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Natural rubber with high resistance to  
crack growth
 

Guodong Nian    1,5, Zheqi Chen    1,2,5, Xianyang Bao    1,5, 
Matthew Wei Ming Tan1,3, Yakov Kutsovsky4 & Zhigang Suo    1 

Natural rubber, with annual production of 15 million tonnes, is the most used 
bio-elastomer. Improving its resistance to crack growth is highly desired, 
to prolong its service life for many applications and eventually improve its 
sustainability. Here we markedly amplify the resistance to crack growth 
in natural rubber by forming a tanglemer, a polymer network in which 
entanglements greatly outnumber crosslinks. Specifically, we cast natural 
rubber latex without high-intensity processing that cuts long polymers. The 
long polymers densely entangle by thermal motion and are then sparsely 
crosslinked. At a crack tip, long polymer strands between neighbouring 
crosslinks deconcentrate stress, extend strain-induced crystallization over 
a large region and enhance crystallinity. For example, when the ratio of 
crosslinks to repeat units reduces from 10−2 to 10−3, the network amplifies 
fatigue threshold from ~50 J m−2 to ~200 J m−2, and toughness from ~104 J m−2 
to over 105 J m−2. Overall, this work provides a viable strategy to improve the 
practical applicability of natural rubber, contributing to the development of 
sustainable polymers.

A powerful strategy to develop materials for sustainability is to reimag-
ine the existing economically important materials. Examples include 
steel1, glass2, plastics3 and concrete4. Redesigning biopolymers for 
improved performance can extend their service life and thus enhance 
their sustainability. Natural rubber has long been used in high-volume, 
high-severity applications, such as tyres, belts and hoses. Derived from 
the Hevea Brasiliensis tree, the latex contains natural rubber of long 
chains and highly regular cis-configuration5. Both features are critical to 
the superior performance of natural rubber and have never been fully 
replicated in its synthetic counterpart. Furthermore, the performance 
of natural rubber is degraded by commonly adopted processes6. The 
latex is usually dried to form blocks of polymer, which are then mixed 
with additives in machines such as internal mixers, extruders and roll 
mills. Such an intense mixing process homogenizes the mixture and 
lowers its viscosity for shaping the final products. The intense mixing 
processes masticate the polymers into short chains, which require 
dense crosslinks to form a network. We call such a network a regular 
network (Fig. 1a). At a crack tip in the network, stress is deconcentrated 

over a polymer strand between neighbouring crosslinks, while 
strain-induced crystallization (SIC) extends to a volume larger than 
individual polymer strands. The former gives a fatigue threshold of 
~40 J m−2 (ref. 7) and the synergy of the former and the latter gives a 
toughness of ~104 J m−2 (ref. 8).

Here we amplify both fatigue threshold and toughness by pro-
cessing latex without mastication, letting the long polymer chains 
form a tanglemer, a polymer network in which entanglements greatly 
outnumber crosslinks (Fig. 1b). At a crack tip in the tanglemer, stress 
deconcentrates over a long polymer strand between neighbouring 
crosslinks. The entanglements function as slip links and do not impede 
stress deconcentration, thus decoupling modulus and fatigue thresh-
old. The long polymer strands enlarge the volume of SIC and increase 
the degree of crystallinity. The long polymer strands amplify fatigue 
threshold to ~200 J m−2 and the synergy of the long polymer strands 
and the SIC amplifies toughness to over 105 J m−2. The natural rubber 
tanglemers greatly outperform existing rubbers (Fig. 1c) and hold 
promise to extend the lifetimes of established products and to result 
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pouring the toluene-DP solution into the latex initially results in two 
distinct layers (Fig. 2a). After stirring the mixture for six hours, the two 
layers merge into one, as the polymer particles absorb both toluene and 
DP (Fig. 2b). We cast the mixture without masticating the polymers. At 
room temperature, water and toluene evaporate, the polymer particles 
coalesce into a film and part of the polymers diffuses across the inter-
particle boundary22,23. The film is translucent and the polymers from 
neighbouring particles are entangled, as well as endlinked through 
the non-rubber components (Fig. 2c). Entanglements and endlinks 
between the particles may differ in density from those within individual 
particles. Subsequently, the film is hot-pressed at 140 °C for three 
hours, during which the endlinks of the non-rubber components break 
(Supplementary Fig. 1). During hot-press at 140 °C, several processes 
take place at various timescales. The endlinks break in a timescale 
of ~10 min (ref. 24). The reptation time of polymer chains is ~10 min 
(Supplementary Fig. 2). The half-life for decomposition of DP is ~1 h 
(ref. 25). Consequently, the first two processes are faster than the last 
one. Before the polymer chains are crosslinked, polymers have suffi-
cient time to entangle further into neighbouring particles by thermal 
motion. DP crosslinks polymers into a network (Supplementary Fig. 3), 
which prevents the polymers from disentangling. As each DP mole
cule creates a crosslink25, the crosslink density C is calculated by the 
molar ratio of DP to the repeat unit of the polymer. The long polymers  
allow us to use a very low value of C to form a network, called a tangle-
mer, in which entanglements greatly outnumber crosslinks (Fig. 2d).

