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ABSTRACT: This Perspective accounts for recent progress in the
directed control of interfacial fluid flows harnessed to assemble
architected soft materials. We are focusing on the paradigmatic
problem of free-surface flows in curable elastomers. These
elastomers are initially liquid and cure into elastic solids whose
shape is imparted by concomitant and competing phenomena: flow-
induced deformations and curing. Particular attention is given to the
role of capillary forces in these systems. Originating from the
cohesive nature of liquids and thus favoring smooth interfaces,
capillary forces can also promote the destabilization of interfaces,
e.g., into droplets. In turn, such mechanical instabilities tend to grow
into regular patterns, e.g., forming hexagonal lattices. We discuss
how the universality, robustness, and ultimate regularity of these
out-of-equilibrium processes could serve as a basis for new fabrication paradigms, where instabilities are directed to generate target
architected solids obtained without each element laid in place by direct mechanized intervention.
KEYWORDS: interfacial flows, 3D printing, capillarity, polymer, curing, pattern, instability

■ HARNESSING INTERFACIAL FLOWS
Since the Bronze Age, humans have used the inherent
compliance of liquids to shape materials and fabricate artifacts.
Metal casting, glass blowing, and even painting are all processes
where a final construct is obtained following the solidification of
an initially liquid phase shaped by a combination of tools and
craftsman skills. Throughout history, this concept has matured
into a plethora of industrial processes that often rely on
mechanized intervention and interfacial effects unique to liquid
phases. For instance, capillary forces are routinely used to
straighten interfaces, e.g., in dip coating1 and the glass float
process,2 and to disperse liquids, e.g., in inkjet printing3 and
atomization.4 Due to favorable downscaling with length, the idea
of harnessing interfacial effects for materials design is also
gaining momentum in the laboratory, e.g., through the use of
microfluidic emulsions,5−8 capillary-mediated self-folding,9−13

and interfacial instabilities in molten phases14 (see Figure 1).
While the former examples have been vigorously researched, the
literature on interfacial fluid mechanics in solidifying liquids
remains sparse, leaving the outstanding scientific question of the
relation between flow and shape mostly unanswered.15

Specifically, predictive theoretical models accounting for the
concomitant and competing phenomena at play in the formation
of morphological structures are often lacking due to the
multiphysics complexity of these phenomena.

Additionally, interfacial instabilities are often studied close to
threshold such that pattern formation in these systems remains
poorly understood. Here we survey recent experimental and

theoretical efforts to fill this knowledge gap. In particular, we
discuss how and when this class of fluid-mediated fabrication
methodologies can advantageously complement existing
approaches for assembling structures and structural hetero-
geneities in macroscopic systems, e.g., 3D printing;16,17 and
microscopic techniques, e.g., photolithography,18 nanopattern-
ing,19 and other kinds of self-assembly approaches.20 To this
day, producing complex multimaterial assemblies with multi-
scale structures ordered from the nanoscale to the microscale
and macroscale remains technologically challenging.21 New
paradigms are thus needed to enable the flexible and scalable
fabrication of such bioinspired materials, whose fibrous, layered,
gradient, cellular, and interlocking architectures could be
leveraged22,23 to perform advanced functions including self-
cleaning, drag reduction, light coloration, camouflage, sound
manipulation, insulation, sensing, high mechanical strength, and
other advanced mechanical properties and programmable shape
change.
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■ PATTERN FORMING SYSTEMS
In nature, organized arrays of elements arise spontaneously from
the interactions between their parts, e.g., reaction-diffusion
problems,24 clustering particles and granular media,25,26

wrinkling surfaces,27 propagating cracks,28 and, of particular
interest to this article, flowing liquids and interfaces.14 Such
structures are universally self-organized, a property that could be
advantageously leveraged in engineering settings. For instance,
the coils that form when honey impinges a toast at breakfast
emerge from a buckling instability29,30 (Figure 2). Therefore,
these coils do not require an operator to move into carefully
controlled circles. These patterns are universal and transcend

