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Multiscale stress deconcentration amplifies
fatigue resistance of rubber
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Rubbersreinforced withrigid particles are used in high-volume applications,
including tyres, dampers, belts and hoses'. Many applications require high modulus
toresist excessive deformation and high fatigue threshold to resist crack growth
under cyclicload. The particles are known to greatly increase modulus but not fatigue
threshold. For example, adding carbon particles to natural rubber increases its
modulus by one to two orders of magnitude’, butits fatigue threshold, reinforced or
not, has remained approximately 100 ) mfor decades*”. Here we amplify the fatigue

threshold of particle-reinforced rubbers by multiscale stress deconcentration. We
synthesize arubber in which highly entangled long polymers strongly adhere with
rigid particles. Ata crack tip, stress deconcentrates across two length scales: first
through polymers and then through particles. This rubber achieves a fatigue threshold
of approximately 1,000 ] m™. Mounts and grippers made of this rubber bear high
loads and resist crack growth over repeated operation. Multiscale stress
deconcentration expands the space of materials properties, opening doors to
curtailing polymer pollution and building high-performance soft machines.

Afilled rubber, also called particle-reinforced elastomer or composite
for brevity, consists of a network of crosslinked polymer chains and a
network of percolated rigid particles**. We form a polymer network
in which polymer chains are long, and entanglements greatly out-
number crosslinks (Fig. 1a). Individual particles are much larger than
individual polymer segments between entanglements. The polymer
chains and particles interlink through strong bonds. As the volume
fraction of particlesincreases, particles cluster and percolate (Fig. 1b).
We use poly(ethyl acrylate) (PEA) and silica nanoparticles functional-
ized with 3-(trimethoxysilyl)propyl methacrylate (TPM) as a model
system (Fig.1cand Extended Data Fig.1); Methods has a discussion on
the model material, adiscussion on the experimental crosslink density,
and additional details on polymerization).

Our datawillshow that long polymers, clustered particles and strong
polymer-particle adhesion synergize to amplify fatigue threshold.
Consider a crack impinging on a polymer chain (Fig. 1a). We choose a
polymer network with low friction between polymer chains such that
stress deconcentrates over the entire polymer chain. Rupture of asingle
bond ofthe chain dissipates the energy stored inevery bond along the
chain®*. Next, consider a crackimpinging on a particle cluster (Fig. 1b).
Strong polymer-particle adhesion transmits high stress from polymers
to particles. Because the particles arerigid, stress deconcentrates over
many particle-particle gapsin the cluster. Rupture of asingle gap dis-
sipates energy stored inmany gapsinthe cluster. Consequently, stress
deconcentrates over two scales: polymers and particles. This multiscale
stress deconcentration amplifies fatigue threshold (Methods discusses
the mechanical model).

Our datawill also show that entangled polymers and percolated par-
ticles synergize to amplify modulus (Extended Data Fig. 2). We choose

apolymer with alow-entanglement molecular weight. In anetwork of
long polymers, the polymer network s sparsely crosslinked, and dense
entanglements set the modulus of the matrix. In turn, the modulus of
the matrix scales the modulus of the composite. The scaling factor
increases steeply when the particles percolate.

Therequirements for high modulus differ from those for high fatigue
threshold. High modulus requires densely entangled polymers and
percolated particles. By contrast, high fatigue threshold requires long
polymersand clustered particles, regardless of whether polymers are
entangled or particles are percolated. To attain both high modulus
and high fatigue threshold requires a network of densely entangled
long polymers and a network of percolated particles. Also required
arelow friction between polymer chains and strong adhesion between
polymers and particles.

Modulus

Each composite is synthesized with a crosslinker-to-monomer molar
ratio, C,and avolume fraction of particles, F. We stretch the composites
monotonically until rupture. The composites are initially transparent
butbecome white under alarge stretch (Fig. 2a). Upon unloading, the
samples become transparent again. The slope of the stress-stretch
curve atasmallstretch defines the modulus. At fixed C=107*, pure PEA
has amodulus of 0.7 MPa, whereas the composites are much stiffer,
achieving a modulus of 14 MPa at F= 0.45 (Fig. 2b). At fixed F=0.45,
the stress-stretch curves vary considerably with C (Fig. 2c). From the
stress—stretch curves, we measure the properties at rupture, such as
strength, maximum stretch and work of fracture, which show various
trends with Cand F (Extended DataFig. 3). We also measure the storage
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Fig.1|Fatigue threshold is amplified by synergy oflong polymers, clustered
particles and strong polymer-particle adhesion.a, Whena crackimpinges
onapolymer chain, the rupture ofasingle bond on the chain dissipates the
energy storedin allthe bonds along the chain.b, Whena crackimpingesona
cluster of particles, the rupture of asingle particle-particle gap dissipates the

modulus, loss modulus and loss tangent as functions of stretch rate by
dynamic mechanical analysis (Supplementary Fig.1).

Forpure PEA, the modulus £ plateaus when Cis between10°and10°
(Fig.2d). Below C=107, the polymers do not form an elastic network.
The plateau modulus originates from entanglements in the polymer
network®’. Uncrosslinked PEA chains have 82 monomers between two
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energy stored in many particle-particle gapsin the cluster.c,Scanningelectron
microscope (SEM) images of cross-sections of PEA elastomers reinforced with
various volume fractions of silica nanoparticles, F, and a fixed crosslinker-to-
monomer molarratio, C=10"*.Scalebars, 1 pm.

adjacent entanglements, correspondingto arubbery plateaumodulus
of E=0.9 MPa (ref.10). This rubbery plateau modulus of uncrosslinked
PEA is almost the same as the plateau modulus of the PEA networks
measured in this work, indicating that entanglements set the modulus
of pure PEA networks prepared with10™ < C<1072°, Methods has further
discussion on the entanglement density.
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Fig.2|Composites under monotonic stretch. a, Photos of acomposite
with F=0.45and C=10"*under uniaxial stretch. b, Stress-stretch curves of
compositeswith C=10"*and various F. ¢, Stress-stretch curves of composites

