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ABSTRACT  

Quantitative characterization of the energy dissipative zone around the crack tip is the central issue 

in fracture mechanics of soft materials. In this research, we present a mechanochemical technique 

to visualize the bond scission of the first network in the damage zone of tough double-network 

hydrogels. The mechanoradicals generated by polymer chain scission are employed to initiate 

polymerization of a thermoresponsive polymer, which is visualized by a fluorophore. This 

technique records the spatial distribution of internal fracturing from the fractured surface to the 

bulk, which provides the spatial profiles of stress, strain, and energy dissipation around the crack-

tip. The characterized results suggest that, in addition to the dissipation in relatively narrow yielded 

zone which is mostly focused in the previous works, the dissipation in wide pre-yielding zone and 

the intrinsic fracture energy have also significant contribution to the fracture energy of a DN gel. 
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INTRODUCTION 

Mechanically robust soft materials attract significant interests not only for fundamental 

science1−5 but also for the requirements in emerging applications including medical implants,6,7 

soft robots8,9 and wearable soft electronics.10,11 For the practical application to ensure the 

mechanical reliability, toughness, i.e. crack resistance of the materials, is crucially important 

along with a high strength and an appropriate stiffness. Recent studies on soft-matter fracture 

mechanics indicates that the energy dissipation in the namely process zone around the crack tip 

is important to understand the fracture energy of the soft materials.2,12,13 The toughness of the 

soft materials are typically characterized as the fracture energy c with the unit of J/m2 that 

represents the energy required to advance a crack to form the unit area of fractured surface. On 

the tough soft materials, c is considered comprising two contributions,2,13 

Γc = Γ0 + Γdiss                                              (1)  

where 0 represents the intrinsic fracture energy directly related to the material separation at the 

crack tip, and diss represents the dissipation that takes place in the process zone, whose size is 

typically from sub-micrometer to centimeters depending on the specific materials, owing to 

viscoelastic dissipation as an example. For toughened soft materials, diss is considered much 

larger than 0 so that the overall fracture energy c can be approximated as c ≈ diss. Therefore, 

elucidating the dissipation mechanism in the process zone and its quantitative understanding is 

the key to investigate the soft matter toughness.  

Among the efforts of making tough soft materials including hydrogels and elastomers, a 

double-network (DN) concept14 provides an effective and general strategy, applicable to 
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polymeric networks made from various chemistries.15–20 Specifically, a DN material comprises 

two contrasting polymer networks; one is the brittle and sparse network and the other is the 

stretchable and concentrated network.15 The brittle and the stretchable networks are customary 

called as the first and the second networks, respectively, according to their sequence in the two-

step synthesis. For a typical DN hydrogel, the concentrations of the first and the second networks 

are 1‒3 wt.% and 10‒20 wt.%, respectively, and the rest is water. Even possessing 80‒90 wt.% 

water, a DN gel shows remarkably high mechanical performance such as elastic modulus of 

10−1‒101 MPa, tensile strain at break of >1000% and tensile nominal stress at break of 10−1‒101 

MPa in typical.15,21,22 A DN gel shows extremely high fracture toughness of 100−4000 J m−2 that 

is one- or two-order magnitude higher than that of the conventional hydrogels.15,21,23,24 Its high 

resistance of fatigue fracture has also been reported.25 

The toughening mechanism of DN materials has been substantially investigated.15,19,26‒33 The 

findings of yielding accompanying necking,26,34 strain rate-insensitive stress–strain relation and 

irreversible mechanical hysteresis26,27,31 in DN hydrogels gave the essential insight, that is, the 

scission of the covalent bonds of the first network strands, referring as internal fracturing.15,35,36 

When a DN gel is stressed, the brittle first network breaks while the stretchable second network 

maintains the integrity of the material. The internal fracturing suggests that the toughening 

mechanism is attributed to the formation of a damage zone28–30 around the crack tip where the 

stress is highly concentrated, similar as Dugdale plastic zone of metals and local crazing of 

glassy polymers. In the damage zone, plenty of mechanical energy, diss in Eq. (1), is dissipated 

prior to the material separation due to crack progress. Therefore, quantitative characterization of 

the diss due to internal fracturing in the damage zone is one of the central issues in fracture 

mechanics of tough DN materials.  
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Such toughening mechanism attributed to the damage zone of the DN gels is first modeled 

theoretically by Brown and Tanaka.28,29 Yu et al. experimentally observed the damage zone with 

the thickness of several hundreds m using a 3D violet laser scanning microscope.31 Observed 

by a phase contrast optical microscope as well as the 3D violet laser scanning microscope, Liang 

et al. have then distinguished three regions (hardened zone, yielded zone and pre-yielding zone) 

in the damage zone of a thin (100 m) DN gel.37 However, these optical methods have some 

limitations. The first limitation is that swelling treatment after the tearing is required to enhance 

the scattering intensity of the light. Because of the re-swelling, the observed damage-zone 

thickness h is overestimated. Second, these methods could not quantitatively detect the degree of 

energy dissipation that is a function of position from a crack tip. Moreover, as the method is 

based on the light scattering, it can only apply to samples that form strong heterogeneity of 

proper size scale by the internal fracture. In fact, such damage zone with difference light 

scattering was not detected in some DN gels with different compositions (unpublished). 

Therefore, new characterization technique suitable for the DN gels are demanded.  