Uniaxial tensile behaviour
We form networks with various crosslink densities: C = 10−3, 2 × 10−3, 
3.3 × 10−3, 5 × 10−3 and 10−2. The stress–stretch curve is recorded for each 
network (Fig. 3a). The average stretchability decreases as C increases 
(Supplementary Fig. 4). The initial slope of the stress–stretch curve 
defines modulus E. As C increases, the modulus remains at a plateau  
of ~1 MPa until C = 3.3 × 10−3, after which the modulus increases 
mildly (Fig. 3b). The modulus is contributed by both crosslinks and 
entanglements10,26,27:

E = 3
2ρkBT (

1
N + 1

Ne
) (1)

in new products. A more durable biopolymer will reduce polymer pol-
lution and enhance sustainability.

Results
Network design and process
Entangled polymer networks have been studied for decades9–11. It 
has been shown recently that a subset of entangled networks, which  
we call tanglemers, exhibit high toughness and high fatigue thresh-
old, while maintaining modulus12–16. To achieve high toughness and  
high fatigue threshold, crosslink density should be as low as possible. 
The lower limit of crosslink density is set by the integrity of the network. 
To maintain modulus, crosslink density is chosen in the range in which 
the modulus plateaus as crosslink density changes12.

Natural rubber from latex has a molecular weight of Mn ≈  
300 kg mol−1, corresponding to ~4,400 repeat units per chain and 
~56 repeat units between neighbouring entanglements17–20. Crosslink 
density C is defined by the molar ratio of crosslinks to the repeat units 
of the polymer: when C = 10−3, the number of repeat units between 
neighbouring crosslinks is N = 1/(2C) ≈ 500. In such a network, a strand 
of polymer between neighbouring crosslinks is much shorter than the 
polymer chain from the latex, but much longer than a polymer strand 
between neighbouring entanglements. Our measurements will show 
that the network falls on the plateau on the curve of modulus as a func-
tion of crosslink density. We have also attempted to form networks 
using an even lower value of C, but the resulting networks have large 
residual stretch after loading and have substantially lower modulus. 
By comparison, mastication degrades chains to ~440 repeat units per 
chain21. These relatively short chains necessitate the formation of a 
network with a high crosslink density of C ≈ 10−2, corresponding to 
N = 1/(2C) ≈ 50 repeat units between neighbouring crosslinks. We will 
call the network with C = 10−3 a tanglemer and the network with C = 10−2 
a regular natural rubber.

We prepare a natural rubber tanglemer from latex—that is, par-
ticles of long polymers dispersed in water. In each particle, poly-
mer chains are ended with non-rubber components, which serve as  
surfactants to prevent coagulation and as endlinks to network the 
polymers5. We dissolve a small amount of crosslinking agent, dicumyl 
peroxide (DP), in toluene. Since toluene and water are immiscible, 
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Fig. 1 | Natural rubber tanglemer outperforms regular natural rubber.  
a–c, Crosslink density C is defined by the molar ratio of crosslinks to the repeat 
units of the polymer; toughness and fatigue threshold both increase as the 
crosslink density decreases. In regular natural rubber (C ≈ 10−2), a short polymer 
strand at a crack tip deconcentrates stress over a short distance, while SIC 