304 | Nature | Vol 624 | 14 December 2023

Particle volume fraction, F

with F=0.45and various C.d, Modulus Fas afunction of Cfor various F. e, F as
afunction of Ffor various C. The dashed line is the Guth-Gold solution for a
composite of rigid spherical particlesin alinear elastic matrix'12,



The composites show the same trends in C as pure PEA (Fig. 2d).
The modulus plateaus when C < 10723, indicating that entanglements
greatly outnumber crosslinks. Below C=10™, the composites do not
cure. Additionally, the modulusincreases with F. We also plot Fas afunc-
tionof F (Fig. 2e). Atall values of C, the modulusincreases with F. When
C<107%, all lines collapse into one, indicating that £ is not a function
of C. When C=107, the line deviates from the collapsed lines because
crosslinks outnumber entanglements. We compare our data with the
Guth-Gold modelfor rigid spherical particlesinalinear elastic matrix,
E(C, F) = Eo(C)(1+ 2.5F + 14.1F%) (the dashed line in Fig. 2e)™"2, This solu-
tion follows the data approximately at low Fbut deviates greatly at high
F. This deviation from the Guth-Gold model suggests that particles
formapercolated network*"**, Indeed, deviation from the Guth-Gold
model occurs near the percolation threshold of randomly dispersed
impenetrable spheres, which percolate at F= 0.20 (ref. 15).

Inside the plateau, entanglements and particles synergize toincrease
the modulus. To characterize this synergy, we quantify the amplifica-
tion of the modulus by the reinforcement ratio, R = E/E,, where E'is
the modulus of the composite and £, is the modulus of pure PEA. The
reinforcementratiois afunction of Fbut not of C (Extended Data Fig. 4).
These observations indicate that the modulus of the composite takes
the separable form E£(C, F) = E,(C)R(F). Inside the plateau, the synergy
between entanglements and particles is multiplicative: E(F) = E,R(F),
where E, is set by entanglements and R(F) increases steeply when par-
ticles percolate. Methods has further discussion on this scaling.

Cyclicstretch

We use rigid clamps to grip the two long edges of a rectangular mem-
brane of a composite and cyclically stretch the membrane between
one and amodest amplitude A,,,, (Supplementary Fig. 2). The stress-
stretch curve changes withinitial cyclesbut reaches asteady state after
approximately 1,000 cycles (Fig. 3a). Using one membrane, we obtain
thesteady-state stress-stretch curves for various A, (Fig. 3b). For each
Aamp theloading and unloading curves are distinct, and the curves shift
as A, increases. Inthe steady state, the composite does notrecovera
stretch of one at zero stress. We also measure the steady-state stress—
stretch curves for composites of various Cand F (Supplementary Figs. 3
and 4). The steady-state modulus decreases with A,.,, when Fis high
but not when Fis low (Extended Data Fig. 5a). This behaviour, called
the Payne effect, further indicates that particles form a percolated
network at high F (refs. 2,16). The steady-state modulus is insensitive
to chain length when the polymers are highly entangled (Extended
Data Fig. 5b). The steady-state hysteresis increases with Fbut varies
negligibly with chain length (Extended Data Fig. 5c,d).

We study the recovery of the composite by applying sequences of
5,000 cycles of loading followed by 1 hof recovery. After one sequence,
the composite almost recovers a stretch of one (Fig. 3c). The stress—
stretch curve after this sequence is below the stress-stretch curve of
the as-prepared sample, and the hysteresis loop is smaller. These obser-
vations suggest changes in microstructure, such as partial debonding
between the particles and matrix, breaking polymer chains or forma-
tionof voids in the matrix. After asecond sequence, the stress-stretch
curveis nearly indistinguishable from that after the first sequence,
indicating that the microstructure is stabilized. This is corroborated by
the stress—stretch curves at various points throughout the sequences
(Extended DataFig. 6). Therefore, further changesin microstructure are
negligiblein the steady state, and both hysteresis and residual stretch
indicate viscoelasticity. We note that although thefilled rubber shows
viscoelasticity, viscoelasticity does not increase fatigue threshold*.

Multiscale stress deconcentration

We propose that stress deconcentration leads to high fatigue threshold
through (1) covalentinterlinks between particles and polymers; (2) long

polymer chains; and (3) clustered particles (Fig. 1). We test this mecha-
nism by modifying each component and observing their effects on
fatigue crack growth. First, we prepare acomposite with silicananopar-
ticles functionalized with trimethylsilyl (TMS) groups. Such particles
donotformcovalentinterlinks with PEA polymers. The stress-stretch
curves for such composites coincide with the stress—stretch curve of
pure PEA, suggesting weak polymer-particle adhesion (Extended Data
Fig. 7). We measure the crack growth per cycle dc/dN as a function of
the amplitude of the energy release rate G (Fig. 3d and Extended Data
Fig. 8). Without covalent interlinks, the fatigue threshold is the same
as the polymer matrix, G,, =170 ) m 2 By contrast, the composite with
covalent interlinks has a fatigue threshold of G, =420 ) m™. Strong
interlinks enable clustered particles to carry high stress. Second, we
measure the dc/dN-G curves of composites with F = 0.45 and various
values of C(Fig. 3e). As Cdecreases, the fatigue threshold increases. We
repeat this procedure for F=0,F=0.15,F=0.25and F=0.35and observe
thesametrendsin C (Extended DataFig.9). Long polymer chains decon-
centrate stress. Third, we measure the dc/dN-G curves of composites
with C=10"*and various values of F (Fig. 3f). Although the polymer
matrix without particles has a fatigue threshold of G, =170 m,acom-
posite of F=0.45has afatigue threshold of G,,=1,020 ) m . Clustered
particles further deconcentrate stress. Taken together, these experi-
ments support the mechanism of multiscale stress deconcentration.