In the recent decades, a research field of mechanochemistry, i.e. chemical transformation 

induced by mechanical stress, has been increasingly growing.38–41 Most recently, such 

mechanochemical technique has been utilized to investigate the mechanics of polymeric 

materials.19,42‒52 For example, the scission of the covalent bonds and the force in the polymeric 

strand in multiple-network elastomers were visualized in-situ by light emission using a dioxetane 

mechanophore and by color change using a spiropyran mechanophore, respectively, incorporated 

in the first network crosslinker.19,46,52 
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Herein, we propose a novel technique to visualize the bond scission and to characterize the wide 

damage zone around the crack tip of DN hydrogels, inspired by our recent finding36. The 

technique is based on the combination of the mechanoradical polymerization and fluorescent 

microscopic technique as conceptually illustrated in Figure 1. Specifically, the internal fracture 

of DN hydrogels generates large amount of mechanoradicals at the ends of the broken first 

network strands.36 These chemically active mechanoradicals are used to initiate the 

polymerization of pre-loaded monomer, N-isopropylacrylamide, which forms temperature-

responsive polymer, poly(N-isopropylacrylamide) (PNIPAAm).53 The formation of PNIPAAm 

chains tethered at the broken ends of the first network strands is visualized by pre-loaded 

fluorescent molecule, 8-anilino-1-naphthalenesulfonic acid (ANS), that exhibits strong 

fluorescence in the hydrophobic environment.54,55 Because PNIPAAm becomes hydrophobic 

above its lowest critical solution temperature (LCST) at ca. 30–35℃,53 ANS exhibits strong 

fluorescence in the damaged region above the LCST. Therefore, by using a laser scanning 

confocal microscope (LSCM), the two- and three- dimensional images of the damage zone can 

be visualized without re-swelling treatment of the samples. Furthermore, the degree of the 

internal fracture in the damage zone can be quantitatively studied from the fluorescence intensity 

distribution because the amount of PNIPAAm increases with the concentration of 

mechanoradicals that corresponds to the degree of bond scission. An advantage of this technique 

is broad applicability for DN hydrogels with varied chemistry, without need of mechanophores 

incorporated to the polymer network which requires special synthesis and can influence the 

network structure and mechanical properties of the sample.19 Because it is based on posterior 

observation of recorded mechanical history, this method can in principle also characterize the 

high-speed fracture and complicated deformation of materials, which are often difficult to be 
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detected by real-time observations. In this paper, we first visualize the damage zone of a DN gel 

with this method; then, we extract the profiles of stress, strain, and dissipated energy density 

from the quantitative fluorescent results. Accumulated energy dissipation in the damage zone is 

also discussed. 

  

Figure 1. Conceptual scheme of visualizing the damage zone where internal fracturing of the first 

network occurred around the crack tip in the DN gels. In the damage zone, the mechanoradicals 

generated by polymer strand scission initiate the polymerization of NIPPAm to form PNIPAAm, 

a thermo-responsive polymer showing LCST-type micro-phase separation. Because the 

fluorescent molecule ANS exhibits strong fluorescence only in hydrophobic environment, the 

damaged region is visualized when observed at a temperature above the LCST of the PNIPAAm 

while the undamaged region hardly shows fluorescence. The fluorescence images and spatial 

distributions of fluorescence intensity around the crack tip can be obtained by a laser scanning 

confocal microscope (LSCM).   
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EXPERIMENTS 

Materials. 2-Acrylamido-2-methylpropane sulfonic acid sodium salt (NaAMPS, 49.8 wt.% 

aqueous solution) was provided by Toagosei. N,N'-Methylenebis(acrylamide) (MBAA), 2-

oxoglutaric acid and N-isopropylacrylamide (NIPAAm) were purchased from FUJIFILM Wako 

Pure Chemical Corporation. Acrylamide (AAm) was purchased from Junsei Chemical. 8-

Anilino-1-naphthalenesulfonic acid (ANS) was purchased from Tokyo Chemical Industry. 

Acetone was purchased from Kanto Chemical. All materials except for AAm were used as 

received, and AAm was recrystallized from acetone once before use. 

Synthesis of DN gels. DN gels were synthesized following previous report.21,36 First, poly(2-

acrylamido-2-methylpropane sulfonic acid sodium salt) (PNaAMPS) single-network gels were 

synthesized as the first network. An aqueous solution of 1.0 M NaAMPS, 3.0–3.5 mol% MBAA 

and 1 mol% 2-oxoglutaric acid was prepared, where the concentration denoted as mol% is the 

molar percentage with respect to the monomer. For quantitative discussion to compare tearing 

test and tensile test, MBAA concentration is fixed as x1 = 3.0 mol%. The solution was poured in 

a glass mold made of two flat glass plates separated with silicone rubber spacer (1.0 mm in 

typical) in an argon glove box. The solution in the mold was irradiated with UV light (365 nm, 4 

mW cm−2) for 8 hours in the glove box to proceed the radical polymerization, resulting in a 

PNaAMPS single-network gel sheet. Afterwards, the PNaAMPS gel was immersed in a second 

network precursor solution for more than 1 day at 10℃ to swell the gel and introduce the 

second-network monomers to the gel. The second-network precursor aqueous solution comprises 

2.0–4.0 AAm, 0.01‒0.02 mol% MBAA and 0.01 mol% 2-oxoglutaric acid. For quantitative 

discussion to compare tearing test and tensile test, AAm and MBAA concentrations are fixed as 
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C2 = 4.0 M and x2 = 0.02 mol%, respectively. The swollen gel was sandwiched between two flat 

glass plates, moved to the argon glove box, and then irradiated with UV light for 9 hours in the 

glove box to synthesize the second PAAm network in the presence of the first PNaAMPS 

network. The synthesized DN gel was immersed in large volume of deionized water for at least 1 

day to remove unreacted reagents and make the gel equilibrium-swollen state in water.  

Tensile test for mechanical characterization. To characterize the tensile mechanical property 

of a DN gel, we conducted uniaxial tensile test and uniaxial cyclic tensile test. In the uniaxial 

tensile test, dumbbell-shaped DN gels (standardized to JIS-K 6251-7; 12-mm gauge length, 2-

mm width and 3.1 mm thickness) were uniaxially stretched with a tensile tester (INSTRON 

5965, Instron Co.) at a cross-head velocity of 100 mm min−1 (nominal strain rate of ~0.1 s−1). 

The stress  was characterized as nominal stress that is the measured force divided by original 

cross-sectional area. The strain  was measured using a non-contacting video extensometer 

(AVE, Instron Co.). Elongation ratio  is calculated as  =  + 1. With the same experimental 

condition, cyclic tensile test at varied strain  was also performed to characterize the dissipated 

mechanical energy density Udiss as a function of  from mechanical hystereisis.35,36 

Tearing test for mechanical characterization. 

