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Many composites consist of matrices of elastomers and nanoparticles of stiff materials. 
Such composites often have superior properties and are widely used. Embedding elas-
tomers with nanoparticles commonly necessitates intense shear, using machines like 
extruders and roll millers, which cut polymer chains and degrade properties. Here, we 
prepare a rubber-glass nanocomposite by using two aqueous emulsions. Each emulsion 
is separately prepared with a single species of polymer chains. Each polymer chain is 
copolymerized with a small amount of silane coupling agent. Upon mixing the two 
emulsions, as water evaporates, the glassy particles retain the shape, and the rubbery 
particles change shape to form a continuous matrix. Subsequently, the silane coupling 
agent condensates, which cross-links the rubbery chains and interlinks the rubbery 
chains to the glassy particles. The cross-links and interlinks stabilize the nanostructure 
and lead to superior properties. The nanocomposite simultaneously achieves high mod-
ulus (~30 MPa), high toughness (~100 kJ m−2), and high fatigue threshold (~1,000 J 
m−2). The method of mixed emulsion is environmentally friendly and compatible with 
various open-air manufacturing processes, such as coat, cast, spray, print, and brush. 
Additionally, the silane coupling agent can interlink the nanocomposite to other mate-
rials. The method of mixed emulsion can be used to fabricate objects of complex shapes, 
fine features, and prescribed spatial variations of compositions.

polymers | fracture | fatigue | nanocomposites | emulsions

Superior properties are often achieved by nanocomposites in which matrices of elastomers 
embed nanoparticles of stiff materials (1–4). For example, elastomers embedding carbon 
nanoparticles achieve high modulus, toughness, and wear resistance—properties that are 
essential for tires, belts, coatings, etc (5). Embedding elastomers with nanoparticles com-
monly necessitates intense shear, using machines like extruders and roll millers. Such 
high-intensity processes cut polymer chains and degrade properties (6, 7). This challenge 
is met by mixing nanoparticles with liquid monomers, followed by polymerizing the 
monomers (8). However, the monomers are often volatile and toxic, preventing the nano-
composites from being fabricated in open air.

Here, we report a method to fabricate rubber-glass nanocomposites of superior prop-
erties (Fig. 1). The method requires, during mixing, neither high-intensity processes nor 
monomers. Rather, we fabricate the nanocomposites by mixing two aqueous emulsions. 
One emulsion contains a rubbery polymer poly(ethyl acrylate) (PEA), and the other 
emulsion contains a glassy polymer poly(methyl methacrylate) (PMMA). Each emulsion 
is separately prepared with a single species of uncross-linked polymer chains, each polymer 
chain is copolymerized with a small amount of silane coupling agent, and each emulsion 
particle is covered with a surfactant (Fig. 1A). At room temperature, the silane coupling 
agent does not condensate, and the surfactant prevents the emulsion particles from coag-
ulation. The viscosities of the emulsions are similar to that of water so that the two emul-
sions can be easily mixed (Fig. 1B). As water evaporates from the mixed emulsion, the 
glassy particles retain shape, but the rubbery particles change shape to form a continuous 
matrix (Fig. 1C). Subsequently, the silane coupling agents condensate into siloxane link-
ages, which cross-link the rubbery polymer chains, and interlink the rubbery chains to 
the glassy particles.

For the rubber-glass nanocomposite, the cross-links and interlinks stabilize the nano-
structure and lead to superior properties. For example, the nanocomposite of 40 vol.% 
of PMMA simultaneously achieves a modulus of 30 MPa, toughness of 91 kJ m−2, and 
fatigue threshold of 1,100 J m−2. This combination of excellent properties is rarely achieved 
among polymeric materials, as shown on the plane of toughness and modulus, as well as 
on the plane of toughness and fatigue threshold (Fig. 2).