The fatigue threshold is high when polymers are long and particles
are concentrated (Fig. 3g). For all composites, the threshold scales
approximately as G,, < C™?, following the Lake-Thomas model*. For
any given value of C, G, increases with F. Even at F = 0.15, the fatigue
threshold is about a factor of two higher than pure PEA. At F=0.15,
particles do not percolate but cluster (Fig. 1c). These observations
are consistent with stress deconcentration over multiple thin layers
of polymersbetween particlesin a cluster (Fig. 1b; Methods discusses
amechanical model of multiscale stress deconcentration). It appears
that the percolation threshold plays no special role in enhancing the
fatigue threshold.

The crack growth per cycle dc/dNabove the threshold quantifies the
fatigue resistance under large loads. We plot the G required to cause
dc/dN =5 nm per one cycle (Fig. 3h). A crack growth rate of 5 nm per
one cycle requires a load of G=20]) m~ for a short-chain polymer
matrix without particles, but it requires aload of G=2,000]) m™ for
along-chain polymer matrix reinforced with a percolated network.
Thistwo orders of magnitude increase in fatigue resistance highlights
the synergy of long polymer chains and clustered particles in decon-
centrating stress.

For an application requiring elastic deformation over many cycles,
the load-bearing capacity is mainly characterized by modulus and
fatigue threshold. We compare these two properties for many elas-
tomeric materials (Fig. 3i). The multiscale structure of entangled
polymers and percolated particles enables the design of materials
with properties that were previously unattainable. For the highest F
and lowest C, we demonstrate a particle-reinforced elastomer with
G=1,020) m2and E=14 MPa.

Stiff and fatigue-resistant rubbers

Many applications require elastomeric materials of complex shapes
and textured surfaces. Examples include gloves, textured belts, tyre
treads and stamps for soft lithography. It haslong been appreciated that
particle-reinforced elastomers can be moulded into complex shapes
because the particles are typically much smaller than the feature size
of final shapes. Here, we make an aluminium mould of fine features by
laser cutting and use the mould to cast a particle-reinforced elastomer
(Fig.4a). Themoulded sample can undergo large deformation (Fig. 4b).

Many applications require materials to bear load over many cycles.
Examplesinclude vibration dampers, seals and o-rings'. For an elastic
material, the load-bearing capacity is scaled by modulus, and a large
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Fig.3|Compositesunder cyclicstretch. a, Stress-stretch curves under cyclic
stretch. b, Stress-stretch curvesat N=5,000 for various stretch amplitudes
Aamp- €, The stress-stretch curve afterasequence of 5,000 cyclesand 1 h of
recovery isbelow that of the as-prepared composite. The stress-stretch curve
does not change after asecond sequence of 5,000 cyclesand1 h of recovery.
d-f, Crackgrowth per cycle, dc/dN, ismeasured as afunction of steady-state G

number of cycles is enabled by high fatigue threshold. Here, we demon-
strate the significance of both high modulus and high fatigue threshold
usingacylindrical rubber mount withacrack (Fig. 4c). The crack opens
when the mountis compressed. The mounts without particles are soft
and either fracture at a low stress or deform excessively (Fig. 4d and
Supplementary Video1). The mount with particles and short chainsis
stiffbut fractures atamodestload. By contrast, the mount with particles
andlongchains (F=0.45and C=10"*)isstiffand can supportlarge loads
repeatedly. For this mount, the crack does not advance appreciably
after 33,000 cycles (Fig. 4e and Supplementary Video 2).
Insoftrobotics, materials need to bear loads over large and repeated
displacements'™®, We demonstrate the significance of both highmodu-
lus and high fatigue threshold inarecent design of acompliant gripper
(Fig.4f). We choose this application because kirigami requires cuts by
design, and grippers need to sustain cyclic deformation. The gripperis
made using asquare sheet with cuts parallel to adiagonal. When pulled
along the other diagonal, the sheet buckles out of plane, gripping an
object. Grippers with particles require larger forces to close than those
without particles (Fig. 4g). We cyclically close and open the grippers.

306 | Nature | Vol 624 | 14 December 2023

Crosslink fraction, C

Modulus, E (Pa)

for particles with and without covalentinterlinks to polymers (d), various
C(e)andvarious F (f). g, Fatigue threshold G, as afunction of C.h, Gatdc/
dN=5nmperonecycleasafunctionofC.i, Various crosslinked elastomers
and double-network (DN) PEA compared on the plane of modulus and fatigue
threshold*>7921:32,

Agripperwith F=0.45and C=10"fracturesin only a few cycles (Sup-
plementary Video 3). By contrast, a gripper with F=0.45and C=10"*
has negligible permanent deformation after N =350,000 cycles, and
the crack does not advance appreciably (Fig. 4h). Next, we use a grip-
pertograsp asphereand measure the forcerequired tolift the sphere
(Extended Data Fig. 10 and Supplementary Video 4). A gripper with
long polymer chains and percolated particles lifts a load six times
thatof agripper made of pure PEA, and it maintains this lift force over
many cycles. We discuss design considerations for kirigami grippers
in Methods.

Discussion

For an elastomer inwhich entanglements greatly outnumber crosslinks,
dense entanglements set high modulus, and sparse crosslinks set high
fatigue threshold®. However, the density of entanglements is set by
the entanglement molecular weight, limiting the modulus of the elas-
tomer to approximately 1 MPa. A recent technique has enabled the
synthesis of highly entangled elastomers from prepolymers, which
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Fig.4 | Applications of particle-reinforced elastomers with high stiffness
and fatigueresistance. a, A particle-reinforced elastomeris moulded into
acomplexshape.b, The moulded sample can undergo large deformation.