To characterize the tearing fracture energy Tc of the DN gel, trouser-type tearing fracture test was 

carried out.2,56,57 A trouser shaped sample (thickness t = 3.1 mm, full width 8.0 mm, each leg’s 

width w = 4.0 mm, full length ~50 mm, and initial cut length ~20 mm, see Figure S1) was torn 

at the cross-head velocity of 100 mm min−1 with a tensile tester (INSTRON 5965, Instron Co.). 

During the tearing, elongation of the leg was measured using video extensometer (see Figure 

S1).20 The tearing fracture energy Tc was calculated as 
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𝑇c =  
2𝐹cλc

𝑡
− 2𝑤𝑊c                                        (2) 

where Fc, c and Wc are the average force, the average elongation ratio of the leg, and the 

average strain energy density of the leg, respectively, during the crack propagation.  

Tensile and tearing tests for fluorescent measurement. To induce the mechanoradical 

polymerization in the DN gels during mechanical tests (tensile and tearing tests), these 

mechanical tests were carried out in an argon glove box (oxygen concentration of <50 ppm in 

typical) to avoid inhibition of radical polymerization by oxygen.36 First, the DN gels cut with 

testing shapes (dumbbell and trouser shapes) were immersed in a filtered aqueous solution of 1.0 

M NIPAAm and 200 mg/L ANS, in typical, for 1 day in an argon glove box at ~15 ℃. Then the 

sample containing NIPAAm and ANS was mounted to a tensile tester (MCT-2150, A&D Co.) and 

stretched or torn in the glove box at ~15 ℃. The testing velocity and sample geometry were the 

same as mechanical characterization shown above. In the tensile test, the imposed maximum strain 

was measured by applying two dots on the gel and measuring the distance between the dots by 

caliper. After the stretching or tearing, the gel was wrapped with plastic film (Saran wrap) to avoid 

drying, and then stored in the glove box overnight (~18 hours) to proceed the mechanoradical 

polymerization. The samples were then taken from the glove box, and the fluorescent property was 

characterized. 

Fluorescent spectroscopy. Fluorescent spectrum was obtained using fluorescent spectrometer 

(FP-6600, Jasco Co.) equipped with epifluorescence unit (EFA-383, Jasco Co.). The excitation 

wavelength was 402 nm.  
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Fluorescent observation using laser scanning confocal microscope (LSCM). Fluorescent 

microscopic measurement was carried out using a laser scanning confocal microscope (LSCM) 

(Nikon A1 Rsi and Ti-E, Nikon Co.) equipped with a Plan Fluor x4 objective lens (NA 0.13, 

Nikon Co.). The excitation laser wavelength was 402.5 nm. Fluorescent emission was collected 

in a wavelength range of 425–475 nm. In all measurements, sample was put on a glass-bottom 

dish (3970-035-SK, IWAKI & Co.) and maintained at 42°C (above LCST of PNIPAAm) by 

using a stage-top incubator (INUBG2H-TIZB, Tokai Hit Co.). For the qualitative observation 

(Figures 3, 5, 6, S3 and S4), the excitation laser intensity was tuned to appropriate values to 

show clear images. For the quantification purpose (Figures 8–10), the same laser intensity was 

used for all the measurements. 
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RESULTS and Discussion 

Mechanoradical polymerization and fluorescent emission 

First, we investigated the mechanoradical polymerization of NIPAAm in a stretched DN gel and 

the resulting fluorescent behavior of the sample. All measurements were carried out at relaxed 

(stress-released) state of the gels. Hereafter, the “unstretched” gel denotes a sample to which no 

stretch was applied (strain  = 0), and “stretched” gel denotes a sample to which a prescribed 

stretch ( > 0) was applied and then the stretch was released so that the sample length almost 

returned to the original length at the relaxed state. Figure 2a shows the optical images of 

unstretched ( = 0) and stretched ( ≈ 4) DN gel fed with NIPAAm and ANS observed at 45 ℃. 

The unstretched DN gel is transparent, while the stretched one is opaque. The opaque appearance 

of the stretched sample indicates that NIPAAm in the DN gel was polymerized by the 

mechanoradicals and the synthesized PNIPAAm underwent micro-phase separation above the 

LCST. The monomer conversion was determined as approximately 40% in this typical case (see 

Figure S2). The stretched DN gel also exhibits strong fluorescence, which further confirms the 

formation of the PNIPAAm in the gel (Figure 2b). We here measured the fluorescent spectrum 

at 45 ℃ using a fluorescent spectrometer with an excitation wavelength of 402 nm. As shown in 

Figure 2b, the stretched DN gel exhibits strong fluorescence at around 470 nm, while the 

unstretched DN gel shows negligible fluorescence. This result demonstrates that we can detect 

internal fracturing in deformed DN gels by fluorescence.  

Next, we observed the damage zone around the fractured surface of a DN gel macroscopically. 

Figure 2c shows the optical images of a trouser-shaped DN gel torn by hand. As expected, only 

the region around the torn surface becomes opaque under visible light (Figure 2c(i)) and exhibits 
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strong fluorescence under UV light (Figure 2c(ii)). These results clearly indicate that internal 

fracturing has occurred around the crack tip during the tearing of the sample. The thickness of 

the damage zone h from the fractured surface to the bulk is roughly ~1 mm, which is close to the 

value observed in previous reports.31,37 

 

 

Figure 2. (a) Optical images of (i) unstretched and (ii) stretched ( ≈ 4) DN gels fed with NIPAAm 

and ANS under visible light observed at 45℃. (b) Fluorescent spectra (excitation: 402 nm) of the 

corresponding DN gels at 45℃. (c) Optical images of a torn DN gel fed with NIPAAm and ANS 

observed at 45℃ under (i) visible light and (ii) UV light (365 nm). 
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Fluorescent imaging by LSCM 

Using the laser scanning confocal microscope (LSCM), we visualize the two- and three-

dimensional fluorescent images of a torn sample. Figure 3a shows the optical image of the 

trouser-shaped specimen torn for several millimeters. A strongly opaque region around the crack 

tip, consistent with Figure 2c(i), is observed. Figure 3b shows a two-dimensional fluorescent 

image taken at a depth 5 m from the sample surface. A fluorescent region with arc-shape in 

front of the crack tip and strip-shape along the fractured surface, corresponding to the damage 

zone, is observed. Figure 3c shows a three-dimensional image of the crack tip from the top 

surface to the bottom surface of the gel. The image is constructed from the two-dimensional 

images measured at different depths from the top surface.  