The mixed emulsions enable environmentally friendly fabrication of nanocomposites. 
The method divides the labor between the emulsion maker and the emulsion user. The 
maker can produce emulsions on a large scale in a facility that controls volatile compounds, 
such as monomers and organic solvents. The emulsions, once produced, contain no volatile 
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compounds and are stable for long-distance distribution and 
long-time storage. The user is safe to mix and dry the emulsions 
in open air. Consequently, the method of mixed emulsion is com-
patible with various open-air manufacturing processes, such as 
coat, cast, spray, print, and brush. The method of mixed emulsion 
can be used to fabricate objects of complex shapes, fine features, 
and prescribed spatial variations of compositions. Additionally, 
the silane coupling agents can interlink the nanocomposites to 
other materials to form strong adhesion.

Results and Discussion

We prepare two emulsions separately by radical polymerization 
(SI Appendix, Fig. S1). One emulsion contains particles of a rub-
bery polymer, poly(ethyl acrylate) (PEA). The other emulsion 
contains particles of a glassy polymer, poly(methyl methacrylate) 
(PMMA). During the synthesis of each emulsion, the monomer 
is copolymerized with a small amount of a silane coupling agent, 
3-(trimethoxysilyl)propyl methacrylate (TMSPMA). Dynamic 
light scattering profiles show that the diameters of PEA and 
PMMA emulsion particles are ~ 110 nm and ~ 90 nm, respectively 
(SI Appendix, Fig. S2). In the emulsion, the methylsilyl groups 
–Si(OCH3)3 in the TMSPMA hydrolyze to form silanol groups 
–Si(OH)3. The exterior of each emulsion particle is covered with 
a surfactant, sodium dodecyl sulfate. Each emulsion is stable for 
at least 8 mo, during which neither the silanol groups condensate, 
nor the emulsion particles coagulate.

Each emulsion contains ~27 wt% of polymer. The two emul-
sions flow readily and can be mixed by mild hand shake (Fig. 3A). 
We pour the mixed emulsion into a petri dish. As the water evap-
orates at 45 °C, the silanol groups condensate to form siloxane 
linkages, which cross-link the PEA chains and interlink PEA chains 
to PMMA particles. After almost all the water evaporates at 45 °C, 
the sample is kept at 65 °C for 1 d to remove the residual water 
and accelerate the condensation of the silanol groups. The small 

amount of surfactant is likely to precipitate out upon drying due 
to its incompatibility to the dry polymers (12). Eventually, a film 
of the rubber-glass nanocomposite is obtained (Fig. 3B). The 
PEA-PMMA nanocomposite of a high PMMA volume fraction is 
semitransparent (SI Appendix, Fig. S3). The scattering is ascribed 
to the different refractive indices of PEA (1.4685) and PMMA 
(1.4893). The situation is similar to that of a PDMS-PMMA nano-
composite (13).

We prepare the nanocomposites with various ratios of the two 
emulsions and observe the nanocomposites using an atomic force 
microscope (AFM) (Fig. 3C). We denote the PEA-PMMA nano-
composite of a PMMA volume fraction ϕ by PEA-PMMAϕ. After 
water is removed, the glassy PMMA particles retain shape, and the 
rubbery PEA particles flow into a space-filling matrix. As ϕ 
increases, PMMA particles cluster. Between two PMMA particles 
in proximity, a thin layer of PEA is observed. This observation is 
understood as follows. Two glassy PMMA particles are rigid and 
only form point-like contact, leaving void space between the par-
ticles. The high curvature of the void space and the surface energy 
between the polymer and air drive the rubbery PEA to flow and 
fill the void space. In the absence of cross-links and interlinks, the 
PEA chains and PMMA particles are mobile so that the PMMA 
particles will migrate, and the nanocomposite will separate into 
PMMA-rich regions and PMMA-poor regions. The two regions 
will coarsen in time (SI Appendix, Fig. S4) (14). After cross-links 
and interlinks form, coarsening is arrested and the nanostructure 
is stable (SI Appendix, Fig. S5). No high-intensity process is needed 
to disperse emulsion particles of dissimilar polymers.

