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ABSTRACT: Phase separation is a ubiquitous process and finds
applications in a variety of biological, organic, and inorganic systems.
Nature has evolved the ability to control phase separation to both
regulate cellular processes and make composite materials with
outstanding mechanical and optical properties. Striking examples of
the latter are the vibrant blue and green feathers of many bird species,
which are thought to result from an exquisite control of the size and
spatial correlations of their phase-separated microstructures. By
contrast, it is much harder for material scientists to arrest and control
phase separation in synthetic materials with such a high level of
precision at these length scales. In this Perspective, we briefly review
some established methods to control liquid−liquid phase separation
processes and then highlight the emergence of a promising arrest
method based on phase separation in an elastic polymer network. Finally, we discuss upcoming challenges and opportunities for
fabricating microstructured materials via mechanically controlled phase separation.
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A. THE PROMISE AND CHALLENGE OF PHASE
SEPARATION

Few physical processes in material science span the huge range
of length scales accessed during phase separation. Consider the
formation of a familiar drop of dew, condensing on a blade of
grass on a cool summer morning. Starting from its critical
radius, around a nanometer, it grows smoothly from the
surrounding supersaturated air until it reaches its final gravity-
limited size of about a millimeter. Condensation is just one
example of a broad class of phase separation processes, where
homogeneous mixtures of immiscible components separate
into distinct phases to reach thermodynamic equilibrium
(Figure 1A).1

Phase separation can be triggered by a variety of stimuli,
including temperature, composition, or activity changes.2−4 In
homogeneous mixtures of fluids, phase separation takes place
via nucleation and growth or via spinodal decomposition.5

These two classic demixing pathways entail very different
morphologies consisting of a dispersion of discrete droplets
(Figure 1A(i)) or a bicontinuous network formed by
interconnected channels (Figure 1A(ii)). Because the interface
between these biphasic structures costs energy, their micro-
scopic features tend to vanish over time, with interfacial forces
driving their coarsening into two macroscopic domains (Figure
1A(iii)).5

The transient nano- and microstructures formed during
phase separation have been widely exploited by natural
evolution and human ingenuity. For instance, living cells use

phase separation to structure the cytoplasm and regulate
biological functions via the formation of protein-rich
droplets.6−8 Humans have also harnessed phase separation
during millenia for a variety of purposes. For example, the
phase separation of gas within bread dough creates a solid
foam, which improves bread’s texture and digestability.9

More recently, scientists have exploited phase separation to
fabricate advanced functional materials with engineered
microstructures. Some examples include the fabrication of
metal alloys,10,11 colloidal particles,12−15 and porous materi-
als.16−20 The central challenge in controlling the micro-
structure of phase-separated materials is to arrest their
demixing at the desired length scale. In mixtures of fluids,
this is not always an easy task, as classical liquid−liquid phase
separation processes have no intrinsic mechanisms to over-
whelm the ubiquitous influence of surface tension.
In this Perspective, we discuss the potential of using

mechanical forces imposed by polymer matrixes to control
liquid−liquid phase separation at the microscale. We begin by
briefly reviewing some established methods to arrest demixing
processes. Then, we draw inspiration from some natural
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examples which suggest that greater control of these processes
is possible. Next, we focus on some recent studies exploring
the impact of elastic polymer matrixes on phase separation, and
finally, discuss the challenges and opportunities of elastically
controlled phase separation methods.

B. ESTABLISHED APPROACHES TO ARREST
LIQUID−LIQUID PHASE SEPARATION

Vitrification or gelation of one phase is a powerful approach to
arrest liquid−liquid phase separation at the microscale (Figure
1B).16,21−23 For example, porous polymer membranes for
filtration are made from a polymer solution where phase
separation is triggered by a rapid thermal or solvent-
composition quench.16 Phase separation arrests microscopi-
cally when the polymer-rich phase vitrifies, i.e. when it reaches
a glassy state, due to the reduced mobility of the polymer
chains. Using this kinetic approach, the final structure of the
material can be tuned over multiple length scales, as it depends
on the competition between the coarsening rate of the phase-
separated domains and the quenching rate of the system.16

