notably, bubbles could be expected to burst
prematurely if the time required to wind is longer than the
typical lifespan of a bubble. Although the winding speed is
expected to depend on the energy balance described above,
the dynamics of the process is also related to the length of
the fiber away from the bubble and the viscous drag this
segment of fiber experiences. For this reason, the ability to
see winding should be taken as an upper bound. By plotting

R, as a function of 1,/ | /26, cos 6, as suggested by Eq. (4),
we obtain a winding phase diagram for all data with

different bubble size, fiber radius, and three polymers
spanning several orders of magnitude in modulus. The
data are in excellent agreement with the model with a line
passing through the origin and a slope of 1, defining the
winding/no-winding boundary. The phase diagram indi-
cates that winding is possible for bubbles with large radii
and thin fibers, whereas thick fibers will not wind around a
small radius.

Fibers that had completely wrapped around the bubble
resulted in 2D coils as shown in Fig. 1(a) (video in the
Supplemental Material [29]). By winding around the
bubble cap, the fiber creates a spontaneous barrier which
impedes drainage from the bubble cap to the bath. Thinning
of the membrane is hindered, which enhances bubble

FIG. 5.

A macroscopic demonstration of how the fiber coil can
collapse to a flat surface, forming a unique, noncircular shape.

stability. Though bubble stabilization depends on the
viscosity of the liquid, winding speed, evaporation rate,
and details as to how curved liquid membranes drain, we
observe a qualitative increase of bubble lifetime. To test
this, the lifetime of 20 bubbles with radii of 170-600 xm
was measured without coils and found to be 110 £ 50 s. In
contrast, for 22 similarly sized bubbles, fibers with radii of
2—11 ym were allowed to wind, and the wound bubbles
were observed to have a lifetime of 440 + 190 s, even after
the winding was complete (a process that takes approx-
imately 1-2 minutes). Since the winding process is depen-
dent on the fiber thickness and bubble radius, the lifetime of
wound bubbles presented should be taken as a lower bound.
In fact, some bubbles survived hours, which is consistent
with the stabilizing qualities of Pickering emulsions [48].

In instances when the fiber is thin and long, and the
air bubble is large, the fiber migration process creates an
S-shaped curve at the apex [see Fig. 1(a)]. The S-shaped
curve is formed when the length of fiber extending from both
sides of the bubble is long. In that case, an S-shaped curve
must appear to satisfy the fiber lying on a 2D surface and
winding in the same orientation (see the Supplemental
Material [29]). Figure 1(b) shows the shape the fiber coil
took after the bubble burst, and demonstrates another
interesting aspect of the fiber coil geometry that is produced
through winding. As a fiber completely surrounds a bubble
cap, pulling more fiber onto the bubble perimeter requires
the existing coil to be displaced. By migrating up the cap,
more area around the perimeter of the cap can be liberated.
The resultis a coil which begins to trace the three-dimensional
surface area of the spherical cap. When the bubble finally
bursts, if there is low fiber-fiber adhesion, the coil will
violently unwind in a process similar to the ‘“entropic
explosion” seen in viral capsids [39-42]. If there is sufficient
adhesion between fiber surfaces, capillary forces pull the coil
onto the surface of the bath, forcing the coil, which conforms
to a spherical cap, to collapse onto an unfavorable flat surface.
The deformation results in the unique shape shown in
Fig. 1(b). One can replicate this easily by winding a rope
around the apex of a sphere, and collapsing the structure onto
a flat surface as shown in Fig. 5.

Here a unique self-assembly process is presented which
occurs when thin polymer fibers are brought in contact with
air bubbles located at the surface of a liquid bath. Fibers
were found to bridge the liquid membrane defined by the
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air-liquid-air interface of the air bubble at the surface of the
bath. Doing so reduces the interfacial energy of the fiber-
liquid system. The decrease in interfacial energy of the
system comes at a cost of increasing the bending energy of
the fiber as more fiber is pulled into the bridged state and
forced to reorient on the bubble cap. A simple expression
depending on the bubble size, bending elastocapillary
length /,,, and liquid-solid contact angle of the fiber predicts
the onset of this spontaneous winding process. This
expression was confirmed experimentally for fibers of
various sizes and materials in a bath of glycerol. By
wrapping a bubble cap with a spiral of fiber, the flow of
liquid from the cap back into the bath is impeded which
significantly increases bubble lifetimes. The self-assembly
process may be used in the fabrication of 2D microcoils, the
production of metamaterials, or harnessed to stabilize or
pattern microbubbles.
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