The PMMA particles are hard spheres randomly embedded in 
the PEA matrix. In such a composite, the critical volume fraction 
for particles to percolate is ~18%, at which a cluster spans the 
whole material (15, 16). The maximum volume fraction of the 
particles is ~60% (15, 16). These theoretical values are consistent 
with our experimental observations. When the volume fraction 
of PMMA exceeds 60%, the fraction of PEA is too low to form a 

Siloxane interlink Siloxane crosslink

Drying

A

Silane

Surfactant

Polymer

Water

100 nm

B C

Mix
Emulsion of glassy polymer Emulsion of rubbery polymer

Mixed emulsion Nanocomposite film

Fig. 1.   A rubber-glass nanocomposite fabricated by mixing an emulsion of rubbery polymer and an emulsion of glassy polymer. (A) Each aqueous emulsion is 
prepared separately, containing a single species of polymer chains copolymerized with a silane coupling agent. The exterior of every emulsion particle is covered 
with a surfactant. (B) Mix the two emulsions. (C) Upon drying, the glassy particles retain shape, but the rubbery particles change shape to form a continuous 
matrix. The silane coupling agents condensate into siloxane linkages, which cross-link the rubbery chains and interlink the rubbery chains to glassy particles.D
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space-filling matrix so that the dry film is porous and forms cracks 
(SI Appendix, Fig. S6).

We measure stress–stretch curves of the nanocomposites (Fig. 4A). 
Depending on the volume fraction of PMMA, the modulus ranges 
over two orders of magnitude (Fig. 4B). The modulus exhibits a sig-
nificant increase due to the percolation of the PMMA particles at a 
high volume fraction. The enhancement in modulus is beyond the 
Guth–Gold solution for a composite of rigid spherical particles in a 
linear elastic matrix (17), and can be described by a composite model 
proposed by Kotula and Migler (SI Appendix, Fig. S7) (18, 19).

All the nanocomposites show higher tensile strength and higher 
work of fracture than those of pure PEA (Fig. 4C). Notably, when 
ϕ ≥ 20%, during uniaxial tensile test, the sample fractures by 
cracks running parallel to the stretching direction (SI Appendix, 
Fig. S8). This observation is likely attributed to the percolation of 
PMMA particles, which generates a fiber-like structure in the 
nanocomposite.

When PMMA particles highly percolate (ϕ = 40%), the nano-
composite exhibits pronounced hysteresis during loading and 
unloading, but the permanent deformation after unloading is 
small (Fig. 4 D and E). After the first loading to a stretch of 3 and 
subsequent unloading, we hold samples at room temperature for 
various times and then reload the sample (Fig. 4D). The strain at 
which the stress changes from negative to zero during the reloading 
is recorded as the residual strain. As the holding time increases, 
the residual strain reduces. After 8 h of holding at room temper-
ature, the residual strain is 2%, and the sample can recover 79% 
of its original tensile stress. In a separate experiment, after loading 
and unloading a sample, we hold the sample at 65 °C for 12 h. 
The sample fully recovers and has a nearly identical stress–stretch 
curve to that of the pristine sample. We then fix the holding time 
of 2 min at room temperature and record the residual strains after 
the sample is loaded to different strains (Fig. 4E). In all the cases, 
the residual strains remain below 7% of the applied peak strain.

Unfilled rubbers

Filled
rubbers

This work

PEA

Unfilled rubbers

Plastics

PEA

Filled
rubbers

This work

PMMA

PMMA

A B

PlasticsPDMS
composites

PDMS
composites

Fig. 2.   Rubber-glass nanocomposites prepared in this work are compared with existing polymeric materials on (A) the plane of modulus and toughness and 
(B) the plane of fatigue threshold and toughness. Data are collected from published papers (9, 10). PDMS composites refer to composites of hard PDMS and 
soft PDMS (9, 11).