Similar glass-transition arrest processes are used to produce
many other phase-separated materials, including colloidal
gels,21,24 protein gels,22 and colloidal particles with several
subdomains.23,25

The cross-linking or polymerization of one component can
also robustly arrest phase separation at microscopic scales.26−28

An example of this approach is the fabrication of polymer-
dispersed liquid crystals, which are optically active composite
materials, and are produced by cross-linking an epoxy-based
polymer mixed with a liquid crystal mesogen.26 As the cross-
linking reaction proceeds, the mixture becomes unstable and
liquid crystalline droplets form in the polymer phase.
Eventually, when cross-linking rigidifies the polymer domains,
further phase separation is arrested and the microstructure of
the material is stabilized. Compared to the vitrification
approach described above, cross-linking may be more attractive
for producing homogeneously structured materials. This is

because the quenching of the system, i.e. its cross-linkage, is
not limited by the diffusion of heat or mass throughout the
system, but by the kinetics of the cross-linking reaction. As a
result, the ultimate length scale of the material is determined
by the kinetic competition of coarsening and cross-linking of
the system.27

The above strategies for controlling the structure of phase-
separated materials are based on the kinetics of demixing. A
major breakthrough in regulating this process came with the
advent of block copolymers, whose structure introduces an
intrinsic length scale into the system and confers thermody-
namic stability to phase-separated structures at the nano-
scale.29−33 In these systems, mixtures of polymers with a
tendency to phase separate are linked by a covalent bond
(inset Figure 1C). When demixing is triggered, the bonds
between the different polymer blocks restrict their relative
motion and hence oppose macroscopic phase separation.
These constraints lead to the formation of highly ordered
microscopic domains with dimensions comparable to the size
of their macromolecular building blocks. Examples of such
periodic structures include lamellar, hexagonal, and gyroid
structures34 (Figure 1C). Furthermore, with the development
of brush-block copolymers, phase-separated materials with
structural scales comparable to the wavelength of light, were
also produced.35,36 Finally, while the applications of block-
polymer materials have been typically limited to small sample
volumes due to complex synthesis and sluggish assembly of
these gigantic macromolecules,37 recent works show their
potential for the centimeter-scale production of photonic
structures.38

In summary, while beautifully ordered phase-separated
materials can be produced through the precise structural
control of their molecular building blocks, kinetic approaches
to control phase separation work with simpler chemistries and
access a wider range of length scales. Could systems with
simpler molecular architectures also produce robustly ordered
structures over a wide range of length scales? A look at nature
suggests that they might be able to.

C. BIOINSPIRATION: PHOTONIC NANOSTRUCTURES
IN FEATHERS

Bird feathers produce vivid colors (Figure 2A−C) through a
variety of mechanisms.39 For instance, noniridescent greens
and blues are typically formed by the scattering of light from
partially ordered structures made of β-keratin and air, as those
shown in the electron microscopy images (Figure 2D−F).40,41
All of these structures have a well-defined length scale, which is
observable as a ring in X-ray scattering measurements (Figure
2G−I). Most known examples of color-producing structures in
bird feathers adopt two typical morphologies with short-ranged
translation order. These are channel-like structures resembling
arrested spinodal decomposition (Figure 2D) and dense
packings of uniform spheres resembling arrested nucleation
and growth (Figure 2E).41

The striking similarity of the birds’ photonic structures to
classical liquid−liquid phase separation morphologies suggest
that these structures form through the phase separation of β-
keratin proteins in the cytoplasm of their medullary cells.40,42

This hypothesis is supported by that fact that these
nanostructures appear during keratinization, which is a process
where cells undergo programmed cell death while over-
expressing keratin. Ultimately, nearly all of the mass of the cell
is replaced by solid keratin. At some point during this process,