extends to a small volume (a). In a natural rubber tanglemer (C ≈ 10−3), a long 
polymer strand at a crack tip deconcentrates stress over a long distance, while 
SIC extends to a large volume (b). Various polymer networks are compared in the 
plane of toughness and fatigue threshold (c)7,8,60,61.
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where ρ is the number of repeating units per unit volume, kB is the Boltz-
mann constant, T is the temperature, Ne is the number of repeat units 
between neighbouring entanglements and N is the number of repeat 
units between neighbouring crosslinks. For natural rubber, Ne = 56 (ref. 
22). N can be calculated by N = 1/(2C). When C = 10−3, N = 500, which 
is about one order of magnitude larger than Ne. That is, the polymer 
network is a tanglemer, in which entanglements greatly outnumber 
crosslinks. As a result, entanglements set the modulus, E ~ 1/Ne. This 
conclusion is further supported by the finding that the plateau modulus 
of the crosslinked network is approximately the plateau modulus of 
the melt (Supplementary Fig. 5). As C increases, the effect of crosslinks 
becomes substantial. When C = 10−2, N = 50, which is almost the same as 
Ne, so the modulus exactly doubles the plateau modulus, being 2 MPa.

We load each network to a stretch of two and then unload (Sup-
plementary Fig. 6). For each network, the hysteresis is defined as the 
ratio of two areas: the area enclosed by the stress–stretch curves of 
loading and unloading to the area under the stress–stretch curve of 
loading. All networks have a hysteresis smaller than 20% (Fig. 3c). 
These low values of hysteresis are comparable to those reported in the 
literature28. At a stretch of two, natural rubber does not undergo SIC 
and the low hysteresis reflects the low friction between the chains. This 
conclusion is further corroborated by the dynamic mechanical analysis 
(Supplementary Fig. 5), where a low tanδ is observed. We also examine 
creep and recovery of natural rubbers of various crosslink densities. 
By applying a constant load, the sample mildly elongates over time 
(Fig. 3d). As the crosslink density decreases, the rate of creep increases. 
This trend is consistent with previous reports29,30. After removing the 
load, all the networks recover over time (Fig. 3e) and show very small 
residual strain (<2%, Fig. 3f). In the previous reports, the chains were 
masticated during processing. Here we preserve the long chains with-
out mastication, and form networks with lower crosslink densities than 
previously reported. Preserving long polymers expands the range of 
crosslink density, thereby maximizing performance in applications 
where both creep resistance and crack resistance are crucial.

We load and unload the tanglemer (C = 10−3) and the regular net-
work (C = 10−2) at various amplitudes of stretch (Supplementary Fig. 7). 
For both networks, the hysteresis suddenly increases when the stretch 
amplitude exceeds ~4 (Fig. 3g), while the residual stretches remain 
negligible. The amplified hysteresis of natural rubber at large stretches 
has been attributed to SIC28. Additionally, in the nominal stress–stretch 
curves, both networks soften at stretch ~4–5, and then stiffen as the 
stretch further increases (Supplementary Fig. 8a). This strain-softening 

has been ascribed to growth of crystals that reduce the tension and sub-
sequent strain-stiffening occurs because the crystals act as additional 
crosslinks28,31. In the true stress–stretch curves, no strain-softening is 
observed (Supplementary Fig. 8b).

This inference is supported by wide-angle X-ray scattering (WAXS) 
observations. In the two-dimensional (2D) WAXS images (Fig. 3h,i), 
both networks exhibit isotropic halos at low stretches (<2.5), which 
indicates that the networks are amorphous. As the stretch increases  
to ~4, both networks show crystal diffraction arcs. Upon further  
stretch, the crystal diffraction arcs become more pronounced. The 
2D WAXS images are converted into 1D intensity profiles32 (Fig. 3j,k 
and Supplementary Fig. 9). The tanglemer achieves a much higher 
maximum crystallinity than that of the regular network (Fig. 3l).

SIC occurs when network strands are stretched to alignment. At 
each point of entanglement or crosslink, SIC cannot occur. Entangle-
ments within the polymer network can redistribute stress by sliding 
along strands, unlike crosslinks which restrict movement. Tangle-
mer exhibits greater stretchability compared to the regular network, 
enabling it to achieve a higher maximum crystallinity. This effect 
is consistent with the trend that lower crosslink density enhances 
crystallinity33,34. We examine the crystallinity of networks with vari-
ous C (Supplementary Fig. 10). As the crosslink density decreases, 
the maximum crystallinity increases and plateaus, which indicates 
that the maximum crystallinity is probably set by the entanglement 
density. Incidentally, the crystallinity of SIC in a poly(ethylene glycol) 
network increases on removal of entanglements32. For the natural 
rubber reported here, we deliberately retain dense entanglements, so 
that the modulus remains high. Our data show that, even with dense 
entanglements, long polymers still amplify the crystallinity of SIC in 
natural rubber.