¢, Schematic of amountwithacrack. The crack opens when the mountis
compressed.d, The stressis measured as afunction of strain for mounts of
various Cand F. Cyclicloadings of strain of 0.7 or 0.9 are applied. The point of
fractureis marked onthe plot. Theinsets are photographs of the samples at
the marked points during the test.e, Amount of C=10"*and F= 0.45 after

can be potentially used to make particle-reinforced elastomers of
high fatigue resistance®. In an interpenetrating polymer network,
the short-chain network provides high modulus, and the long-chain
network provides high fatigue threshold®%. However, the modulus
achieved, 1-4 MPa, is still too low for many applications. Semicrystal-
line rubbers can have both high modulus and high fatigue threshold.
For example, filled natural rubber crystallizes under strain, and when
loaded under non-relaxing conditions, strain-induced crystallization
greatly enhances the fatigue threshold**¥. However, strain-induced
crystals melt whenthesstretchisrelaxed each cycle, resultinginafatigue
threshold of approximately 100 J m™. Thermoplastic elastomers can
achieve both high modulus and high fatigue threshold but suffer from
creep®?. Elastomers reinforced with fibres and fabrics can achieve
both high modulus and threshold but are difficult to make into complex
shapes and small features®**'. As demonstrated in this work, composites
of entangled long polymer chains and percolated particles can also
achieve both high modulus and threshold, as well as provide additional
options in designing materials.

N=33,000 cycles. Theinsetis amagnified image of the sample, where the red
dotted line shows the initial crack. f, Schematic of agripper made of a flat sheet
with cuts. When pulled, the sheet buckles out of plane. g, The force is measured
asafunction of displacement for grippers of various Cand F. The dashed line
indicateswhenthegrippersareclosed, and the insets show the grippers at this
displacement. h, Agripper of C=10"*and F= 0.45after N=350,000 cycles. The
insetisamagnified image of the sample, where the red dotted line shows the
initial crack. Scale bars,1cm (a,b,e (left),h (left)); 200 um (e, right); 1mm (h, right).

Whereas the effect of rigid particles on modulus has been appre-
ciated for a century, the synergies of clustered particles and long
polymer chains on fatigue threshold have not been identified before.
Multiscale stress deconcentration is applicable to various types of
rubber. Such materials can be explored in high-volume applications,
such as tyres and belts, as well as emerging applications, such as soft
robots and wearable devices. In addition to load-bearing capacity,
particles can impart other functions, such as electrical conductivity,
optical transparency, structural colour, magnetic actuation and high
dielectric constants. High load-bearing capacity, along with diverse
functions such as these, opens an enormous space for material design
and applications.
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Methods

Model material

PEAisselected to meet three requirements. PEA canbe madeintolong
chains, has alow-entanglement molecular weight and has low inter-
chain friction. The silica nanoparticles are 110 nm diameter spheres
(Supplementary Fig. 5), and their surfaces are functionalized with
TPM. Ethyl acrylate (EA) monomer is a liquid, in which we mix small
amounts of crosslinker and initiator, as well as silica nanoparticles.
We fix the initiator-to-crosslinker molar ratio to 0.4 and vary the
crosslinker-to-monomer molar ratio Cand the volume fraction of silica
particles F. Whenthe mixtureis exposed to ultraviolet (UV) light, a poly-
mer network is formed by free radical polymerization. Most monomers
polymerize, and most polymers crosslink into the polymer network
(Supplementary Fig. 6). Some of the monomers react with TPM groups
on the surfaces of the particles, forming covalent interlinks between
the polymer network and silica particles (Extended Data Fig.1). On
the surfaces of the silica particles, the number density of TPM groups
is 2.7 nm™, which is measured by the manufacturer. Functionalized
nanoparticles have long been used as reinforcing fillers in industrial
applications'. Additionally, TPM-functionalized silica nanoparticles
have been used as reinforcing fillers in PEA elastomers®?>*, but these
works used polymer chains much shorter than reported here and did
not report fatigue threshold. Although the precursor mixtures are
opaque and white (Supplementary Fig. 7), the composites are trans-
parent (Supplementary Fig. 8). These observations are consistent with
therefractiveindices:1.407 for EAmonomer, 1.467 for PEA (ref.35) and
1.475 for silica nanoparticles.

Mechanics of multiscale stress deconcentration

Consider an elastomer filled with rigid particles of volume fraction F. A
crackinthe compositeimpinges both on polymer chains (Fig.1a) and on
clusters of particles (Fig.1b). Near the crack tip, stress deconcentrates
across both long polymer chains and clustered particles.

First, consider a crack growing in the elastomer network (Fig. 1a).
Before apolymer chainbreaks, stress is deconcentrated over the entire
length of the chain. Rupture of asingle bond along the chain dissipates
energy stored in every bond along the chain. According to Lake and
Thomas*, the fatigue threshold of the polymer matrix, G, ., is the cova-
lent energy per unit area of one layer of polymer chains.

Next, consider acrack growinginaparticle-filled elastomer (Fig. 1b).
Particles cluster and percolate. Within a cluster, the thickness of the
gap between two particlesis small, comparable with alayer of polymer
chains. The fatigue threshold of each gapis G, .. Because the particles
arerigid compared with the polymer matrix, the stress to rupture one
gap is deconcentrated to several other gaps in the particle cluster.
When the crack grows through one gap, the energy stored in many
gapsisreleased. The fatigue threshold of a cluster of particlesis NG, m,
where N, is the number of gaps in the cluster that participate in stress
deconcentration.