Figure 1. Liquid−liquid phase separation and some established
methods to control it. (A) Classical (uncontrolled) phase separation
of an homogeneous mixture where the two immiscible components
(blue and yellow) demix by either (i) nucleation and growth or (ii)
spinodal decomposition until they form (iii) two distinct macroscopic
phases. (B) Kinetic control of phase separation by vitrification or
cross-linking of one of the phases. (C) Structural control of phase
separation by using block-co-polymers: the two immiscible
components are chemically bound (inset), which introduces an
internal length scale: a range of periodic structures are obtained.
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the concentration of cytoplasmic keratin necessarily exceeds its
solubility limit, driving phase separation. A similar process
occurs in mammalian skin and hair, but with the protein α-
keratin. In color-producing medullary cells, an unknown
mechanism arrests the phase separation to create the well-
defined nanostructures pictured in Figure 2D−E. Arrest could
be driven by a variety of factors, including the formation of
disulfide cross-links between β-keratin filaments, or elastic
stresses, as discussed in the next Section.
Recent developments in cellular and molecular biol-

ogy6−8,43,44 show that, indeed, cells can have exquisite control
of phase separation for compartmentalization and control of
chemical reactions in the cytoplasm.6−8 Nonetheless, the
resulting phase-separated protein droplets in cells typically
appear at much lower volume fractions than those observed in,
for instance, Figure 2E (see, e.g., ref 6). Birds appear to be
uniquely capable of precisely assembling highly packed and
uniform nanostructures, through arrested phase separation.40

At the moment, we are not aware of any synthetic process that
can arrest phase separation at this length scale with such
flexibility or precision.
Birds’ repertoire of phase-separated morphologies extends

beyond the spherical and spinodal structures expected from
classic liquid−liquid phase separation. Saranathan and cow-
orkers recently discovered that the medullary cells of blue-
winged leafbirds can also produce vibrant blue and green
colors by light scattering from crystalline nanostructures
(Figure 2C).45 These structures have an exotic structure,
called the single network gyroid (Figure 2F and I), which is
characterized by a cubic lattice constructed from valence-three
subunits.46 While interpenetrating gyroids can be experimen-

tally obtained from the self-assembly of triblock copolymers,47

their lattice spacing is set by the size of their constituent
macromolecules, which does not appear to be the case in bird
feathers.37 A direct path to assemble single gyroid structures
therefore still remains an exciting experimental challenge.

D. ELASTIC CONTROL OF PHASE SEPARATION
Birds’ ability to precisely regulate phase separation to produce
photonic microstructures is impressive. This begs the question:
“How do they do it?”. Here, we explore the hypothesis that
elastic stresses could play a major role in regulating phase
separation processes in cells. Groundbreaking work by Tanaka
and colleagues showed that viscoelastic stresses can have a
significant impact on the morphology of phase separating
systems,48 specifically favoring the formation of network
structures, like those observed recently in ref 49. In the
meantime, it has become clear that the cytoplasm has complex
rheology, with elastic contributions from several factors,
including the cytoskeleton.50,51

To experimentally explore the impact of elastic stresses on
phase separation processes, we developed a synthetic system
based on liquid droplets condensing in a preformed polymeric
network.52−54 This simple system consists of a silicone gel,
which is immersed in a bath of fluorinated oil at an elevated
temperature (Figure 3A). Once the gel is homogeneously
saturated with oil, it is cooled to reduce its solubility and
induce phase separation (Figure 3A). This process produces
remarkably uniform micrometer-sized oil droplets (Figure 3B),
whose size and number density are correlated to the network
stiffness (i.e., Young’s modulus, E).52 As shown in Figure 3C,
stiffer networks produce smaller droplets at a higher number
density. Note that the stiffness of the network is controlled by
its cross-linking density.
The governing role of mechanical forces in phase separation

was further clarified by triggering phase separation in stretched
networks.55 In those experiments, condensed droplets were not
only uniform in size, but grew with a self-similar elliptical
shape, which reflected the underlying state of stress of the
network (inset Figure 3B). These results show convincingly
that continuum mechanical properties of the host phase can
regulate the size and shape of dilute phase-separated structures.
Elastic stresses were also found to drive ripening of the oil
droplets along stiffness gradients.54 Furthermore, the produc-
tion of uniform phase-separated droplets in polymer networks
was shown to be generic. This was demonstrated by using both
physically and chemically cross-linked hydrogels, where phase
separation was driven by changes in solvent.52