Crack resistance under cyclic load
Many applications of natural rubber are limited by crack growth under 
cyclic load35. An amplitude of energy release rate exists, known as the 
fatigue threshold, below which a crack does not grow. In a polymer 
strand that bridges a crack, high stress is deconcentrated along the 
entire strand up to the crosslinks (Fig. 4a). When the polymer strand 
ruptures at a single covalent bond, the high stress in the entire strand 
between two crosslinks is relaxed. This molecular picture, proposed by 
Lake and Thomas7, leads to the scaling Gth ∼ C−0.5. This Lake–Thomas scal-
ing has long been confirmed in regular rubbers36,37. Recently, it has been 
shown that while crosslinks limit the extent of stress deconcentration, 
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Fig. 2 | Process a latex into a tanglemer. a, Dissolve the crosslinking agent, DP, in toluene and pour the solution into the latex. b, Stir to mix the DP solution and the 
polymer. c, Dry the mixture at room temperature to form a film. d, Hot-press the film to form a tanglemer.

http://www.nature.com/natsustain


Nature Sustainability

Article https://doi.org/10.1038/s41893-025-01559-z

entanglements do not12–15. At a crosslink, the highly stressed polymer 
strand is covalently bonded to multiple other polymer strands. These 
other polymer strands carry lower stress than the strand that bridges 
the crack. By contrast, because the frictional stress between polymer 
strands is much lower than the strength of the covalent bonds along 
a polymer strand, an entanglement slips, transmitting the high stress 
in the polymer strand undiminished. For a tanglemer, where entangle-
ments greatly outnumber crosslinks, the dense entanglements do not 
reduce the fatigue threshold; rather, the fatigue threshold remains limi
ted by crosslink density. We test this theoretical prediction as follows.

For each sample, we measure the crack growth per cycle, dc/dn,  
as a function of the amplitude of energy release rate, G (Fig. 4b). 
The amplitude of G is calculated after cyclically loading the sample  
until the stress–stretch curve reaches a steady state. In our experi-
ments, the minimum crack growth per cycle, dc/dn, that we can detect 
is ~0.1 nm cycle−1. The linear regression of data estimates the fatigue 
threshold, Gth. The natural rubber tanglemer, C = 10−3, achieves a high 
fatigue threshold of ~200 J m−2, whereas the regular natural rubber, 
C = 10−2, shows a fatigue threshold of ~50 J m−2. At a particular amplitude 
of energy release rate, for example, G = 300 J m−2, the crack growth is 
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Fig. 3 | Uniaxial tensile behaviour. a, Stress–stretch curves of networks with 
various crosslink densities, C. b, Modulus, E, as a function of C. c, Hysteresis as 
a function of C, measured at a stretch of two. d–f, Apply 300 kPa to each sample 
within 1 s, keep for 104 s, and then release, all at 25 °C. Creep (d) and recovery 
(e) for various values of C. Residual stretch, λr, as a function of C, measured 12 h 

after the load is removed (f). g, Hysteresis from load–unload curves at various 
amplitudes of stretch for C = 10−3 and 10−2. h,i, 2D WAXS patterns for C = 10−3 (h) 
and C = 10−2 (i) under various stretches. j,k,1D WAXS intensity profiles showing 
crystalline peaks for natural rubber at different stretches: C = 10−3 (j) and C = 10−2 
(k). l, Crystallinity, χc, as a function of stretch, λ.
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20 nm cycle−1 for a network of C = 10−2, and 6 nm cycle−1 for a network 
of C = 10−3.

Our experimental data on the fatigue threshold as a function of 
crosslink density approximately follows the Lake–Thomas scaling 
(Fig. 4c). For tanglemers, where entanglements greatly outnumber 
crosslinks, this finding confirms that the crosslinks limit the extent 
of stress deconcentration, but the entanglements do not. Previous 
papers have reported that SIC occurs in a region around the crack tip 
during cyclic loading38,39. However, it has been found that SIC does not 
correlate with the rate at which a crack propagates in fatigue39. These 
findings are consistent with our finding that SIC does not amplify 
fatigue threshold.