the traditional divisions between scientific fields. For instance,
coiling structures are seen in systems that might seem to have
nothing in common, such as an elastic rope31,32 and a viscous
thread,30,33−35 while their scale ranges from a micrometer36 and
less37 to meters.31 These similarities result from the
mathematical analogies in the rules that govern such pattern
formation.30 In effect, it was shown that a single scalar parameter
could effectively rationalize these coiling patterns, that is, the
ratio between the terminal speed of the thread at the contact
point and the speed of the substrate relative to the nozzle from
where the thread is extruded. Such simple and robust guideline
could be helpful to practitioners, e.g., to fabricate foams with
carefully controlled porosity,38,39 even in materials as complex as
molten glass in the midst of solidification.40 Here we discuss the
control of the multiple facets of complex out-of-equilibrium
pattern forming phenomena in stable and unstable config-
urations. We primarily focus on the paradigmatic case where
those patterns are harnessed in silicone-based elastomers that
are initially liquid and solidify into elastic materials. Examples
include polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning) and vinylpolysiloxane (VPS, Elite Double 8, 16, and
32, Zhermack). These commercial elastomers are cross-linked
materials that contain inorganic fillers (silica particles) and other
additives (silicone oil). The mechanical properties of these
polymers are greatly enhanced by cross-linking. Cross-linking is
typically achieved by a reaction between vinyl end groups in the
base and Si−H groups in the cross-linker via platinum catalyzed
hydrosilylation.41 These cross-linked elastomers are widely used
across fields. Examples range from soft lithography,18 an
essential process in many microfluidic and microelectromechan-
ical systems, to capturing highly accurate impressions in

Figure 1. From liquid to functional solids. We discuss the possibility of harnessing interfacial flows in solidifying melts to assemble structured solids.
Particular attention is given to devising strategies for the directed control of stable and unstable flows and the shapes and patterns they produce.

Figure 2. Coiling is universal. Coiling can is found across length scales
and material properties, yielding regularly spaced patterns stemming
from the buckling dynamics of a thread.
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dentistry. In all cases, elastomers are praised for their
moldability. Here, we are interested in another facet of their
nature, which pertains to the change of their viscosity over time.
Specifically, these cross-linking mixtures tend to exhibit a snap-
set behavior defined as the nearly constant maintenance of their
viscosity followed by a rapid transition to elasticity. This rapid
change is best captured by the following doomsday equation:42

= t(1 / ) n
0 c (1)

where τc is the curing time, μ0 is the value of the initial viscosity,
and n is a real number. In Figure 3, we show that eq 1 with n = 2

compares favorably with the viscosity of various VPS mixtures
whose rheology was determined experimentally.43 The initial
viscosity of these polymers is typically of the order a few Pa·s,
while their curing time may range from ∼600 s for VPS-08 and
-16 to ∼1100 s for VPS-32.43 Additionally, the viscosity of these
solutions appears to be weakly affected by shear.44 In the
following, we show how the advantageous snap-set rheology of
these elastomers can be leveraged to turn fluid flows into elastic
structures with continuously tunable properties.

■ THIN FILMS
As inferred by its name, surface tension tends to straighten
interfaces. As such, interfacial effects have long been leveraged to
produce smooth interfaces when a thin layer of liquid is applied
to a solid. For such coatings, the common practice is to help the
process with some movement, e.g., by pulling the solid of a bath
or rotating it. In both cases, the coating thickness is dictated by
the hydrodynamics of the problem. For instance, the amount of
fluid deposited on a substrate pulled out of a bath1 is directly
related to the speed of extraction U, the viscosity of the fluid μ,
its density ρ, the acceleration of gravity g, and the surface tension
of the liquid σ. In fact, the coating thickness is h Calc

2/3 with

= ( )l
gc

1/2
being the capillary length and =Ca U being the

capillary number (in the limit Ca 1). Such coating
thicknesses typically range from a few millimeters down to
tenths of micrometers. In the laboratory, thinner coatings are
attainable using a spin coater, where a layer with initial thickness
h0 will evolve as h(t) = h0/(1 + 4ρω2h02t/3μ)1/2 in the
Newtonian limit, with ω the rotation speed.45 It is of particular
interest to applications because this flow will lose all memory of
its initial condition, which is typically not uniform. As a result, for
long enough times, the coating will converge to a universal
uniform solution h(t) ∼ (3μ/4ρω2t)1/2 (ignoring other effects
such as evaporation). Similar solutions can be found in passive
settings, e.g., where gravity alone drives the flow so that the
operator does not directly enforce the relative motion between
solid and fluid. For instance, in the drainage of a viscous liquid
coated on top of a sphere with radius R, the thickness varies as