In our view, interesting results emerge when the driving
forces of condensation and the mechanics of the network
become strongly coupled. From a thermodynamic perspective,
the pressure exerted by a droplet during condensation is
limited to a maximum value, Pcond (Figure 3D), set by the
second law of thermodynamics.1 When the saturation
condensation is sufficiently dilute,

P n k T
n

n
lncond L B

sat

i
k
jjjjj

y
{
zzzzz=

(1)

Here, n is the number density of the condensing molecule in
the polymer network, and nL and nsat are the equilibrium
concentrations of the condensing molecule in the droplet and
network phases. In the simplest model of a polymer network,
its mechanical properties are captured by its Young’s modulus,

Figure 2. Examples of coloration in bird feathers by structures formed
during arrested phase separation. (A−C) Pictures of (A) Sialia sialis,
(B) Cotinga maynana, and (C) C. cochinchinensis kinneari. (D−F)
Scanning electron microscopy images of the underlying structure: (D)
channel type, (E) sphere-type and (F) gyroid-type β-keratin and air
nanostructure (G−I) X-ray scattering plots. Scale bars are (D−F) 500
nm and (G−I) 0.025 nm−1. Reproduced with permission from ref 40,
Copyright 2009 Royal Society of Chemistry, and from ref 45,
Copyright 2021 National Academy of Sciences.
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E. In our system, the droplets exclude the network as they
grow.55 According to the classic theory of elastic cavitation,56,57

the minimum pressure needed to freely expand an isolated
spherical cavity in a polymer network, Pcav, is about equal to E.
This means that droplet nucleation in a polymer network is
only allowed when Pcond > Pcav (Figure 3E). By equating these
two pressures, we can identify the minimal concentration of
fluorinated oil needed for condensation in an elastic network,
ncond, which shows an exponential dependence with E.54 This
coupling between the thermodynamics of condensation and
the network elasticity is illustrated in the phase diagram in
Figure 3F. Here, the phase boundary separating the single-
phase (green) and two-phase (yellow) regions is no longer a
flat line but it exponentially increases with the elastic modulus

of the network (ncond in Figure 3F). In simpler terms, elastic
stresses are able to stabilize supersaturated mixtures against
phase separation (dark green region in Figure 3F).54 When the
system is driven far past the phase boundary, i.e. Pcond > Pcav,
the network provides no significant resistance to condensation
and droplets grow freely.54 However, as condensation
proceeds, n and Pcond decrease. Eventually, Pcond ≈ Pcav, and
further growth is arrested by elastic stresses in the network.
A central outstanding question is what determines the final

size of the droplets. While there is a strong correlation between
the droplet size and the network’s stiffness, the supersaturation
level and cooling rate used during the phase separation process
also affects the droplet size.52 The later suggests that the final
droplet size is not only dependent on the coupling between
elasticity and thermodynamics, but also on kinetic aspects of
the phase separation process. Furthermore, recent experiments
have shown that gels with the same E, but slightly different
chemical compositions, can produce droplets with different
sizes.53 This implies that other factors, such as the micro-
structure of the network and its nonlinear mechanical
properties could also play a role. Related theoretical studies
have shed some important light on these systems,58−62 which
will be discussed in more detail in the next section.
Our studies on the fluorinated oil/silicone system may be

closely related to earlier work on the volumetric phase
separation in swollen gels.63−66 In that case, a swollen polymer
network wants to phase separate from the solvent phase, but
the solvent is inhibited from being expelled out of the gel’s
surface. This can be triggered by a wide variety of stimuli,
including temperature, pH or light, and results in phase
separation into network-rich and network-poor phases.63−66