We further plot the fatigue threshold Gth as a function of modulus 
E (Fig. 4d). For a regular network, the modulus scales with crosslink 
density as E ∼ 1/N ∼ C, and the fatigue threshold scales with modulus 
as Gth ∼ E−0.5. This trade-off is called modulus-threshold conflict. By 
contrast, for the tanglemer, the modulus is set by entanglements, 
E ∼ 1/Ne, but the threshold still scales with crosslink density, Gth ∼ C−0.5. 
Consequently, tanglemers overcome the modulus-threshold conflict.  
As crosslink density decreases, the modulus remains constant  
while fatigue threshold increases.

Crack resistance under monotonic load
The natural rubber tanglemer greatly amplifies crack resistance (Fig. 5). 
For a sample with a height of 50 mm and a precrack of 75 mm, the tan-
glemer does not break at a stretch of 6.04 (Fig. 5a and Supplementary 
Video 1), but the regular network breaks at a stretch of 1.33 (Fig. 5b and 
Supplementary Video 2). During stretching, the precrack blunts and 
bifurcates more in the tanglemer than in the regular network. Imaging 
under polarized light shows that stress at a crack tip is less concentrated 
in a tanglemer than in a regular network (Supplementary Video 3).

The crack growth, Δc, is measured as a function of energy release 
rate, G (Fig. 5c and Supplementary Fig. 11). For the network of a given 

crosslink density C, we identify two values of energy release rate, Gi and 
Gc. When G < Gi, the crack growth is not observed. When Gi < G < Gc, the 
crack is observed to grow stably with a speed comparable to the velo
city of the crosshead of the tensile tester, and the crack arrests when 
the crosshead stops. When G = Gc, the crack grows across the entire 
sample at a velocity much larger than the velocity of the crosshead. 
The energy release rate Gi below which crack growth is not observed 
defines the threshold of crack growth under monotonic stretch. 
The energy release rate Gc at which the crack grows unstably defines  
the toughness (Supplementary Fig. 12). The crack growth at which the 
crack becomes unstable is denoted by Δcs. As the crosslink density 
decreases, the threshold, toughness and limit stable crack growth 
increase. For the tanglemer, Gi ≈ 10 kJ m−2, Gc ≈ 150 kJ m−2 and Δcs ≈ 2 mm. 
For the regular network, Gi ≈ 0.4 kJ m−2, Gc ≈ 3 kJ m−2 and Δcs ≈ 0.2 mm.

The above experimental observations may be interpreted as  
follows (Fig. 5d). Around the crack tip, the polymer strands stretch 
to alignment and crystallize to form a SIC zone. As stretch increases, 
the crack grows stably and the SIC zone enlarges. Behind the crack 
tip, the polymer strands relax the tension, the crystals melt and the 
network becomes rubbery again. The hysteresis of crystallization 
and melting dissipates energy. Directly ahead of the crack, the net-
work is bridged by a combination of rubbery strands and crystalline 
domains. In a crystalline domain, the physical interactions between 
strands are much weaker than the covalent bonds along individual 
strands. Consequently, the strands in a crystalline domain slip relative 
to each other, which delocalizes high tension throughout the crystal-
line domain. Furthermore, adjacent crystalline domains are separated 
by thin rubbery strands, so that high tension can spread over multiple 
crystalline domains.

Crack resistance results from a synergy of two processes: the 
hysteresis of crystallization and melting in the SIC zone around the 
crack tip, and the bridging by the strands and crystalline domains 
ahead of the crack tip. Compared to a regular network, the tanglemer 
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has unusually long polymer strands between neighbouring crosslinks. 
The tanglemer increases the crystallinity, volume of the SIC zone and 
extent of stress deconcentration of strands and crystalline domains 
that bridge the crack. These effects synergize to amplify the threshold 
Gi, toughness Gc and limit stable crack growth Δcs.

For each network, the fatigue threshold Gth measured under  
cyclic stretch is much lower than the threshold Gi measured under 
monotonic stretch. The difference between Gth and Gi is probably due to 
two factors. First, the crack growth is observed with a large difference in 
resolution between the two types of experiments. Under cyclic stretch, 
our experiment resolves a crack growth of ~0.1 nm cycle−1, whereas 
under monotonic stretch, our experiment resolves a crack growth  
of ~20 μm. Second, the crystalline domains directly ahead of the  
crack tip may play the role of hard particles, which contribute to Gi. 
However, it has long been established that SIC does not affect Gth 
because these crystalline domains melt after unloading7,40.