h R

gt
0 . This solution44 is agnostic of the initial thickness

applied to the sphere and its ineffable lack of uniformity.
Additionally, this universal law shows little dependence on the
azimuthal angle, yielding virtually uniform coatings. Of
particular interest for fabrication, these flows can be arrested
in curable elastomers that are initially liquid and progressively
cure to form elastic solids. Their typical rheology is well captured
by42eq 1 using n=2. After curing is complete, a solid shell with
uniform thickness is thus obtained. The shell thickness44 is

accurately captured by =h R

gf
3

4
0

c
. In turn, this predictive

knowledge can be leveraged to continuously tune the shell
thickness by modifying the time between polymer preparation
and themoment of pouring. The resulting shells are virtually free

Figure 3. Viscosity of VPS elastomers. Rescaled viscosity of VPS-08,
-16, and -32 solutions based on oscillatory shear rheology measure-
ments. The dashed line corresponds to eq 1 with n = 2.

Figure 4. Bubble casting. (a) A cavity is carved by injecting a bubble into a cylinder initially filled with a liquid elastomer. (b) Gravity-induced drainage
yields an anisotropic cross-section which eventually cures into a solid actuator. (c) Upon inflation, the actuator curls and can be used to grip a ball
(pink), which is then carried as the actuator contracts. (d) Leveraging our model of the fabrication process enables us to program the actuator, e.g.
displaying a sequential motion of 4 digits when inflated at once.
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of defects, i.e., making them more resistant to buckling46,47 than
would have been the case if fabricated using another fast
prototyping approach, e.g., with 3D printing. These assets also
make free-surface flows of curable polymers good candidates for
the fabrication of soft robots, as detailed next.

■ BUBBLE CASTING
Soft robots are inspired by living organisms and developed from
intrinsically compliant materials. Where conventional robots
rely on hinges and bolts to achieve movement, soft robots use
elastomeric actuators programmed to change shape following
the application of stimuli, for example, pneumatic inflation, and
perform continuous motions that mimic animal and vegetal
movement. Note that the programming of these actuators is
typically encoded in the shape of the actuator. As such, recent
advances in rapid prototyping techniques have greatly facilitated
the development of the field, e.g., enabling the fabrication of
complex molds used to cast soft actuators. However, these
fabrication processes have limitations in scalability, design
flexibility, and robustness. An alternative approach has recently
been reported, demonstrating that it is possible to harness
interfacial flows in curable elastomers to produce monolithic
pneumatic actuators. Leveraging the rules and tools of fluid
mechanics, one can tailor their shape, making them suitable for
applications ranging from artificial muscles to grippers. This
approach, called “bubble-casting”43 combines the physics of the
aforementioned forced wetting and drainage flows. First, a
tubular mold is filled by injecting uncured elastomer melt. While
the melt is still liquid, air is injected to form an elongated bubble
that creates the inner void of the actuator (Figure 4a). This
annulus’ thickness h0 scales with the capillary number

=Ca U0 , where U denotes the speed at which the bubble
was pushed, μ0 is the initial viscosity of the elastomer, and σ is its
surface tension. In effect, we have +h RCa Ca/(1 )0

2/3 2/3 ,
where R is the radius of the mold. In a typical experiment,
Ca 1, so that h ∼ 0.35R. Note that the value of 35% is
effectively a plateau so that monitoring the exact velocity of the
bubble to predict h is not required so long as the bubble is fast
enough to ensure Ca 1”. This robust result translates into a
void fraction of about 50%. Gravity then sculpts the actuator by
draining the polymer film and allowing the bubble to rise (Figure
4b). The drainage leaves a film with thickness:

=
i
k
jjjjj

y
{
zzzzzh 3

R

2 gf
0

c

c

c w

3

(2)

where τc is the polymer curing time and τw is the work time, i.e.,
the time elapsed between the mixing of the reagents and when
the bubble is pushed into themold.43 The solution in eq 2 can be
matched to that of the thick part of the actuator, which is
obtained by integrating the Young−Laplace equation that
follows the balance between gravity and capillarity. The final
elastic cross-section obtained after curing is thus anisotropic.
When inflated, the thin film deforms more than the rest of the
structure, thereby inducing bending.43 Considerable deforma-
tions are obtained such that a rod can grip around an object and
lift it by contracting its effective length (see Figure 4c). Note that
the cross section and its subsequent deformations can be tuned
with mathematical precision. In particular, modifying the work
time τw is a simple way to alter hf (see eq 2). In turn, hf dictates
the response of these actuators to inflation. All other parameters
remaining equal, the thinner hf is, the higher the curvature is
when inflation occurs. As such, merely assigning different values
of τw in specific regions of the actuator will translate in an
actuator with a distribution of curvatures upon inflation. This
property can be leveraged to program an actuator, e.g.,
generating a sequential motion (see Figure 4d). In such a case,
the program is embedded into the shape of the actuator which
has been engineered leveraging the rules and tools of fluid
mechanics. In particular, these monolithic constructs have
smooth membranes with thickness on the order of 100 μm,
which are virtually uniform over meter-long samples. Addition-
ally, the active part of the fabrication, i.e. the bubble injection,
only takes seconds, while curing is typically achieved in 10 min.
Those time scales reflect the potential scalability of the
approach.

Note that such approaches which make use of liquid−air
interfaces are exceptionally smooth with roughness measured to
be of the order of the nanometer78. These fluidic methodologies
are thus suitable for applications where precision is paramount,
i.e., in optics, where they can produce a broad range of
components that do not require polishing before use.78

■ PIXELATED SHEETS
Capillary forces can also be harnessed to generate movement in
liquids, as commonly observed when plunging a straw into a
glass of water.48 In this mundane problem, capillary forces and

Figure 5. Pixelated sheets. (a) Liquid elastomers are poured on top of a Hele-Shaw cell composed of two rigid plates, with the top one presenting a
series of holes. Inset: Capillary forces yield to the polymer imbibition. (b) The flowsmeet and form “pixels” whose shape matches the Voronoi mesh of
the holes’ positions. Vents (not shown) are located at the edges of the mesh.
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wetting conditions lead to the formation of a meniscus whose
curvature yields a pressure gradient in the liquid, causing the so-
called capillary rise. Similar forces are harnessed in the natural
world, e.g., in several creatures’ drinking strategies.49 These
capillary suction mechanisms can also be leveraged in the
laboratory to assemble pixelated materials.50 In Figure 5a, we
show how suction flows can be obtained in a Hele-Shaw cell that
consists of two plates separated by a small gap. Here the top plate
presents a series of holes, from which the flows proceed until
they meet at the dividing lines. As a result, we obtain a Voronoi
tessellation (Figure 5b). After curing is complete, these patterns
solidify into composite elastic sheets. This method is
conceptually analogous to the watershed transform traditionally
employed in image analysis and, as such, can be generalized to a
variety of source shapes50 and materials.50−52 Note that such
regular shapes are not exclusive to these carefully engineered
settings but can also naturally emerge from mechanical
instabilities, as detailed next.

■ A PARADIGM SHIFT
Mechanical instabilities in engineered structures, e.g., buckling
and wrinkling, have historically been perceived as failure
mechanisms, such that an enduring motivation for their study
has been the desire to avoid them. Recently, however, we have
witnessed a paradigm shift wherein mechanical instabilities53,54

are instead sought after owing to their ability to produce regular
patterns that would otherwise be difficult to achieve.55

Interestingly, this approach has been applied for a long time in
the field of inkjet printing. First introduced commercially by
Siemens in 1951,56 continuous inkjet printers have long relied
on the Rayleigh−Plateau instability (RPI) to break a liquid jet
emerging from a high-pressure reservoir into a multitude of
uniformly sized droplets.4 As such, the RPI has been extensively
studied in the context of liquid jets in the air, but also in systems
where the outer phase is viscous,57,58 while the radius of drops
formed by the RPI may range anywhere from a few millimeters
tenth of nanometers.59 Techniques such as coflows, the coaxial
flow of two immiscible fluids, are now routinely used to disperse
a phase (the inner fluid) into a continuous phase (the outer
fluid) using stresses of hydrodynamic origin60−62, and the large
range of breaking patterns63,64 they exhibit are well under-
stood.65 However, previous research has primarily focused on
single threads, leaving recursive mechanisms and collective
instabilities in multithread systems poorly understood.66

Additionally, classical hydrodynamics focuses on pure liquids.
Fluid dynamical systems involving liquids out of equilibrium

have been comparatively less explored. Here we discuss how the
solid−liquid phase transition inherent to a wide range of
materials coupled to carefully designed interfacial flows offers
new possibilities in the assembly of complex structures by
enabling the harnessing of fluidic instabilities in order to
produce solid structures with robust and regular properties.