Here again, the separation process is again governed by a
balance between network elasticity and the usual entropic and
enthalpic effects that control phase separation.67 Recent work
on polyampholyte hydrogels has also shown that this approach
can be used to produce microstructures with a well-defined
length scale,49,68 which are capable of producing a structural
color.
The central message unifying these results is that elasticity

provides an additional dimension to control phase separation
processes. Compared to the classical methods presented in
Section B, this approach produces materials with remarkably
uniform phase-separated domains, whose dimensions are
distinct from the size of their supramolecular building blocks.
These are two essential aspects of the photonic nanostructures
found in bird feathers, hence suggesting that elasticity may
indeed be involved in the regulation of their formation.

E. CHALLENGES AND OPPORTUNITIES

In the previous section, we showed that mechanical stresses
can control the size, number, and even the shape of
micrometer-sized droplets condensing in a polymer network.
While we have also discussed how this approach has strong
connections with the phase-separation process in bird feathers,
here, we would like to speculate about how these findings
could be built upon to develop useful materials. An overview of
these future directions is shown in Figure 4.

1. Tuning Droplet Size over a Broad Range

Different applications require composite materials to be
structured at different length scales. While photonic structures
are characterized by features on the order of hundreds of
nanometers,69 membranes require pore sizes that can range

Figure 3. Elastic control of phase separation. (A) Schematic diagram
of temperature-induced nucleation and growth of fluorinated oil
droplets in silicone polymer networks. (B) Bright-field microscopy
image of the typical oil droplets formed in the silicone gels.52 Inset
shows how network stresses cause the droplets to grow with elliptical
shapes.55 The scale bar is 10 μm. (C) Typical droplet distributions in
different gel stiffnesses, E. Microscopy images shown the evolution of
the droplets’ number density with E.52 Scale bars are 80 μm. (D)
Schematic of the condensation of a single droplet, exerting a
condensation pressure, Pcond into the continuous phase. (E)
Schematic of the creation of a spherical cavity on a polymer matrix.
The opposing pressure exerted by the network is the cavitation
pressure Pcav. (F) Phase diagram of the stability of an homogeneous
mixture depending on the supersaturation of the mixture and the
stiffness of the network.54 Reproduced with permission from ref 52,
Copyright 2018 American Physical Society, from ref 54, Copyright
2020 Nature Research, and from ref 55, Copyright 2020 American
Association for the Advancement of Science.
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from a few nanometers up to the micrometer scale and
above.70 To address such needs, we must be able to accurately
tune the size of structures produced by elastically controlled
phase separation over a broader range (Figure 4A), ideally
several orders of magnitude.
While our current system is limited to produce droplets of

several micrometers,52 there are a variety of approaches that
could expand the range of available structural length scales.
Most obviously, stiffer polymer networks with E ∼ MPa could
be used to produce smaller droplets. However, this will
ultimately be limited by the fact that the supersaturation
necessary to grow droplets increases exponentially with
stiffness (Figure 3F). Alternatively, the quenching of the
system could also be made faster. The current thermal
quenching approach is an inherently slow process, as it relies
on the diffusivity of heat through the material. We expect that
much faster quenching could be achieved with pressure.
Finally, seeded nucleation could effectively increase the
number of droplets, thereby reducing their size.
Recent theoretical works have suggested that other

parameters could impact droplet size.58−62 For example,
thermodynamics should favor the formation of smaller droplets
when these have lower surface energies.62 This could be
achieved by the addition of surfactants, or by using
macromolecular condensing species, such as a phase separating
protein system.43,71 The mesh size of the confining network
has also been predicted to play a key role.62 This length scale
could be tuned while maintaining stiffness of the network
through the use of semiflexible polymers.72 Finally, nonlinear
rheology should also play an important role.62 In fact, strain-
stiffening materials, like many biopolymers, have been also
predicted to thermodynamically arrest droplets at much
smaller sizes, as the work to grow droplets increases
significantly with their size.58