A

C

Rubbery PEA Glassy PMMA Mixed emulsion

+ =

B

� = 10 vol.% 20 vol.% 30 vol.% 40 vol.% 50 vol.%

Fig. 3.   PEA-PMMA nanocomposites fabricated using a mixed emulsion. (A) Photos of PEA emulsion, PMMA emulsion, and their mixture. The scale bar represents 
10 mm. (B) Photos of the nanocomposite PEA-PMMA40 The scale bar represents 10 mm. (C) Atomic force microscopy images of the rubber-glass nanocomposites 
of various compositions. The dark-color regions represent the PMMA phase, and the light-color regions represent the PEA phase. The scale bars represent 100 nm.D
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These observations are consistent with the following interpreta-
tions. The stress is low enough so that the PMMA particles deform 
negligibly. The full recovery of the stress–stretch curve after holding 
the sample at an elevated temperature indicates that the sample is 
not damaged during the first loading and unloading. The hysteresis 
is due to viscoelasticity. Recall that the pure PEA has relatively small 
hysteresis (20). The large hysteresis observed here for the nanocom-
posite is likely due to the reversible detachment and adsorption of 
PEA chains at the interface of PEA and PMMA under large defor-
mation (1). The interlinks between the PEA chains and PMMA 
particles are strong but sparse. The large deformation does not break 
the interlinks but may cause the PEA chains between the interlinks 
to detach from the PMMA particles and reattach. Under small 
deformation, the loss tangent (tanδ) of the nanocomposite is 0.27, 
which is comparable to that of pure PEA (0.16).

The percolated structure of PMMA particles makes the nano-
composite resist crack growth. For PEA-PMMA40, the nanocom-
posite is notch-insensitive under monotonic load. We stretch the 
sample with a precrack and watch the crack run during a pure 
shear test (Fig. 5A and Movie S1). Even with the precrack, the 
sample can be pulled to a stretch exceeding 5. During the stretch, 
the crack blunts and bifurcates, with the bifurcated cracks run-
ning in the direction perpendicular to that of the precrack 
(Fig. 5B). The bifurcation deconcentrates stress at the crack tip 
and results in high toughness (Fig. 5C). The crack bifurcation is 
typically observed in a fiber-reinforced composite (9, 11) or a 
material capable of stress-induced crystallization (21). The nano-
composite here does not have fibers, nor does it undergo 
stress-induced crystallization. The crack bifurcation here is likely 
due to the PMMA nanoparticles percolating into fiber-like struc-
tures, which align in front of the crack when the material is 
stretched. For a nanocomposite with a high volume fraction of 

PMMA, the size of the inelastic zone may be too large to fulfill 
the small-scale inelasticity conditions. Consequently, the tough-
ness of the nanocomposite, which ought to be measured under 
the small-scale inelasticity conditions, might be even larger than 
the value reported here. This point is not studied in the current 
paper. In Fig. 4A, the tensile stress–stretch test was conducted 
by using a sample of the dog-bone shape. In Fig. 5A, the tough-
ness test was conducted by pure shear, using a sample whose 
width (60 mm) is far larger than its height (10 mm). The uniaxial 
tensile and pure shear are different in the boundary conditions, 
which leads to the difference in value of stress.

Toughness divided by work of fracture defines a quantity with 
a dimension of length, called the fractocohesive length (22, 23). 
The fractocohesive length measures the flaw sensitivity of a mate-
rial. When flaws are smaller than the fractocohesive length, the 
extreme mechanical properties, such as strength and ultimate 
stretch, are insensitive to the presence of flaws. The nanocompos-
ites are insensitive to millimeter-scale cracks (Fig. 5D). For exam-
ple, the fractocohesive length of PEA-PMMA40 is ~4 mm.

We next characterize the precracked nanocomposites under 
cyclic load. The crack growth per cycle, dc/dn, is measured at 
various amplitudes of energy release rate (Fig. 5E). In our exper-
iments, the minimum crack growth per cycle, dc/dn, that we 
measure is 0.4 nm cycle-1. The linear regression of data estimates 
the fatigue threshold (Fig. 5 E and F). The fatigue threshold of 
PEA-PMMA40 is 1,100 J m−2, about seven times that of pure PEA 
(160 J m−2). Under cyclic load, the crack does not bifurcate into 
long cracks, but the crack path is torturous (SI Appendix, Fig. S9).

The high fatigue threshold of the nanocomposite is understood as 
follows. In pure rubber, when a crack impinges on a polymer strand, 
the high tension is transmitted to the length of the strand. Once the 
strand breaks, the covalent energy of the entire strand is released (24). 

A B

C D E

Time

St
ra

in

...