The crack growth as a function of energy release rate was  
introduced in the classic paper by Thomas41, and has been called the 
crack resistance curve, commonly measured in tough materials such  
as metals and composites42,43. Crack resistance curves are rarely 
reported for elastomers, possibly because the crack growth needed 
to attain Gc is small for most elastomers. Here we report the crack 
resistance curve for the natural rubber tanglemer because Δcs is long.

Crack resistance in extreme conditions
Rubber products are often used under tension. During use, rubbers 
inevitably contact hard materials. A sharp hard material, contacting 
a stretched rubber, often causes catastrophic failure. Here we dem-
onstrate that a highly stretched natural rubber tanglemer exhibits 
an excellent resistance against crack growth in such an extreme case. 
We compare the natural rubber tanglemer with several other types  
of rubbers. We load each rubber to a stretch of five, hold the stretch,  

and then cut the rubber at one edge using a blade (Fig. 6a). The cut 
grows and arrests in the tanglemer (Fig. 6b), but grows through  
the other types of rubbers (Fig. 6c and Supplementary Video 4). The 
tanglemer, stretched nine times its initial length, survives after mul-
tiple times of cutting (Supplementary Video 5). As another example, 
carrying a bottle of water of 1 gallon, cut with a blade, the tanglemer 
arrests the crack and holds the bottle, but the regular natural rubber 
fractures and lets the bottle fall (Fig. 6d and Supplementary Video 6).

In many applications, such as springs and mountings, rubbers are 
subjected to cyclic load between a minimum amplitude and a maximum 
amplitude44. For instance, we cyclically stretch a precracked tangle-
mer between two values of energy release rates, Gmin = 10,000 J m−2 
and Gmax = 12,500 J m−2 (Fig. 6e). The precrack in the natural rubber 
tanglemer does not grow after 50,000 cycles. This superior fatigue 
resistance can be attributed to the aligned crystalline domain structure 
ahead of the crack tip45. Some of the crystals do not melt because the 
material is always subject to tension during cyclic loading. Such an 
effect of permanent tension has been well documented45,46. The effect 
is further amplified by long strands in a tanglemer. The value of Gmax of 
12,500 J m−2 exceeds the toughness of the regular natural rubber. That 
is, the regular natural rubber with a precrack cannot survive from a 
single cycle of such a load.

Discussion
This work demonstrates that reimagining processes of existing  
materials can enhance their sustainability. Natural rubber is long known 
to have a fatigue threshold of ~40 J m−2 and a toughness of ~104 J m−2. 
This paper demonstrates that processing the natural rubber latex,  
without mastication but with dense entanglements and sparse 
crosslinks, greatly expands the property space of natural rubber.  
The fatigue threshold is amplified to ~200 J m−2 and the toughness is 
amplified to over 105 J m−2.
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To demonstrate the principle, here we use DP as the crosslinker. 
DP acts as a crosslinker without activator and accelerator, and is read-
ily mixed with long polymers in the latex. Using DP as a crosslinker has 
been reported in research papers and patents by the rubber industry, 
owing to its simplicity, lower compression set and improved heat 
resistance47–49. We should also note that other crosslinking systems 
are used for natural rubber, such as sulfur and other peroxides. In 
particular, the majority of natural rubber products so far have been 
manufactured using the sulfur crosslinking system47,50. It has been 
shown that, for a given crosslink density, natural rubber crosslinked 
by sulfur is more fatigue resistant than that by DP51,52. A thorough study 
using the sulfur crosslinking system will be important.

The natural rubber tanglemer holds promise in extending the 
durability of rubber products such as gloves and condoms53,54. In 
load-bearing rubber products, such as tyres, belts and hoses, natural 
rubbers are reinforced with hard particles55–57. It has been demonstrated 
that particle-reinforced tanglemers have exceptionally high fatigue 
threshold15,16. In these demonstrations, however, tanglemer matrices 
have been synthesized from monomers, in situ. Natural rubber latex 
comes with long polymers. Mixing the long polymers with the hard 
particles is commonly conducted in a high-intensity process using an 
internal mixer or roll mill, where long polymers are masticated. The cur-
rent work highlights the potential of maintaining long polymer chains to 
greatly enhance the crack resistance. Reimagining the mixing method 
to preserve the long polymer chains is a important challenge to address 
and remains an open area, which may open a door to extend the lifetime 
of the particle-reinforced rubber products and reduce rubber pollution.