 

 

Figure 3. (a) An optical image, and (b) two-dimensional and (c) three-dimensional fluorescent 

images of laser scanning confocal microscopy (LSCM) around the crack tip of a torn DN gel fed 

with NIPAAm and ANS observed at 42℃.   
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Fluorescent intensity profile 

Next, we measured the fluorescent intensity profile in the damaged zone using a trouser shaped 

specimen (Figure 4). To facilitate the later discussion, we set the coordinate for one fractured 

piece in the relaxed state as shown in Figure 4 (right). The fractured surface is set in xy plane 

with z = 0, the direction crack advanced is set along the x-axis, y is set as zero on one of the 

sample surface, and the z-axis takes positive values inside the sample. The two-dimensional 

observation with LSCM was performed in the xz plane at a depth y = 5 m from the gel surface 

(see Figure 4). The fluorescent intensity profile, I(z), was obtained by line scan, at a step of 6.2 

m, along the z-direction from the fractured surface (z = 0) to the bulk (z ~2000 m). The raw 

data contained relatively strong noise, which might originate from the factors of the equipment 

such as detector sensitivity and/or the micro-scale inhomogeneity of the internal fracturing. 

Hence, we show moving-averaged data over 9 data points, which gives an average over a length 

scale of ~50 m in z-direction, in all the figures shown in the main text (see Figure S3 for 

detail). This length taking average (~50 m) is much smaller than the size of damage zone under 

studying. A typical LSCM image and the corresponding fluorescent intensity profile of a torn 

DN gel are shown in Figures 5a(i) and 5b(i), respectively. The fluorescent intensity, reflecting 

the degree of polymer strand scission, shows a gradient distribution in the damage zone. It 

increases gradually towards the fractured surface and reaches the maximum almost at the 

surface. The fluorescent intensity distribution records the mechanical history around the crack tip 

reflecting the energy dissipation, which relates to the maximum stress and strain experienced by 

the specimen during the tearing.  
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From the intensity profile, we determined the damage-zone thickness. Because the fluorescent 

profile is an attenuation function approaching to the intensity I ≈ 0, the end point of the damaged 

zone was determined for convenience as the point where the fluorescent intensity decreased to 

5% of the maximum intensity Imax closed to the fractured surface, I(h)/Imax = 0.05 (see Figure 

S4). The damage-zone thickness thus defined is h = 1700 m for this torn DN gel (Figure 5b(i)).  

We notice that the damage zone profile strongly depends on the fracture method. When 

the DN gel was cut with scissors and razor blade, the damage-zone thickness decreased to h = 

610 m and 510 m, respectively (Figures 5b(ii) and (iii)), while their maximum intensity Imax 

near the fractured surface are almost the same with the torn sample. Since the observations were 

performed at the same experimental condition, this result shows that the applied stress and 

deformation near the cut surface hardly depend on the fracture method while the stress and strain 

fields away from the crack tip is dominated by the fracture method. It may be worth mentioned 

in some practices that internal damage in the range of ~100s m possibly presents when a DN 

gel is cut even by razor blade. In the following discussion, we focus on the characterization of 

samples fractured by tearing of trouser-shaped sample as illustrated in Figure 4.  

The spatial resolution of this method based on mechanoradical polymerization and 

fluorescent measurement can be limited by two factors; the LSCM equipment and the size of 

PNIPAAm tethered to the partially broken PNaAMPS network. The theoretical resolution of the 

LSCM is ~1 m along the scanning direction (z-direction), considering the objective lens 

(numerical aperture 0.13) used under air (refractive index 1.0) and excitation wavelength (402 

nm). On the other hand, the size of the PNIPAAm chain is estimated as follows. For the 

estimation, we assumed that the maximum possible polymerization degree N of PNIPAAm is as 
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high as N = 106 (molecular weight of 108 g mol−1). In the expected random coiled state below 

LSCT, the radius of the PNIPAAm chain is roughly approximated as aN1/2 ~ 250 nm, where a is 

the length of monomer unit (a ≈ 0.25 nm). At above LCST during the fluorescent observation, 

the size of the globule PNIPAAm must be smaller than the coil size. Therefore, the size of a 

PNIPAAm chain under the observation at above LCST must be smaller than 250 nm. Both the 

theoretical resolution (~1 m) and the size of a PNIPAAm chain (< 250 nm) are much smaller 

than the resolution of our 9-points moving-average (~50 m). Therefore, the resolution by the 

procedure of this work is expected as 50 m.  

The resolution is confirmed by the observation of the fractured surface of a single-

network gel (Figure 6). According to the Lake-Thomas theory, the damage-zone thickness of an 

elastic single-network gel is considered to be in the order of the mesh size (~10s nm)58,59 that is 

enough smaller than the expected resolution (~50 m). In this experiment, a PNaAMPS single-

network gel fed with NIPAAm monomer was broken by bending because this gel is stiff and 

very brittle. As shown in Figures 6a and 6b, left leg was broken in argon atmosphere to proceed 

the mechanoradical polymerization, while right leg was broken in air as control to inhibit the 

mechanoradical polymerization by oxygen. Observed with LSCM, a clear fluorescent line is 

found only on the left fracture surface (Figure 6c). This fluorescent is not due to the surface 

effect (such as drying effect) but comes from the mechanoradical polymerization because such 

fluorescence was not observed in the right side where mechanoradical polymerization is 

inhibited. The moving-averaged fluorescent profile (Figure 6d) indicates that the thickness of 

the fluorescence around the fractured surface is ~60 m, which is very close to the expected 

resolution of ~50 m. The result also demonstrates that this technique can be used not only for 
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fracture of DN gels but also for fracture of other materials accompanied with homolytic bond 

scissions. The spatial resolution should be considered or improved on some applications. 