Fig. 4.   Stress–stretch curves of rubber-glass nanocomposites of various compositions. (A) Stress–stretch curves under monotonic tension. (B) Elastic modulus. 
Error bars indicate the SEM; n = 3 for each group. (C) Work of fracture. Error bars indicate SEM; n = 3 for each group. (D) Loading and unloading curves of PEA-
PMMA40. Solid curves are reloading curves after being stored at room temperature for different periods. The dashed curve is the reloading curve after being 
stored at 65 °C for 12 h. (E) The residual strains after being stretched to different strains. The stretch rate is 0.05 s−1.
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The fatigue threshold is estimated by the covalent energy stored in a 
layer of strand per unit area (10 ∼ 100 J m-2) (24). By contrast, in 
the nanocomposite, the rigid PMMA particles can further deconcen-
trate stress beyond a single layer of polymer strands (8). This multiscale 
stress deconcentration amplifies the fatigue threshold (8).

Notably, at ϕ = 10%, toughness, fractocohesive length, and 
fatigue threshold of the nanocomposite are similar to those of pure 
PEA. However, those three values increase substantially when ϕ 
= 20%. This observation is consistent with the theoretical predic-
tion that particles percolate at 18% (16).

Although the method of mixed emulsion has been used before 
(14, 25–27), the coupling agent was absent in these previous works, 
so the cross-links and interlinks did not form. The present work 
shows that the coupling agent contributes to the mechanical prop-
erties and the stability of the nanostructures. In the absence of the 
silane coupling agent in PMMA, the fatigue threshold of the nano-
composite is lower than that of the nanocomposite with the silane 
coupling agent in PMMA (SI Appendix, Fig. S10). The absence of 
interlinks between PMMA particles and PEA chains leads to slip-
page during cyclic loading, compromising the ability of the perco-
lated PMMA structure to transmit high tension from one particle 
to another. Furthermore, if the silane coupling agent is absent in 
PEA, the material will flow upon stretching (SI Appendix, Fig. S11).

The method of mixed emulsion can maintain the rubbery 
chains long in the final material by avoiding chain scission caused 
by high-intensity processes, such as extrusion and roll mill. The 
long polymer strands are entangled. The entanglements maintain 
modulus but do not impede stress deconcentration along the 
length of the polymer strand (20). Compared to pure PEA, a 
nanocomposite further amplifies modulus and fatigue threshold 
by percolated PMMA particles (Fig. 2B).

The rubber-glass nanocomposite made of mixed emulsion achieves 
significantly better mechanical performance than a composite made 
by solvent casting (SI Appendix, Fig. S12). The solvent-cast samples 
are also made of mixed emulsions but contain no silane coupling 
agent. A solvent-cast sample containing 40 vol.% of PMMA breaks 
at a stretch of 1.8 and exhibits a low tensile strength of 2.8 MPa. In 
the solvent-cast material, both PEA and PMMA particles dissolve 
in the solvent. After the solvent is removed, the material separates 
into two phases. The phases coarsen to a micron scale during solvent 
casting, and the sample is opaque.

The method of mixed emulsion is applicable to various manu-
facturing processes in open air, such as coat, cast, spray, print, and 
brush. During manufacturing, the silane coupling agent can inter-
link the nanocomposite to other materials.

By spin-coating the mixed emulsion and subsequently drying, 
a thin layer of the nanocomposite PEA-PMMA40 with a thickness 
of ~5 μm is coated on a PDMS substrate (Fig. 6A). The PDMS 
substrate is pretreated by oxygen plasma to generate silanol groups 
on its surface. As water evaporates, the silane coupling agent inter-
links the nanocomposite to the PDMS substrate. We use the 
T-peel test to measure the adhesion toughness between the coating 
and the substrate (Fig. 6B). The adhesion toughness is ~400 J m−2, 
and the crack grows in the substrate, rather on the nanocomposite/
substrate interface (Fig. 6C). Polymer coatings have broad appli-
cations, such as hydrophilic coatings for medical instruments and 
hermetic coatings for cardboard boxes and cups. Mixed emulsions 
may provide opportunities to engineer coatings with superior 
mechanical properties, as well as additional requirements, such as 
biocompatibility and biodegradability.