Methods
Materials
Natural rubber latex with a solid content of 60% by weight was pur-
chased from Chemionics Corporation (OH, US). Dicumyl peroxide 
(DP, 329541) and toluene (244511) were purchased from Sigma-Aldrich. 
PDMS was made of Sylgard 184 (Dow Corning) and the mass  
ratio of the base and the curing agent is 15:1. Commercial natural  
rubber (8611K16), polyurethane (PU, 8514K311) and polytetrafluoro
ethylene (PTFE, 8569K23) film were purchased from McMaster- 
Carr. Styrene-ethylene-butylene-styrene (SEBS, G1657M) was pur-
chased from Kraton. The elastomer sheet of SEBS was fabricated by 
casting the toluene solution of SEBS.

Natural rubber preparation
DP is dissolved in toluene. Water is added to the natural rubber latex 
to dilute it to a solid content of 30 wt%. Subsequently, the DP solution  
is added into the diluted natural rubber latex and the mixture is  
stirred for 6 h. After stirring, the mixture is rested for 1 h. During mixing 
and resting, the DP solution gradually absorbs into the latex particles. 
Dilution of latex avoids coagulation when mixed with the DP solution. 
The mixture is poured into a glass mould and dried at room tempera-
ture for 1 d to form a film. The film is then crosslinked in a hot-press  
at 140 °C for 3 h, using a PTFE film with a thickness of ~0.5 mm as a 
spacer. As each DP molecule creates a crosslink25, the crosslink den-
sity C is calculated as the molar ratio of DP to the repeating unit of the 
polymer. The quantities of DP used to prepare natural rubbers are 
calculated from C as mDP = mNR/Misoprene × C × MDP, where mDP is the mass 
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hung with a bottle of water of 1 gallon and still bears the load after cutting.  
e, A precracked tanglemer is cyclically loaded between two values of energy 
release rate Gmin and Gmax. After cycles of n = 50,000 between Gmin = 10,000 J m−2 
and Gmax = 12,500 J m−2, the crack does not grow. The scale bars are 2 mm.
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of DP, mNR is the mass of natural rubber, Misoprene is the molecular weight 
of a repeating unit of natural rubber chain and MDP is the molecular 
weight of DP. In particular, the quantity of DP is 0.40 phr, 0.79 phr, 
1.31 phr, 1.98 phr and 3.97 phr for C = 10−3, 2 × 10−3, 3.3 × 10−3, 5 × 10−3 
and 10−2, respectively. The unit phr represents the parts per hundred 
of rubber. For natural rubbers of various crosslink densities, we vary 
the concentration of the DP solution, so that the mass ratio of the  
DP solution to the diluted latex is fixed at 1:40.

Rheological test
The dynamic moduli and tanδ of natural rubber are measured using a 
rheometer (DHR-3, TA Instruments). Natural rubber is cut into samples 
with a diameter of 20 mm and a thickness of ~0.5 mm. A flat steel plate 
of the same diameter is adopted. Before each test, the sample is held 
under compression of ~20 N for 10 min to ensure good contact between 
the sample and the plate. The samples are measured over a range of 
oscillation frequencies at a constant oscillation amplitude of 0.2% and 
at room temperature.

WAXS
WAXS measurements are performed using the Xeuss 3.0 system 
(Xenocs, France), equipped with a Excillum MetalJet X-ray source of a 
wavelength of 0.135 nm and a Dectris EIGER2 Si 1 M detector. The experi-
ments are conducted in a transmission mode with sample-to-detector 
distance of 0.0425 m. The exposure time is about 10 min. The samples 
are stretched and then held on a rigid frame using clamps. For each 
crosslink density, samples are measured at various stretches from the 
initial state to the maximum stretch. Using FIT2D software, 2D WAXS 
images are converted into 1D intensity profiles by averaging over all 
azimuthal angles. To determine the crystallinity, background contri-
butions are subtracted and the 1D intensity profiles are deconvoluted 
into amorphous and crystalline peaks using a Gaussian function. The 
crystallinity is estimated by χc = Ac/(Ac + Aa), where Ac and Aa represent 
the total integrated area of fitted crystalline and amorphous peaks, 
respectively.