By rule of mixture, write the threshold of the composite as
Gy, = FNGyp iy + (1 = F) Gy, . Like modulus, the fatigue threshold takes
aseparable form G,(C, F) = Gy, n(C)R(F), where the particles amplify
the fatigue threshold by a factor

Rip(F) =F (N;=1) +1. )

The threshold of the matrix scales the threshold of the composite,
Gy, = Gy, - Therefore, the threshold of the composite will follow the scal-
ing of the Lake-Thomas model, G,, < C"¥2. Long polymer chains and clus-
tered particles synergize to increase the threshold of the composite.

We plot the threshold reinforcement ratio R, at various values of
Fand C (Supplementary Fig. 9a). R, is not sensitive to changes in C,
as changing Cby 100 times changes R, by at most a factor of three.
Consistent with equation (1), we write the fatigue threshold of the

compositeinaseparable form: G, = G, .(C)R,(F). Using equation (1), we
estimate the number of gaps N, that participatein stress deconcentra-
tion (Supplementary Fig. 9b). Unlike R, N;does not vary substantially
with F. These observations show that R, is more strongly a function of
the volume fraction of particles than N,. Across all Cand F, we measure
an average value of N,=13.6. We note that if the adhesion between
particles and polymers is not strong, the threshold of the composite
isnotincreased with particle reinforcement (Fig. 3d). Without strong
adhesion, stress is not deconcentrated from the scale of a polymer
chain to that of clustered particles.

Experimental crosslink density

The experimental crosslink density is defined by the experiment used
to measure it. For a polymer network with negligible entanglements,
theelasticmodulusis related to the crosslink density as £ = 3pN, kT/M,,
where pisthe density, N,, is Avogadro’s number, kT is the temperature
in units of energy and M, is the molecular weight of polymer strands
between crosslinks (ref. 8, equation 7.31). Therefore, the experi-
mental crosslink density can be estimated from the elastic modulus.
For example, at F=0 and C=107>*, the modulus is 0.7 MPa. This mod-
ulus gives the molecular weight 0f 12,070 g mol™ or 109 monomers
per chain. In the manuscript, we estimated the length of the polymer
chainas1/(2C) =158 monomers, whichis similar to the crosslink density
estimated by the modulus.

For a highly entangled polymer network, by contrast, the elastic
modulusisrelated tothe entanglement density as £ = 3pkT/M,, where
M, isthe molecular weight of polymer strands between entanglements
(ref. 8, equation 7.47). Therefore, the elastic modulus does not provide
experimental crosslink density. Instead, the crosslink density can be
related to the fatigue threshold for a highly entangled polymer network.
The Lake-Thomas model relates the fatigue threshold to the crosslink
density as G, = aln")/V}, where a is a prefactor of order of unity, [ is
the length of each monomer unit, n is the number of monomer units
in a polymer chain, /is the C-C bond energy and Vis the volume of
each monomer unit*. Therefore, the experimental crosslink density
of a highly entangled polymer network can be calculated by scaling
(Go < n*?). This scaling corresponds to our data (G, =< C?) (Fig. 3g) as
ne C\. For example, the fatigue thresholds of pure PEA elastomers
at C=10"2and C=10"*are approximately 20 ] m?and approximately
200) m™, respectively. Therefore, the values of n are expected to be
different by 100 times. As n at C=10"2is estimated as approximately
100 monomers per chain from the modulus, nat C=10"*is approxi-
mately 10,000 monomers per chain.

Additional discussion on polymerization

Adhesion between particles and polymer matrix. The reaction be-
tween methacrylate groups onthe particlesand acrylate monomersis
faster thanthe reaction between acrylate monomers¥. In principle, all
the methacrylate groups on the particles could be consumed without
coupling the particles to polymer chains in the matrix. However, our
experiments indicate that particles do adhere to the matrix. PEAfilled
with TPM-functionalized silica particles has a much higher modulus
and fatigue threshold than PEA filled with TMS-functionalized silica
particles (Fig. 3d and Extended Data Fig. 7). The TPM-functionalized
particles and the PEA matrix can adhere by two mechanisms. First, TPM
copolymerizes with PEA in the matrix such that covalent bonds form
between particles and the polymer matrix. Second, aPEAloop anchored
on a particle can form trapped entanglements with PEA chains in the
matrix. Both types of adhesion areillustrated in Fig. 1a.

Side reaction. Radical polymerization of polyacrylates, suchas PEA, is
accompanied by side reactions that cause polymer chains to branch,
Like crosslinks, branches reduce the chain length, and branches can
even form a network in the absence of crosslinkers. As an additional
experiment, we prepare pure PEA without crosslinker, C=0, but with
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initiator, /=4 x107. This sample dissolves in propylene carbonate,
indicating that a network did not form. By contrast, pure PEA forms
anetworkat C=1x10"*and /=4 x1075, and it even forms a network at
much lower concentrations of crosslinker and initiator, C=1x10"°and
I=4x107 (ref. 9). These observations indicate that under the condi-
tions of this work, //C = 0.4, side reactions occur less frequently than
reactions with crosslinkers. We surmise that branching is negligible in
our samples because they are prepared with /< C and with unusually
low concentrations of initiator.

Initiator concentration. The molar ratio of initiator to crosslinker
was set to//C= 0.4 for all samples. This value of I/Cwas chosen based
on the following considerations. When initiators are triggered, they
form radicals. The radicals drive polymerization by reacting with
either monomers or crosslinkers. Assume that polymerizationis ter-
minated by recombination andignore side reactions. After polymeri-
zation, polymer strands connect two crosslinks, oneinitiator and one
crosslink, or twoinitiators. These three types of polymer strands are
often called network chain, dangling chain and linear chain, respec-
tively. Only network chains carry load when the polymer network is
stretched.