Nanocomposites with different compositions can be interlinked 
by the silane coupling agent. Two layers of nanocomposite with 

= 5 = 5.1

c
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= 0%  20%

 40%
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Fig. 5.   Crack growth in rubber-glass nanocomposites under monotonic and cyclic loads. (A) The pure shear tests of the unnotched and notched samples of 
PEA-PMMA40. (B) Photos of a precracked sample of PEA-PMMA40 during the pure shear test under the monotonic load. The scale bar is 10 mm. (C) Toughness 
and (D) fractocohensive length as a function of PMMA volume fraction. (E) The fatigue crack extension per cycle, measured at various amplitudes of energy 
release rate. The load is cycled at 1 Hz. (F) Fatigue threshold as a function of PMMA volume fraction.
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different compositions can sequentially form by emulsion casting 
at 45 °C (Fig. 6D). Subsequent heating at 65 °C introduces inter-
links between different layers. The T-degree peel test is conducted 
(Fig. 6E), showing an adhesion toughness ~10,000 J m−2 (Fig. 6F). 
It can be expected that with careful adjustment of the water con-
tent or addition of rheological modifier, the mixed emulsion can 
be a printable ink that offers customizable mechanical properties 
(28, 29). The excellent adhesion between different nanocomposites 
made of mixed emulsions opens a door for fabricating objects of 
prescribed spatial variations of compositions.

The mixed emulsion can also be used to dip-coat. We dip-coat 
a nanocomposite on a polyacrylamide hydrogel (Fig. 6 G and H). 
The polyacrylamide chains contain a silane coupling agent during 
its preparation (30). After dip-coating and subsequent drying, a 
layer of nanocomposite with ~ 30 μm thickness forms on the 
surface of the hydrogel (Fig. 6H). The hydrogel–elastomer hybrid 
can be made into an artificial axon where the elastomer coating 
retards the loss of water (31). Besides, taking advantage of the low 
viscosity of the emulsion, a complex shape with a fine feature can 
be made by emulsion casting (Fig. 6G).

The method of mixed emulsion can enable materials to gain 
other unconventional properties. Here, we present the potential 
of the method by fabricating a polymer nanocomposite with five 
separate glass transition temperatures (SI Appendix, Fig. S13). To 
achieve this, five separate emulsions, each containing a single spe-
cies of polymer chains copolymerized with the silane coupling 
agent, are mixed and subsequently cast into a nanocomposite film. 
The film is prepared at 45 °C, at which four of the five emulsions 
are rubbery, so that enough chains are mobile to form a continuous 

film. Each glass transition temperature of the nanocomposite film 
corresponds to each species of polymer chains. Such a nanocom-
posite with the special thermal property holds potential applica-
tions in areas like multishape memory polymers (32) and soft 
machines (33). Additionally, mixed emulsions can be used to 
fabricate multifunctional nanocomposites, such as coatings that 
are highly conductive and stable in water (34).

The method of mixed emulsion can be compared with the other 
methods of manufacturing rubber-glass nanocomposites. A com-
monly used method uses block copolymers containing rubbery 
and glassy chain segments (35, 36). The morphology of the block 
copolymers is determined by thermodynamics (37). When the 
fraction of the glassy chains is low (<17%), the glassy chain seg-
ments self-assemble to be nanoparticles embedded in the rubbery 
matrix. However, with a higher fraction of the glassy chains, the 
glassy phases become cylindrical and even continuous or lamellae, 
and the material becomes a plastic. Consequently, the block copol-
ymers cannot achieve high modulus, high stretchability, and high 
fatigue threshold simultaneously.