Mechanical tests
Stress–stretch curves are measured by uniaxial tension tests. We cut the 
natural rubber sheet into dogbone-shaped samples. The gauge section 
of each sample has a dimension of 10 × 2 × 0.5 (length × width × thick-
ness, mm). Deformation at the gauge section of the sample is homoge-
neous. We measure the displacement at the gauge section by marking 
two points to calculate the stretch. Each sample is stretched under a 
fixed loading rate of ~0.01 s−1 until rupture. We load and unload the 
dogbone-shaped samples and calculate hysteresis as the ratio of two 
areas: the area enclosed by the stress–stretch curves of loading and 
unloading, and the area under the stress–stretch curve of loading.

The crack growth under cyclic load and fatigue threshold are 
measured by using pure shear samples. We prepare two samples, with 
and without a precrack. Both samples have the same dimension of 
50 × 10 × 0.5 (width × height × thickness, mm). For the precracked 
sample, the initial crack length is 15 mm. We first load and unload the 
sample without a precrack for 500 cycles at an amplitude of stretch λ. 
During cyclic loading, the stress–stretch curve exhibits shakedown and 
reaches a steady state. We then calculate strain energy per unit volume 
W(λ) from the area under the stress–stretch curve at the steady state58,59. 
We cyclically load and unload the sample with a precrack at a frequency 
of ~1.0 Hz. For each measurement, we prescribe the amplitude of stretch 
λ, and the amplitude of energy release rate is calculated as G = W(λ)H, 
where H is the height of the sample in the undeformed state. The crack 
growth per cycle, dc/dn, is obtained by dividing the crack growth by the 
number of cycles. Between 10,000 and 200,000 cycles are performed 
for each measurement. The crack growth is observed under an optical 
microscope with a resolution of ~20 μm. The fatigue threshold is deter-
mined after 200,000 cycles of load and unload if we cannot detect any 

crack growth. Based on these conditions, the minimum crack growth 
that we can detect is ~0.1 nm cycle−1.

The toughness is measured by the pure shear test. We prepare 
two samples, with and without a precrack. The sample dimension is 
200 × 50 × 0.5 (width × height × thickness, mm). For the precracked 
sample, the precrack is introduced by using a blade and is 75 mm long. 
Both samples are stretched at a fixed loading rate of 0.01 s−1. From the 
sample without a precrack, we obtain strain energy per unit volume as a 
function of the stretch, W(λ). From the sample with a precrack, we meas-
ure the critical stretch λc, at which the precrack suddenly grows and frac-
tures the entire sample. We then calculate the toughness, Gc = W(λc)H.

Similar to measuring the toughness, we measure the crack growth 
under monotonic load using the pure shear test. Before loading a 
sample, we make a precrack in the sample and take an image focusing 
on the crack tip by using a microscope. We load the sample to a stretch 
smaller than the critical stretch, λ < λc, and hold the sample for a short 
time to make sure the crack is arrested. We then unload the sample 
and take another image focusing on the crack tip. By comparing the 
crack tip before and after load, we determine the crack growth Δc at 
the prescribed stretch λ. The prescribed stretch can be converted to 
an energy release rate by G = W(λ)H. For each measurement, we make 
a fresh precrack, load the sample to a prescribed stretch, unload the 
sample, and measure the crack growth.

All the mechanical tests are performed using a tensile tester 
(Instron 5966), except that the fatigue fracture test is performed using 
an in-house developed tester.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data presented in the Supplementary Information figures are avail-
able as Source Data. Source data are provided with this paper.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection The data are collected manually.

Data analysis FIT2D software (version 12.077) is used for WAXS data analysis.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data presented in the Figures are available as Source Data. All data presented in the Supplementary Figures are available as Supplementary Data.
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Human research participants
Policy information about studies involving human research participants and Sex and Gender in Research. 

Reporting on sex and gender N/A

Population characteristics N/A

Recruitment N/A

Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description We process a biopolymer, the natural rubber latex, in to a tanglemer, in which entanglements greatly outnumber crosslinks. The 
nature rubber tanglemer shows greatly improved properties, which holds promise to extend the lifetimes of established products, 
and to result in new products. A more durable biopolymer will reduce polymer pollution and enhance sustainability.

Research sample Natural rubber

Sampling strategy N/A

Data collection The data is manually collected

Timing and spatial scale N/A

Data exclusions N/A

Reproducibility See Methods section

Randomization N/A

Blinding N/A

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 
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Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging
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