When/is muchlower than C,the number of dangling chains and linear
chainsis negligible compared with the number of network chains. By
contrast, when/is much higher than C, dangling chains and linear chains
can outnumber network chains, resulting in a poor polymer network
where most of the polymer strands do not carry load. Therefore, to
produce a polymer network in which most polymer strands carry load,
Ishould be low enough compared with C. Our previous work showed
that PEA prepared with//C=10 creeps when subject to a constant load’.
In this work, we set //C = 0.4 for all samples.

Furthermore, if /is too low, then polymerization will be quenched
by oxygen dissolved in the precursor, and the sample will not cure. As
Cisreduced, it becomesincreasingly difficult to satisfy //C= 0.4 while
maintaining an/high enough to cure the sample. In our experiments,
composites with C<10™* do not cure.

Entanglement density

Themolarratio Csets the chainlength. For PEA, one crosslink connects
four chains, and one chain connects two crosslinks so that the average
number of monomers between two adjacent crosslinks is estimated
as1/(2C). When C=107*, there are approximately 5,000 monomers
between two adjacent crosslinks, much greater than the number of
monomers between two adjacent entanglements, 82. Therefore, the
modulus is set by entanglements. By contrast, when C > 107 the chains
areshorter thanthe spacing between entanglements. In this case, the
modulus is set by crosslinks, and Eis linear in C (ref. 8).

Discussion on the scaling of modulus

We interpret the scaling of the modulus, E(C, F) = E,(C)R(F), as fol-
lows. The composite has three microscopic length scales: the diam-
eter of individual particles (D = 110 nm), the average distance between
neighbouring entanglements (=10 nm) and the thickness of a layer
of polymer of reduced mobility near the particles (¢ =2 nm) (ref. 39).
Inthelimitof D » §, &, the composite can be treated as rigid particlesin
acontinuum matrix, where is contained in the modulus of the matrix
E,, and e modifies D negligibly. Dimensional analysis indicates that
the only remaininglength scale, D, does not affect the modulus of the
composite. Consequently, the modulus of the composite is propor-
tional to the modulus of the matrix, £ = E,R, which corresponds to our
observation. The scaling factor R depends on the volume fraction of
particles Fand their arrangement, such as when the particles form a
percolated network. We note that, although modulusincreases steeply
when particles percolate, percolation theory by itself does not explain
how entangled polymers and percolated particles synergize toincrease
modulus.

Design of mechanical properties of kirigami grippers
In designing elastomeric kirigami grippers, one may consider the fol-
lowing.

Stretchability. The displacement required to close the gripper is
approximately 10 mm, and excess stretchability is redundant. As
describedinref.19, theactuation displacementis ageometric quantity
unrelated to the mechanical properties of the material, assuming that
fracture does notoccur.

Fatigue resistance. The higher the fatigue resistance, the better the
durability and reliability. The fatigue resistance increases with Fand
decreases with C.

Stiffness. The gripping force and the lift force scale with the stiffness.
Therequired force will differ depending on the application. Provided that
low Cprovides high fatigue resistance while the stiffness is maintained
by entanglements, one can tune F to design the stiffness. For example,
varying Ffrom 0to 0.45at C=10"*varies the modulus from 0.6 to 14 MPa.
Althoughreducing F decreases the fatigue resistance, the threshold can
still berelatively high withlow C. Furthermore, the energy releaserate G
atafixedstrain scales withmodulus, making fatigue threshold require-
ments for stiff materials greater than for soft materials. For example, G
scales with Efor alinear elastic material at fixed applied strain.

Structural design. Elastomers of high fatigue resistance, high stiffness
and stretchability open doors to new possibilities in the design of kiri-
gamistructures. For example, recent works have developed elastomeric
kirigami structures that can be actuated by nonmechanical means,
such as magnets or temperature'®*°, We look forward to seeing new
kirigami applications.

Synthesis of composites

EA (E9706), tricyclo[5.2.1.0**]decanedimethanol diacrylate (TDDA;
496669), 2-hydroxy-2-methylpropiophenone (Irgacure 1173; 405655)
and N,N-dimethylformamide (DMF; 227056) are used as monomer,
crosslinker, photo-initiator and solvent, respectively. These reagents
were purchased from Sigma Aldrich and used as received. Silicanano-
particles functionalized with TPM of areal density 2.7 molecules per
1nm?were used as reinforcing particles (Cabot Corporation; SilicaA),
andsilicananoparticles functionalized with TMS groups were used as
non-adhesive particles (Cabot Corporation; Silica B). From the diameter
of the nanoparticles, the specific area is calculated as 26 m? g ™. Both
types of particles were supplied by Cabot Corporation asa powder and
were used as received. We made solutions of Irgacure 1173 and TDDA
with DMF. The concentration of TDDA was varied, depending on the
amount required for the composite, such that the concentration of
DMF in the precursor solution was less than 5 vol%. The molar ratio of
Irgacure 1173 to TDDA was set to //C = 0.4 for all samples. Moulds con-
sisted of glass plates (8476K15; McMaster) separated by asilicone sheet
(1460N11; McMaster, thickness = 0.79 mm). Silicone mould release
(CRC; no. 03300) was sprayed on the surfaces of the glass plates and
allowed to dry for 5 min before use.