2. Selective Removal of One Phase

Elastic phase separation provides a novel route to fabricate
uniform droplets. This simple physical process should, in
principle, be applicable to a wide range of chemistries. The
only requirement is that the material forming the droplets
should be partially miscible in the selected elastic matrix.
Interestingly, if one chooses a degradable polymer as the elastic
network, uniform droplets, or even particles (if droplets are
polymerized), could be produced after the removal of the
elastic confinement (Figure 4B1). Yield stress gels73 and
degradable hydrogels74 seem like attractive choices for this
procedure. Conversely, the removal of the phase-separated
domains, could lead to the production of porous materials with
well-defined structure (Figure 4B2).
Indeed, the polymerization of phase-separated domains

could be a powerful route to produce monodisperse particles
whose chemistries are not amenable to traditional colloidal
syntheses. These could include poly(lactic-co-glycolic) acid or
other biodegradable polymers targeting drug delivery applica-
tions, whose currently colloidal production yields polydisperse
particles.75 Finally, it is important to note that even without
extraction from the network, the polymerization of the phase-
separated droplets is attractive as it would stabilize micro-
structures against elastic ripening and evaporation53,54 and
hence form permanently microstructured materials.
3. Correlated Arrays

The properties of composite materials depend not only on the
size of inclusions, but also their spatial organization. For
example, photonic nanostructures require strong structural
correlations, as found in Figure 2. Experiments and theory of
elastically controlled phase separation have so far been limited
to the dilute limit, where phase-separated domains are
essentially independent. We generically expect structural
correlations to arise as the concentration of phase-separated
domains increases (Figure 4C), in analogy to concentrated
suspensions of monodisperse colloids which spontaneously
self-assemble into (partially) ordered phases.76,77

Experimentally, an essential first step is to identify systems
with large changes in solubility with modest changes in
temperature or pressure. This could be achieved, for example,
by polymerizing a soluble monomer to precipitate out
polymeric inclusions78 or by using stimuli-responsive polymer
networks.79

4. Bicontinuous Networks

The above discussion has focused on isolated domains that
form via nucleation and growth. However, it should also be
possible to form bicontinuous network structures (Figure 4D),
such as those shown in the photonic bird feathers in Figure 2D
and F. Such structures are typically achieved through spinodal
decomposition and have found a range of other applications
such as catalysis, fuel cells, batteries, and membranes, where a
large surface area is required.17 While the impact of
viscoelasticity has been extensively studied,48 the impact of
elasticity on spinodal decomposition still remains unexplored.
A recent theoretical work introduced a mean field theory of
phase separation in an elastic network to calculate the resulting
phase diagram of the system. Interestingly, the phase diagram
showed an unusual geometry, where the critical point was
replaced by a critical line. This suggests that an appropriate
elastic network might facilitate the experimental access the to
the spinodal regime.59 One exciting possibility is that long-
range elastic forces could help organizing spinodal decom-

Figure 4. Potential developments in the fabrication of micro-
structured materials through phase separation in elastic media. (A)
Access to a wider range of droplet sizes. (B) Fabrication of (B1)
standing-free liquid or polymer particles and (B2) porous materials.
(C) Assembly of structures with higher packing factions showing
structural correlations. (D) Fabrication of interconnected channel
structures via spinodal decomposition.
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position, possibly creating highly ordered network structures
like those observed in Figure 2F.

F. CONCLUSIONS
In the last decades, applications of phase separation to fabricate
nano- and microstructured materials have advanced dramati-
cally. However, a close look at the natural world suggest there
is still significant room for improvement. Here, we have
highlighted some emerging approaches to control phase
separation based on mechanical constraints, and discussed
potential links with the phase-separation processes observed in
bird feathers. Finally, we have outlined a number of challenges
and opportunities on the horizon for understanding and
exploiting elastically controlled demixing processes. Whether
phase separation in elastic matrixes is an effective route to
produce functional materials remains an open question, but
recent results suggest a number of promising avenues for
exploration.
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