■ RAYLEIGH−PLATEAU INSTABILITY
As discussed earlier, drop and droplets have long been harnessed
in engineering, being the backbone of tremendously successful
technologies such as inkjet printing.3 Droplets are also key
players in the laboratory where they have helped the
development lab-on-chip technology.64 In all these cases,
droplets are primarily used as tiny fluids reservoirs, which
thereby transport minute and well controlled volumes of liquids.
However, droplets can also be leveraged for their shape, e.g.,
when they serve as templates in bottom up fabrication
paradigms.6,67 In these applications, controlling the mono-
dispersity of the drops is also essential as it informs the structures
that emerge when droplets are packed together. This assembly is
typically achieved by progressively sucking the continuous phase
in which the droplets sit, yielding a hexagonal lattice. While the
fabrication of such well-calibrated drops is amenable to existing
fluid manipulation paradigms, the self-assembly of droplet
lattices is typically limited to densely packed structures with
hexagonal symmetries. It has recently been demonstrated that
this limitation in structural versatility can be overcome when
combining freeform fabrication techniques, such as embedded
3D printing68 and microfluidics approaches.69,70 Specifically,
when a viscous thread is extruded into another immiscible liquid
following a raster toolpath. Leveraging this approach, Cai et al.69

have indeed shown that the sequential breakup of closely spaced
liquid threads locks into crystal-like lattices of droplets (Figure
6). The geometry and composition of the drop lattices can be
tuned via the modulation of the printing parameters. Polymer-
izing the outer phase then yields elastic slabs patterned with
liquid inclusions. In turn, these inclusions can be leveraged to
induce mechanical deformations71 and locally modulate the
mechanical properties of themedia72 or its acoustic properties.73

■ RAYLEIGH−TAYLOR INSTABILITY
Mechanisms for droplet formation are not limited to the RPI.
For instance, a thin coating applied on the underside of a flat
substrate will destabilize into a network of droplets following the
action of gravity, an instability known as the Rayleigh−Taylor

Figure 6. Self-assembled drop crystals. (a) The sequential breakup of viscous threads sequentially printed into another immiscible viscous bath leads to
the assembly of a regular lattice of drops. (b) Experimental picture of such a lattice, here driven by the presence of a template (drops are ∼3 mm in
diameter).
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instability74 (RTI, Figure 7a). Likewise, coatings applied to the
outside of a rapidly rotating cylinder will form similar kinds of
droplets whose spacing follows the most unstable mode of the
instability a2 2 / , where σ is the liquid interfacial tension, ρ
is its density, and a is the magnitude of the centrifugal
acceleration acting on the system. As such, changing the
magnitude of the acceleration field a diminishes the size of the
droplets that the RTI forms. Structures down to a few
micrometers have been demonstrated.75 Of particular interest
for fabrication purposes is the possibility of controlling the
arrangement of these drops relative to each other. Specifically, it
has been shown that the lattice type can be dictated by using
carefully crafted defects seeded in the substrate prior to coating
(Figure 7b).75 The shape of the drops can also be altered, this
time using a modulation of the acceleration field over the course
of an experiment.76 This modulation is typically applied at the
gelation point of the polymer used in the experiment, i.e., when
the elastomer is no longer liquid but still much softer than it will
eventually be when fully cured. Hair-like elongated structures
then grow as the initially formed drops are stretched due to the
increased acceleration (Figure 7c). This acceleration is
maintained constant for the remainder of the curing process.
The elastomer shear modulus then progressively increases by
over 3 orders of magnitude. As the acceleration stops, curing is
complete and this moldless approach yields a forest of hair at the
surface of the substrate.76 Note that these structures arise from
the coupling of concomitant effects: themechanical deformation
that follows the RTI and the curing of the elastomer that pertains
to chemical reactions occurring at the molecular level of the
polymer.