A precursor solution for a composite was prepared by first mixing
EA and silica nanoparticles. Silica nanoparticles were first weighed in
ananoparticle fume hood and poured into a conical tube. Then, the
conical tube was sealed, placed in an airtight plastic bag and moved
toachemical fume hood, and then, EAwas added to the tube. The vol-
ume of EA added to the tube was calculated from the target particle
volume fraction, F. We calculate the mass of silica nanoparticles as
Mgiica= FPsiticaVea, Where Vi, is the volume of EAand p ., = 2.20 g cmis
the density of silica glass. This neglects the volume of the crosslinker
and initiator, and it assumes that the volume of EA does not change
upon polymerization. For composites with C=107?, the volume change



upon adding crosslinker and initiator is approximately 10%, whereas
thatfor C=10"*is approximately 0.1%. The mixture of EA and silicanano-
particles was then stirred ina vortex mixer at 3,000 rpm for 1 minand
sonicated atroomtemperature for 3 min. The particlesincorporate well
with the monomer for Fused in the study. For Fgreater than 0.45, the
particles did not completely incorporate with the monomer. Mixtures
of F=0.15and 0.25 had viscosities similar to the monomer. At F= 0.35,
the mixture was a liquid with a higher viscosity than the monomer. At
F=0.45,the mixture was a plasticliquid. Afterward, the crosslinker and
initiator solutions were added to the mixture, where the concentration
of crosslinker was set by the molar ratio of crosslinker to monomer,
C. The precursor solution was then vortexed again at 3,000 rpm for
1min. The precursor solution was then poured into amould and sealed
with a glass plate. Binder clips were attached along the perimeter of
the mould. The mould was placed in a plastic bag (Minigrip Redline;
VWR) filled with nitrogen gas, and excess gas was pressed out of the
bagbeforeit was sealed. The mould was thenirradiated withaUVIamp
(8337K11; McMaster) for at least 12 h with an intensity of .5 mW cm™.
After curing, the sample was removed from the mould, the mass of the
as-prepared sample was measured, and the sample was placed for 1 day
in afume hood to allow unreacted monomers and DMF to evaporate.
The thickness of all samples was 0.8 mm.

Soland gel fraction

We prepare a PEA elastomer of F= 0 and C =10"*, We measure the mass of
thesample before curing, after curing and after degassingin air for 48 h.
Wethensubmerge the degassed sampleinareservoir of ethyl acetate
solvent**2, The sample swells in the solvent, where the mass fraction
of polymer in the fully swollen sample is 11.8 wt%. While submerged
in the solvent, uncrosslinked polymers and monomers diffuse out
of the elastomer and into the reservoir of ethyl acetate. After 1 week,
we remove the elastomer from the solvent and allow the solvent in
the sample to evaporate in air for 3 days. We measure the mass of the
washed sample. The gel fraction is calculated from the mass of the
washed sample divided by the mass of the as-prepared sample, and the
sol fraction is calculated as one minus the gel fraction. Most polymer
chains are crosslinked into a polymer network (Supplementary Fig. 6).

Imaging

Images and videos of samples at large length scales were obtained
using adigital camera (Canon; EOS 50D). SEM images were taken using
a Zeiss Ultra Plus FESEM. Before SEM imaging, the samples were cut
with scissors, mounted onan SEM stub with carbon tape such that the
cross-section was facing up and coated with a 5 nm thick Pt/Pd layer
using a metal sputter coater (208HR; Cressington Scientific Instru-
ments). All SEM images were taken of the Pt/Pd-coated cross-section.

Monotonic mechanical tests

Asample of the composite was cutinto adog-bone shape withadie (ISO
37-2). The sample was then gripped in a tensile tester (Instron; 5966)
with screw action grips (Instron) and stretched at arate of 0.2 s until
rupture. The stretchAwas calculated as the deformed length divided by
the undeformed length, and the stress s was calculated as the applied
force divided by the cross-sectional area of the undeformed sample.
The modulus £ was calculated as the slope of the stress-stretch curve
atasmallstretch (Ilessthan 0.05). Rupture occurred at stretch A,,,. The
nominal strength s,,,,, was calculated as the stress when the sample
ruptured. The true strength 0,,,,, was calculated as the product A,,,,Smax
The work of fracture W;was calculated by numerically integrating the
stress—stretch curve until rupture.

Cyclicmechanical tests

For all cyclicmechanical tests, we used the pure shear geometry. Asam-
ple of composite was cut into arectangle of dimensions 60 x 30 mm. An
adhesion primer (Loctite 7701) was applied to both sides of the sample

and to four glass microscope slides (Globe Scientific Inc.; 1321) and
allowed to evaporate for 3 min in a fume hood. Then, the sample was
gluedtotheslideswithacyanoacrylate adhesive (Krazy Glue) such that
the height of the unbonded portion was 10 mm. Stress-stretch curvesin
cyclicloading were obtained by stretching uncracked pure shear samples
inthe Instron tensile tester. Allsamples were stretched at astretch rate of
0.2 s. Thesamples were gripped in the tensile tester using screw action
grips. To prevent cracking of the microscope slides, six silicone sheets
were used to shield the slides from each other and the grips of the tester.

Several quantities were calculated fromthe cyclic stress—stretch curves.
The modulus Ein cyclic loading (for example, Extended Data Fig. 5) was
calculated as three quarters the slope of the stress—stretch curve when
the stress was zero. The hysteresis ratio H (for example, Extended Data
Fig.5) was calculated as the numerical integration of the positive portion
oftheunloadingstress—stretch curve divided by that of theloading curve.

Dynamic mechanical analysis tests were performed using a dynamic
mechanical analysis instrument (Mettler Toledo) and the tension geom-
etry. The stretch amplitude was fixed at A = 0.01, and the temperature
was 25°C.