 

 

Figure 4. Schematic illustration of the tearing test of DN gels and the observation plane of 

fluorescent image by LSCM. The fluorescent intensity images were obtained in the xz plane that 

is vertical to the fractured surface (xy plane), and the line scans were performed along the z-axis 

5 m beneath the sample surface.   
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Figure 5. (a) Fluorescent images and (b) line profiles of fluorescent intensity I(z) of the DN gels 

from fractured surface to bulk. The DN gel was ruptured by different modes, (i) fractured by 

tearing using trouser-shaped sample (see Figure 4), (ii) cut with scissors, and (iii) cut with a 

microtome razor blade. Yellow highlighted regions in (b) denote the damage-zone thickness h 

estimated from the fluorescent intensity I(h)/Imax=0.05, where Imax is the maximum intensity close 

to z = 0 (see Figure S4). The same experimental conditions were used for these three individual 

experiments. The profiles in (b) are the moving-averaged data (see Figure S3). 
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Figure 6. Mechanoradical polymerization around the fractured surface of a PNaAMPS single-

network gel. (a) Optical images of the PNaAMPS gel before and after fracturing. (b) Schematic 

illustration of the fracture method. (c) Fluorescent image taken by LSCM. (d) Fluorescent intensity 

profiles of the fractured PNaAMPS gel. Fluorescence around the fractured surface was observed 

only in the left side because the mechanoradical polymerization in the right side was inhibited by 

oxygen under air. The profiles are the moving-averaged data. 
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Damage zone characterization of a typical DN gel 

Next, we intend to estimate the distribution of stress , strain , and dissipated energy density 

Udiss around the crack tip of a DN gel from the recorded fluorescent intensity profiles. 

Specifically, we first measure the fluorescent intensity of DN gels uniaxially stretched at various 

 to get fluorescent intensity I as a function of . From the tensile stress–strain curve and cyclic 

tensile test result, we get stress  and energy dissipation Udiss at various strain  Using these 

tensile results and the fluorescent profile I(z) of the fractured sample, we get the (z), (z), and 

Udiss(z) profiles in the fractured sample, which reveal the maximum stress and strain, and the 

dissipated energy distribution around the crack tip during the tearing process. For this analysis, 

we assume that the deformation of all elements can be approximated as uniaxial tension along 

the z-axis although the deformation near the crack tip of a sample during tearing must be more 

complicated. This assumption is based on our following considerations. First, a theory of non-

linear elastic solids indicates that the deformation ahead of the crack is dominated by pure 

uniaxial tension.60,61 With the increase of the distance from the crack tip, the uniaxial tension 

would gradually change to the pure-shear tension. Even so, it has known that the stress–strain 

curves of a DN gel in uniaxial and pure-shear deformation are similar.62 With this assumption, 

we use the fluorescent results of uniaxial tensile test to calibrate the stress and strain fields 

around the crack tip as an approximation.  

 For the measurement, we used a DN gel (see experimental section), which is slightly 

different from the DN gels shown above, having the following mechanical features. The DN gel 

shows yielding and strain hardening phenomena under uniaxial tensile test. Under the tearing test 

(Figure 7), the DN gel shows stable (i.e. no stick-slip) crack propagation (Figure 7a), and its 
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fracture energy is Tc = 906 J m−2. Note that strain of the sample’s leg far from the crack was very 

small ( ≈ 0.14, Figure 7b) below the threshold strain ( ≈ 0.4) to show mechanical hysteresis 

and fluorescence (shown later in Figures 8b and 10a), thus effect of the leg stretch on the 

fluorescent intensity of the torn sample is negligible. Uniaxially stretched samples and a torn 

sample were measured by LSCM at the same experimental conditions for the quantitative 

comparison. 

 

 

Figure 7. A typical result of tearing fracture test of a trouser-shaped DN gel. (a) Force–

displacement curve of the specimen and (b) stress–strain curve of a sample leg far from the crack 

tip. During the stable crack propagation, the average force was Fc = 1.45 N, and the average 

elongation ratio and energy density of the leg were c = c + 1 = 1.14 and Wc = 9.3 kJ m−3, 

respectively, resulting in tearing fracture energy of Tc = 991 J m−2 from Eq. (2). From four 

measurements, Tc of this DN gel is characterized as 906±62 J m−2 with standard deviation.  
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(i) Strain profile.  Figures 8a and 8b display the uniaxial tensile ‒ curve and the fluorescent 

intensity I of the DN gel as the function of tensile strain applied, , respectively. The inset letters 

in Figure 8a indicate (A)  = 0, (B)  = 0.5 (threshold for exhibiting fluorescence), (C)  = 1.0 

(pre-yielding region), (D)  = 1.6 (yield point) and (E)  = 3.0 (strain hardening region). This 

threshold for exhibiting fluorescence (B,  = 0.5) almost corresponds to the threshold for 

showing mechanical hysteresis due to the internal fracturing (shown later in Figure 10). We 

found that I monotonically increased with  (Figure 8b), indicating that the degree of internal 

fracturing (i.e. concentration of mechanoradicals) monotonically increases with applied strain. 

Indeed, the dissipated mechanical energy density Udiss that characterizes the degree of internal 

fracturing also monotonically increased with  (Figure 10a, discuss later). This is consistent with 

our previous work that also revealed a monotonic increase of mechanoradical concentration with 

 and Udiss.36  
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Figure 8. (a) A uniaxial tensile ‒ curve, (b) I‒ relation of a DN gel after the uniaxial tensile 

deformation, and (c) I and estimated  profiles of a torn sample from fractured surface to bulk. In 

(c),  was estimated from measured I using the calibration curve shown in (b).  