■ DISCUSSION AND CONCLUSIONS
In this Perspective, we have primarily discussed interfacial flows
in the context of curable elastomers. We have highlighted the
universality of these processes capable of memory loss
(insensitive to initial conditions) and yielding the robust
assembly of periodic structures obtained following relatively
simple design guidelines (insensitive to materials properties).
However, we note that the directed control of these flows is still
in its infancy. A combination of experimental, theoretical, and
numerical efforts is still needed to provide a unified description
of this class of problems and solutions to the so-called inverse
design problem: finding the set of initial and boundary
conditions69,77 such that a liquid mixture would flow and
solidify into arbitrarily complex target shapes (three-dimen-
sional and multimaterial). Efforts in Chemistry are needed to
better understand and ultimately better engineer reversible,
stimuli-responsive, and controllable cross-linking mixtures. For

instance, advances to rationalize the link between molecular
processes occurring in these crowded environments and the
effective time varying macroscopic behavior of these solutions
would be instrumental to further develop the fabrications
methods we have discussed. Achieving such a feat would have
tremendous technological value. The idea of arresting flows for
reliable design and fabrication of self-organized patterns indeed
goes far beyond the specific phenomena and liquids discussed in
this Perspective. This burgeoning movement is targeting a broad
range of phenomena to develop moldless methodologies for
assembling optical components,78 porous materials,79 textiles,80

pharmaceutical particles,81 and fractal and chaotic struc-
tures.82−85 This type of approach is potentially applicable to a
broad range of liquids from commodity/engineering materials
(e.g., thermoplastics/thermosets), to innovative materials such
as responsive hydrogels86 and liquid crystal elastomers,87 to UV
curable solutions,88 to bioactive materials,89 to cellulose-based
materials,90 and to ceramics and metals.91,92 Of particular
interest to technological applications is that the resolution of
fluid-mediated assemblies relies on the physics of fluids, e.g., in
contrast with printing, where the resolution of the print directly
scales with the size of the deposition nozzle and the accuracy of
the hardware directing its motion. Instead, the solids we
discussed are smooth down to the limit of continuum
mechanics.78 Additionally, pattern formation in this class of
systems is intrinsically scalable. For instance, think of the vast
areas covered by mud cracks, sand ripples, and other
geomorphic features seen on earth and other planets,93−97

which are all the result of instabilities. Finally, these processes are
frugal. The structures we discussed primarily stem from
passively harnessing gravity and interfacial effects at room
temperature, thereby yieldingminimal energy expenditures. As a
consequence, these processes could nicely complement existing
fabrication paradigms. An immediate application would be the
manipulation of viscous solutions (1 Pa·s and above) and
extreme materials (e.g., molten glass, as discussed in this
Perspective). Comparatively, inkjet printing is limited to
operating in a narrow range of viscosities (∼1 mPa·s) and
requires surfactants to fine-tune the surface tension of the ink.
Likewise, large throughputs in microfluidic systems are only
possible with polymers in a low-viscosity state (below 100 mPa·
s), while the solutions typically processed into particles for
materials design are rather viscous.98

In closing, we note that the distribution of geometrically
engineered materials in our daily lives remains very limited due
to the difficulty of assembling such structures. The fluidic
approaches discussed in this Perspective could help address the
challenge of developing scalable fabrication processes that are

Figure 7.Harnessing the Rayleigh−Taylor instability: (a) Drop pattern forming in a thin polymer film coated on the underside of a flat substrate. (b)
This pattern can be made regular using seeds. (c) Photographs of a film applied to a cylinder (left), and the RTI-mediated drops that form when the
rotation speed is Ω1 (middle). Increasing the speed to a larger value Ω2 during curing yields hair-like elongated structures (right).
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sufficiently versatile to bridge the millimetric and micro- or even
nanoscale, compatible with various liquids, and that can produce
a multiplicity of architectures for specific engineering
applications. Interfacial flows and instabilities can comfortably
handle length scales ranging from ∼1 μm to ∼1 m while
coupling these pattern-forming systems to complex fluids, e.g.,
embarking binary mixtures,99 colloid suspensions, or nano-
fillers,100 would open the door to truly multiscale designs. The
flow would have the dual purpose of shaping the overall
structure and interface of the material while providing the means
and the conditions, e.g., via shear, for order to arise at the
smallest scales.
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