Conclusion

This paper reports rubber-glass nanocomposites fabricated using 
mixed emulsion. We fabricate the nanocomposites by mixing one 
emulsion of a rubbery polymer and another emulsion of a glassy 
polymer. In each emulsion, polymer chains are copolymerized with 
a small amount of silane coupling agent. As water evaporates, the 
silane coupling agent condensates, cross-linking rubbery chains 
and interlinking the rubbery chains to glassy particles. The 

A

D

B C

E F

G

Back layer
Gule
Casted film

Force

Force

Casted film
Gule
Back layer

Back layer
Coating

Force

Force

Substrate
Gule
Back layer

H I

PEA-PMMA40

PEA-PMMA20

Interlink

Coating

Substrate

7,500

5,000

2,500

Fig. 6.   The method of mixed emulsion is applicable to various open-air manufacturing processes. (A) Optical micrograph of a spin-coated layer of PEA-PMMA40 
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cross-links and interlinks stabilize the nanostructure and lead to 
superior properties of the nanocomposites. For example, the PEA-
PMMA40 nanocomposite simultaneously achieves high modulus 
(30 MPa), high toughness (91 kJ m−2), and high fatigue threshold 
(1,100 J m−2). The method of mixed emulsion divides the labor 
between the emulsion maker and the emulsion user. The maker 
can produce emulsions on a large scale in a facility that controls 
volatiles. The user can apply emulsions with neither volatiles nor 
high-intensity processes. Consequently, the method of mixed emul-
sion is compatible with various open-air manufacturing processes, 
such as coat, cast, spray, print, and brush. Additionally, the silane 
coupling agent can interlink the nanocomposites to other materials. 
The method can be used to fabricate objects of complex shapes, 
fine features, and prescribed spatial variations of compositions.

Materials and Methods

Preparation of Polymer Emulsions. Ethyl acrylate (EA, E9706) and methyl meth-
acrylate (MMA, M55909) as monomers, ammonium persulfate (APS, 248614) as 
the thermal initiator, 3-(trimethoxysilyl)propyl methacrylate (TMSPMA, 440159) 
as the silane coupling agent, and sodium dodecyl sulfate (SDS, 436143) as the sur-
factant were purchased from Sigma-Aldrich and used without further purification. 
Distilled water was purchased from Poland Spring. The synthesis of PEA emulsion is 
presented as an example. 72 g EA and 17.1 μL TMSPMA (the TMSPMA-to-EA molar 
ratio is 10−4) were mixed and ultrasonicated for 5 min to remove the dissolved 
oxygen. 0.415 g SDS (SDS-to-EA molar ratio is 2 × 10−3), 0.016 g APS (APS-to-EA 
molar ratio is 10−4), 168 g distilled water, and the mixture of EA and TMSPMA 
were added into a 500 mL round bottom flask (VWR, 10536) with a magnetic 
stirrer (51 mm in length, 58948-171). The whole mixture in the flask was stirred 
at 300 rpm and intensely purged with nitrogen for 10 min and then was sealed 
by a septum stopper. During this step, the mixture was already emulsified to be 
a white dispersion. Then, the flask was placed into a 65 °C oil bath and stirred at 
300 rpm to start the radical polymerization. A syringe needle connected with a 
balloon was inserted into the septum stopper to balance the additional pressure by 
the exotherm during polymerization. After reacting for 8 h, the prepared emulsion 
was stored in a plastic jar made of high-density polyethylene (VWR, 16125-810) at 
room temperature. Preparation of PMMA emulsion is similar to that of PEA emul-
sion. The monomer is changed to MMA, and TMSPMA-to-MMA and APS-to-MMA 
molar ratios are changed to 10−3. The emulsion is stable against cross-linking and 
coagulation for at least 8 mo. We did not see the sediments after the storage at 
room temperature for 8 mo, and the properties of the materials made of stored 
emulsions were identical to those made of fresh emulsions.

Dynamic Light Scattering. Dynamic light scattering was conducted on Malvern 
Zetasizer Pro. The test temperature is 25 °C. Emulsions are diluted by distilled 
water to be 1 mg mL−1 for the test.

Atomic Force Microscopy (AFM). AFM Imaging was conducted on a Cypher 
AFM (Asylum Research) in an AC mode and in the air. The AFM probe was 240AC-
NA (Olympus Corporation). The sample was prepared by casting the emulsion on 
a clean silicon wafer with an area of 5 × 5 mm.

Preparation of the Nanocomposite Film. Eight grams of mixed emulsion 
was diluted with 8 g of distilled water and then poured into a polystyrene petri 
dish with a diameter of 100 mm (VWR, 25384-302). The petri dish was covered 
by two layers of filter papers with a diameter of 125 mm (VWR, 28320-100) and 
heated on a hot plate (45 °C) for 12 h. The nanocomposite film was peeled off 
from the petri dish and further heated at 65 °C in an oven for 24 h.