 

 Figure 8c shows the fluorescent intensity profile I(z) of the torn sample as the function of 

the distance from the surface z. The damage-zone thickness h = 1090 m is obtained where I(h) 

is 5% of Imax. Note that the difference of h observed in Figure 5 (1700 m for torn sample) 

should be attributed to the difference of gel composition. Using the experimental linear 

regression for the I‒ relation of uniaxially stretched sample (Figure 8b), the I(z) profile of the 

torn sample is converted into (z) profile, and the result is also shown in Figure 8c. The inset 

letters A, B, C and D in Figure 8c correspond to those shown in Figure 8a. The observed 

maximum fluorescent intensity Imax near the torn surface almost corresponds to the fluorescent 
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intensity I at yielding point under uniaxial stretching. The damage zone thus measured 

predominantly corresponds to the pre-yielding region with small strain (0.5 <  < 1.6 for this 

gel). Since the yielded region should exist closer to the crack tip, this result implies that the 

yielded region is close to or less than the spatial resolution of current experiment (~50 m), 

much narrower than the pre-yielding region (>1000 m). Because the DN gel was not re-swollen 

in water after tearing, the wide pre-yielding region (1090 m) determined by the fluorescent 

measurement should be very close to the actual damage-zone thickness at its relaxed state.  

 Herein, we compare our result to the previous report by Liang et al. on a DN gel using optical 

microscopes.37 In this previous paper, the damage zone of a torn sample in re-swollen state was 

observed as ~900 m, which was assigned, according to their morphological features, as 

hardened zone (~100 m) near the crack tip, yielded zone (~200 m) in the intermediate region, 

and pre-yielding zone (~600 m) in the region near the undamaged region. Considering that the 

re-swelling ratio qr in stretched direction of a similar DN gel is qr ≈ 2.0 in the hardened and 

yielded region and qr ≈ 1.2 in pre-yielded region,35,63,64 the damage zone reported by Liang et al. 

can be re-evaluated in the unswollen state as ~650 m, consisting ~50-m hardened zone, 100-

m yielded zone and ~500-m pre-yielding zone. The hardened and yielded zones of 

approximately 150-m-thick near the fractured surface may not be clearly observed in our work 

because this is closed to the experimental resolution of our current fluorescent method. The 

thickness of the whole damage zone including pre-yielding region gives similar value as order 

estimation but some discrepancy (~1090 m in our case and ~650-m in sample of Liang et al.). 

We consider that this is attributed to (1) a small difference of gel composition that results in 

different damage-zone thickness, (2) difference of sample geometry, i.e., thickness of the gel 
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being 3.1 mm for ours and 0.1 mm for Liang et al.’s, (3) an error on the re-evaluation to correct 

the re-swelling degree, and (4) a poor sensitivity of the optical microscope observation in the 

previous paper which may not observe the region of small damage. In summary, the damage-

zone thickness determined by the current method is reasonably consistent with that in previous 

report.  

(ii) Stress profile.  Similarly, the stress profile (z) around the crack tip was also obtained from 

ε(z) and the stress–strain curve Figure 9a(i) shows the (z) profile thus obtained. This (z) 

reflects the maximum tensile stress experienced by the crack tip at a position z from the crack 

plane at relaxed state. Note that the value of  smaller than 0.17 MPa cannot be obtained because 

it is below the threshold to exhibit fluorescence (see B in Figure 8a). Note that the leg’s strain 

far from the crack was observed as ε ≈ 0.14 that is enough below the threshold to show 

fluorescence.  

Here we consider the stress profile under the deformed state. Figures 9b(i) and 9b(ii) illustrate 

the shapes of a sample at undeformed state and deformed state during crack advancing, 

respectively, using a similar approach in literatures2,33,61. In the xz coordinate that represents the 

undeformed state, (x, z) = (0, 0) is set at the crack tip. We consider two elements positioned far 

ahead of the crack tip (x ≪ 0) at A0 and B0, initially. When the crack advances, the positions of 

the two elements in relative to the crack tip equivalently move along the red (A0–A′–A) and blue 

(B0–B′–B) lines, respectively (Figure 9b(ii)), where A′ and B′ are the nearest points to the crack 

tip for each line (i.e. x = 0 with different z for undeformed coordinate), and A and B are far 

behind the crack tip (x ≫ 0). The corresponding trajectories in the undeformed coordinate is also 

shown in Figure 9b(i). It can be assumed that the stress of these elements is maximized at the 
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positions A′ and B′, respectively. Hence, the element at A0 (no stress) experiences a loading to a 

maximum stress at A′ near the crack tip, and then unloading to A (almost no stress). Such 

loading–unloading cycle is depicted by the red stress–strain cycle in Figure 9b(iii). The 

corresponding positions A0, A′, and A are denoted on the stress–strain curve. The element at B0 

experiences the similar loading–unloading cycle but with a smaller maximum stress than that of 

the element at A0.  

Here, we consider the distance z′ in the deformed state, from the crack tip (x=0, z=0) to an 

element with a position in the undeformed coordinate of (x=0, z). Recalling that the strain profile 

ε(z) and stress profile (z) obtained in Figure 8c and Figure 9a correspond to ε(x=0, z) and 

(x=0, z) respectively in this coordinate system for undeformed state, z′ is related to its position z 

at relaxed state as,  

d𝑧′

d𝑧
= 1 + ε(𝑧)                                                (3) 

By integrating Eq. (3),  

𝑧′(𝑧) = ∫ (1 +
𝑧

0

ε(𝑧))𝑑𝑧                                 (4) 

The physical meaning of Eq. (4) is illustrated in Figure 9c using a discrete element z for the 

differentiation dz. Since ε(z) decreases with the increase of z, the element closer to the crack tip 

is stretched more. Using Eq. (4), the stress profile around the crack tip at deformed state (z′) is 

obtained as shown in Figure 9a(ii). The thickness of damage zone at the deformed state, h′, is 

more than 2 mm for this DN gels, which is about two times larger than that at the relaxed state.  
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In Figures 9a(i) and 9a(ii), we found that the stress decreases weakly with increasing z in the 

range of 0 < z < 400 m (or 0 < z′ < 1000 m in the deformed coordinate), and then decreases 

with the further increase of z, as clearly seen from the insert double-logarithm plots. In the linear 

elastic fracture mechanics (LEFM), the stress field near the crack scales with the inverse square 

root of distance r from the crack tip,  ~ 1/√𝑟. On the other hand, for highly deformable 

nonlinear elastic solids, a reported theory60,61,65 predicts that true stress, true, scales as inverse of 

the distance (at undeformed coordinate) from the crack, as true ~ 1/r in a region near the crack 

tip. To compare with the theory, we calculate the true stress as a function of z using true(z) = 