Crack growth measurements

Thedrivingforce for crack growthis the energyreleaserate, G. For the
pureshear geometry, Gis calculated by multiplying the sample height,
H, by the area under the stress-stretch curve of an equivalent sample
without a crack®. Stress-stretch curves of pure shear samples without
cracks were obtained as described in the previous section. Because the
stress-stretch curves vary with cycles, we calculate G from the stress—
stretch curves in the steady state (for example, the curves in Fig. 3b).
Furthermore, because the stress—stretch curvesin the steady state vary
with A,,,, we calculate G for each A,,,,,. For one sample, this produces
Gfor discrete values of A,,,,. We obtain an equation for G as a function
of the applied stretchA,,,, by a quadraticleast-squares regression. We
repeat this procedure for samples of various combinations of Cand F
(Supplementary Figs. 3,4 and 10). Every combination of Cand Fhas a
corresponding equation for Gas a function of A,

To measure crack growth, a pure shear sample was prepared with
acrack of length c=2 cm (Supplementary Fig. 2b). The crack was cut
from a free edge of the sample with scissors, and the tip of the crack
was marked with a marker (Sharpie). The sample was then placed ina
fatigue tester and stretched to a peak stretch of A,,,, for 50,000 cycles.
Thestretchratewas 0.2 s™, and the force was not recorded during the
test. The energy release rate corresponding to the applied stretch A,,,
was then calculated using the sample’s corresponding equation for G.
After each test, the crack was observed using an optical microscope
(Omax) with a resolution of approximately 10 pm, and a photograph
was taken through the lens of the microscope. The crack growth was
measured by comparing the crack length in each photo (Extended
DataFig.10). The crack growth per cycle, dc/dN, was calculated as the
crack growth divided by the number of cycles. For 50,000 cycles, the
resolutionin dc/dNis 0.2 nm per 1 cycle. For one sample, the crack
growth per cycle dc/dN was measured for many energy release rates
G. dc/dN varies with the applied G, and crack growth is not observed
when Gis below the fatigue threshold, G,.

Differential scanning calorimetry

We characterized the composites with a differential scanning calorimeter
(TADiscover differential scanning calorimeter 250). Using the differen-
tial scanning calorimeter, samples were heated to 75 °C, cooled to =75 °C
and heated to 75 °C while measuring the heat flow through the samples.
The heat flow normalized by the mass of the sample is plotted as a func-
tion of temperature for various composites (Supplementary Fig. 11).

Moulding demonstration
A stencil was cut from an aluminium sheet (5052 Aluminium; Send-
CutSend). The stencil was 3.2 mm thick. A mould was constructed by
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gluing the metal stencil to a glass plate along the perimeter of the metal
stencil with hot glue. Two silicone sheets (1460N11; McMaster) were
cutand placed onthe free face of the metal stencil such that there was
a 0.5 cmwide silicone frame along the outer edge of the mould. The
two sheets were identical and stacked on top of each other, making the
border1.6 mmtall. Mould release was sprayed in the mould and allowed
todry.Aprecursor solutionwas then poured into the mould and sealed
with a glass plate. The mould was then compressed with binder clips,
sealed in a plastic bag filled with nitrogen gas and irradiated with the
UVlamp for atleast12 h.

Mount

Amountwas cut fromasheet of composite (thickness of approximately
3 mm) using apin punch (diameter of approximately 3 mm). The geom-
etry of the mount is shown in Fig. 4c, where the length of the cut is
approximately one quarter of the diameter of the mount. The mount
is placed between two rigid plates as shown in Supplementary Fig.12.
Thetop plateis made of a transparent acrylic plate, and the top of the
frame is clamped to the upper substrate of the Instron. During com-
pression, the force and displacement applied by the Instron transmit
through the frame to the sample, while a digital camera (Handheld
Digital Microscope Pro; Celestron) records the deformation of the
mount fromabove. The stressis calculated asthe applied force divided
by the undeformed area, and the strain is calculated as the applied
displacement divided by the undeformed height. The diameter and
height are measured for each mount.

Cyclic compression is applied using linear loading and unloading
curves, a strain amplitude of 0.7 and a velocity of 0.02 mms™. The
deformation was recorded using the digital camera (Supplementary
Video1). For the mount with F=0and C=107*,astrainamplitude of 0.9
isapplied at the last cycle.

Infatigue loading, the same setup was used, except that the minimum
strain was 0.3 so that the mount does not move during the test and the
velocity was set to 2 mm s™. The crack growth was measured by using
amicroscope (Fig. 4e).

Compliantgripper

Agripper was cut fromafilm of composite (thickness = 0.8 mm) using
arazor blade. The geometry of the gripper is shown in Fig. 4f, where
the side length of the square was 4 cm and all cuts were 1 cm long. All
force-displacement curves were obtained using the Instron. For the
actuation force-displacement curves (for example, Fig. 4g), the grip-
per was mounted along the diagonal with the screw action grips and
pulled at a velocity of 2 mm s™ until rupture. In fatigue loading, the
same setup was used, except the maximum displacement was set to
10 mm. A 25 mm diameter sphere mounted on a30 mm long post was
three-dimensionally printed. Thelift force was measured by mounting
the postin the Instron, mounting the gripper in a fatigue tester, actu-
ating the gripper with a10 mm displacement to grasp the sphere and
pulling the sphere out of the gripper at a velocity of 5Smms™.

Fatigue tester

To measure the crack growth per cycle dc/dN as a function of energy
release rate G for various values of Fand C, we built multiple fatigue
testers (Supplementary Fig. 13). Each tester can apply cyclic loading

of a fixed displacement and velocity. The velocity is 2 mm s for all
samples. The linear motor (300 mm SFU1605 linear guide rail with
NEMA17 stepper motor; SainSmart), stepper motor driver (DM542T;
Stepperonline) and controller (Arduino Uno) were purchased from
Amazon. The linear motor was mounted at the homemade jig made
of acrylic sheets as shown in Supplementary Fig. 13.

Data availability

Thecyclicstress—stretch curves and energy release rates as afunction
of stretch for all synthesis conditions, as well as the Arduino code for
the fatigue testers, are provided in the Supplementary Information.
Raw monotonic and cyclic stress-stretch curves are available from
the corresponding authors on request.
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Extended DataFig. 4 |Reinforcementratio. The reinforcementratio, R = E/E,,
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