Tensile Test. The stress–stretch curve, elastic modulus, work of fracture, loading–
unloading curve, and residual strain were measured by the uniaxial tensile test. 
The sample was cut into a dumbbell shape by a die cutter (Ace steel rule dies, 

ISO 527-2-5B). The total length of the sample is 35 mm, and the neck width is 
2 mm. The sample was tested by Instron 5966 with a 10 kN load cell. The gauge 
length was 20 mm and was regarded as the sample’s initial length. The stretch 
rate is 0.05 s−1. The elastic modulus was obtained from the slope of the stress–
stretch curve in the linear elastic region (stretch of <1.05). The work of fracture 
is calculated by integrating the stress–stretch curve.

Pure Shear Test. The toughness and fatigue threshold were measured by the pure 
shear test. The grippers were made of glass microscope slides (VWR, 16004-422).  
A sample of nanocomposite film was cut into a rectangular shape of area 60 mm × 
40 mm. An adhesion promoter (Loctite 7701) was sprayed on both sides of the 
sample, and then, the sample was glued with the grippers using Krazy glue. The 
resulting sample has a free area of 60 mm × 10 mm. One sample was cut by a 
fresh razor blade (VWR, 55411-050) to form a 15 mm precrack, and the other one 
remains intact. While measuring toughness, the intact sample was stretched to 
obtain the strain energy density as a function of stretch, W(λ), and the precracked 
sample was stretched to fracture to obtain the critical stretch, λc. The toughness 
was calculated by W(λc)H0, where H0 was the initial height of the sample. For the 
fatigue test, the strain energy density is measured from the stress–stretch curve of 
the unnotched sample after 1,000 cycles of loading and unloading. The notched 
sample was applied to a cyclic stretch of fixed amplitude. An amplitude of the 
stretch corresponds to an amplitude of energy release rate. Around 5,000 cycles 
were applied ahead of the measurement to form a consistent crack tip. The crack 
advance was measured by an optical microscope after additional 50,000 cycles 
and divided by the number of cycles to get the crack advance per cycle dc/dn.  
The resolution is 0.4 nm cycle-1. The loading rate in the fatigue test is 1 Hz.

Preparation of the Nanocomposite Coating on the PDMS Substrate. The 
PDMS substrate of a diameter of 10 mm was made from the commercial precursor 
Sylgard 184, and the weight ratio of the base and curing agent was 15:1. The 
PDMS substrate was treated by oxygen plasma for 10 s using the Anatech Barrel 
Plasma System (Anatech LTD). The power of the oxygen plasma was 150 W, and 
the oxygen flow rate was 40 sccm. One gram of mixed emulsion was spin-coated 
on the pretreated PDMS substrate at 150 rpm, and the emulsion was dried by 
heating on a hot plate at 45 °C for 30 min and was then kept in an oven at 65 °C 
for 24 h.

T-Peel Test. PET films of 50 μm thickness were used as backing layers. For the 
peel test of the nanocomposite coating on the PDMS substrate, one PET film 
was pretreated by oxygen plasma and stuck on the freshly dried nanocomposite 
coating (45 °C). The sample was further heated at 65 °C for 24 h. Then another PET 
film was glued to PDMS using the adhesion promoter (Loctite 7701) and Krazy 
glue. The laminate was cut into a rectangular shape with a width of 10 mm. A 
crack was initiated along the coating using a razer blade. The two backing layers 
were pulled by a tensile tester (Instron 5966). For the peel test of the two nano-
composite layers, the PET backing layers were glued to the nanocomposite with 
the adhesion promoter (Loctite 7701) and Krazy glue. After the formation of the 
first layer, a scotch tape was stuck onto the surface of the first layer at one end. 
The scotch tape prevented the bonding in the corresponding area and served as 
a precrack. The adhesion toughness was calculated by double the plateau force 
divided by the sample width.

Data, Materials, and Software Availability. All study data are included in the 
article and/or supporting information.
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