(z) ((z) + 1) under the assumption of incompressibility. As shown in the inset bottom figure in 

Figure 9a(i), we found a scaling relation true ~ z−0.91 at the region z > 400 m, which is close to 

the theoretical prediction (true ~ z−1.0). This result suggests that although the energy dissipation 

takes place even in the pre-yielding zone, this scaling relation of the soft non-linear elastic solid 

may apply for the stress field around the crack tip. The deviation of the stress from the scaling 

relation close to the crack tip (z < 400 m) implies that the sample is approaching the yielding in 

this region.  
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Figure 9. Stress profile around the crack tip estimated from fluorescent observation. (a) The stress 

profile from the crack plane to the bulk along z-axis at (i) undeformed and (ii) deformed state. 

Inset figures are the corresponding double-logarithm plots with empirical scaling factor. In the 

bottom inset figure in (a), the vertical axis is the estimated true stress as (z) ((z) +1). (b) 

Mechanical history of elements in the damage zone during the crack propagation. Schematic 

illustration of a sample at (i) undeformed state and (ii) deformed state during crack propagation. 

See detailed explanation in the main text. (iii) Schematic stress–strain curves experienced by the 

two elements initially positioned at A0 and B0 during the crack propagation. (c) Illustration to show 

that the distance of a point at the crack tip (x=0, z) in deformed state, denoted as z′, is related to the 

strain field (z) and z under the assumption of uniaxial deformation (Eq. (4)).  
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(iii) Dissipated energy.  Finally, we obtain the profile of dissipated energy density Udiss as the 

function of z, and accumulated energy dissipation in the damage zone to discuss its relation with 

tearing fracture energy Tc. To estimate the profile Udiss(z), we conducted cyclic tensile test35 to 

obtain Udiss‒ relation (Figure 10a), and then obtained ‒Udiss relation (Figure 10b) using the I‒ 

relation (Figure 8b). Note that Udiss of DN gels is irreversible because it originates from 

irreversible polymer chain scission.26,27,34,36 Fluorescent intensity I is almost proportional to Udiss 

through the original point. This result confirms that the current method is sensitive enough to 

characterize the internal fracture even for the small dissipation density. From the ‒Udiss relation 

of the tensile result and the fluorescent profile I(z) of the tearing result (Figure 8c), we obtained 

the Udiss(z) profile (Figure 10c). 

It has been considered that the high fracture toughness of the DN gel is predominantly attributed 

to the dissipated mechanical energy in the damaged zone, diss.28,29,30,37 Previous works simply 

estimated it by diss = 2hUdiss, under the assumption of a homogeneous dissipated energy density 

Udiss in the damage zone. The numerical factor 2 is because two symmetric fractured surfaces are 

formed in fracture test. However, our finding of the fluorescent gradient along the z-direction 

indicates that Udiss is not homogeneous. In such case, diss is estimated by an integral as33 

Γdiss = 2 ∫ 𝑈diss(𝑧)𝑑𝑧
ℎ

0

,                                                           (5) 

which represents double of the highlighted area in Figure 10c under the Udiss‒z curve at 0 < z < 

h, where h is the damage-zone thickness. Note that the simple estimation, diss = 2hUdiss, is a 

special case of Eq. (5) when Udiss does not depend on z or Udiss is selected for an appropriate 

average value. From the integration, the diss of this DN gel is calculated as 298 J m−2 (Figure 
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10c). The diss thus obtained is in the same order as Tc (906 J m−2), but considerably smaller. The 

possible reasons are discussed in the following section. 

 

 

Figure 10. Calculation of the dissipated mechanical energy in the damage zone, diss. (a) 

Dissipated energy density Udiss as the function of applied strain  and (b) fluorescent intensity I as 

the function of Udiss, which were obtained from uniaxial tensile test. The curves are guide for the 

eyes. (c) Dissipated energy density profile from the fractured surface to the bulk obtained from the 

I‒z relation (Figure 8c) and the I‒Udiss relation (Figure 10b). The fracture energy contributed from 

the internal fracture, diss, is obtained by integrating Udiss along the z from 0 to h (damage-zone 

thickness) multiplied by 2. 
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Deviation between Tc and diss 

In this section, we discuss the possible reasons of the deviation between measured fracture 

energy Tc and characterized dissipated energy diss. As described in the introduction, fracture 

energy of a tough soft material c (≈ Tc) is characterized as c = diss + 0, where 0 is the 

intrinsic fracture energy at the crack tip. Theoretical models of the fracture toughness on the DN 

gel28,29 suggested c ≈ diss, under the consideration that 0 is negligible. However, from our 

results Tc (906 J m−2) is same order but considerably higher than diss = 298 J m−2. We consider 

that this discrepancy attributes to (1) underestimation of the dissipated energy at yielded zone 

closed to the fractured surface, (2) non-negligible 0, and (3) other possible errors of this 

method.  

First, we discuss if we underestimated the dissipated energy diss. As mentioned above, the 

narrow yielded zone (expected as ~100 m) may not be properly characterized by this method 

mainly due to limited measurement resolution. In the yielded zone, the dissipated energy density 

Udiss is expected to be ~1.0 MJ m−3 (see Figure 10a), while we assigned Udiss ≈ 0.25 MJ m−3 

from the intensity profile at 0 < z < 100 m. Therefore, accumulated dissipated energy (per unit 

fractured area) in the yielded zone could be 1.0 MJ m−3 × (1.0 × 10−4 m) = 100 J m−2, while we 

assigned ~25 J m−2 at 0 < z < 100 m. Therefore, ~75 J m−2 under estimation is possible. 

However, it hardly grantees the discrepancy between Tc and diss.  

Next, we discuss the intrinsic fracture energy 0. Previously, 0 is considered identical to the 

fracture energy of the pure second network, and it has been assumed to be negligible because 

some chemically crosslinked PAAm gels reported have a fracture energy 2nd ~10 J m−2 that is 
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much smaller than the fracture energy of DN gel.28,29,66 However, Suo and co-workers recently 

reported that the fracture energy of some loosely-crosslinked PAAm gels, which is similar as the 

second network of a DN gel in usual case, is 100‒500 J m−2.4,18,67–69 Therefore, the 2nd may not 

be negligible. Fatigue threshold, which is often regarded as intrinsic fracture energy of soft 

materials, of a DN gel is also found as high as ~400 J m−2.25 Moreover, it is still an open question 

whether the intrinsic fracture energy 0 can be approximated as the 2nd.  

To re-examine 0, we measured the fracture energy of a PAAm gel (the second network) 

prepared at the same formulation (AAm 4.0 M as monomer and MBAA 0.8 mM as crosslinker) 

as that of the second network of the DN gel used here. We also measured the fracture energy of 

the DN gel that had been experienced a prestretching close to its breaking (see Supporting Note 

and Figures S5‒S7 for detail). Since we used the single-edge notched fracture test56,70 on these 

samples for convenience, we denote the fracture energy as Gc to distinguish the tearing fracture 

energy Tc. The results are shown in Figure 11. The Gc of the virgin (unstretched) DN gel is 

determined as 830 J m−2 that is close to Tc (906 J m−2). The Gc of the PAAm gel at its as-

polymerized state, with polymer weight fraction of 28 wt.%, was determined as 320 J m−2. In the 

DN gel, however, the PAAm second-network concentration is 17 wt.% because the DN gel was 

swollen in water after the second-network polymerization. Knowing that the fracture energy of a 

simple elastic hydrogel upon swelling linearly decreases with the decrease of the polymer 

concentration,1,59 Gc of the PAAm second network at 17 wt.% is estimated as 190 J m−2. 

Therefore, 2nd is not negligibly small compared to the fracture energy of the DN gel. To 

measure the fracture energy of the largely-stretched DN gel, Gc
*, as an approximation of the 0,71 

a DN gel was first stretched close to the strain at break to induce internal fracturing as possible, 

and then the sample was unloaded to original length. The single-edge notched fracture test was 
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carried out on this prestretched sample by making a notch vertical to the prestretched direction 

(Figure 11a). Surprisingly, we found Gc
* = 700 J m−2 that is much higher than 2nd (Figure 

11b). This is also supported by the raw − curves of the notched samples for these two gels. As 

shown in Figure 11c, the curves of the two notched gels until its rupture is similar but the 

rupture point is significantly different, indicating the large difference of the fracture energy. 

Although Gc
* thus measured should be slightly higher than the 0 because some of the first 

network strands should further break with the further increase of stretch even in this largely-

stretched DN gel, the results suggest that 0 is higher than 2nd. Moreover, the results in Figure 

11b imply that 0 might be not far from c itself.  
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Figure 11. Fracture energy, Gc, of various gels measured by single-edge notch test. (a) Schematic 

illustration of the procedures for measuring the fracture energy of a DN gel with significant internal 

damage. A virgin DN gel is stretched to a strain  near its rupture point and then the fracture energy 

of the stretched gel is measured by the single-edge notch test. (b) Fracture energy Gc of the virgin 

DN gel, stretched ( = 6) DN gel, and the PAAm gel with polymer weight fraction of 28 wt.%. 

The estimated fracture energy of a PAAm gel with a polymer weight fraction of 17 wt.%, the same 

as that in the DN gel, is also shown. The error bars represent the standard deviation for 3‒4 

measurements. (c) Typical stress−elongation ratio curves of the notched (solid curves) and 

unnotched (dashed curves) samples of the virgin DN gel (blue), stretched ( = 6) DN gel (red), and 

the PAAm gel with polymer weight fraction of 28 wt.% (green). To highlight the results of notched 

samples, only parts of the curves are shown for the unnotched samples. The experimental detail 

including the whole curves is found in Supplementary Information.  
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Finally, we discuss other possible errors of this method for obtaining the stress–strain field and 

accumulated energy dissipation diss. First, I–Udiss relations between uniaxial stretching and 

tearing may not exactly be identical. The actual deformation around the crack tip is more 

complicated, which may cause different I–Udiss relations between uniaxial stretching and tearing. 

Strain rate may also affect the I–Udiss relations. The strain rate around the crack tip under the 

tearing is significantly higher than that of uniaxial tensile test. Therefore, the rate of 

mechanoradical generation is different, which might result in difference in NIPPAm 

polymerization efficiency. Second, we assumed that Udiss does not vary along the sample 

thickness direction (y-direction, see Figure 4). If actual Udiss varies with y, diss calculated using 

Eq. (5) induces errors. Third, water migration might exist. We indicated that re-swelling 

treatment is not required in this method so that the damage-zone thickness characterized is very 

closed to the fractured state. Indeed, we did not observe a difference in sample thickness between 

the damaged and un-damaged region with our eyes. Even so, some water migration from the un-

damaged region to the damaged region may occur due to difference in the osmotic pressure 

between the two regions, which can dilute the PNIPAAm in the damage zone and therefore 

reduce the fluorescent intensity. In addition, it should be also mentioned that the mechanoradical 

polymerization is sensitive to oxygen dissolved in the gel since oxygen quenches radicals. In our 

experiment, we performed the mechanoradical polymerization in a glove box filled with argon, 

where oxygen concentration typically ranged around 10–50 ppm. The concentration difference 

among the experiments may affect the monomer conversion, resulting in deviation in fluorescent 

intensity.  

Even taking such uncertain experimental errors, the series of the discussion above brings a new 

important insight on the toughness of a DN gels. That is, the dissipation in the pre-yielding zone 
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and intrinsic fracture energy ahead of a crack tip make a large contribution to diss, as well as the 

dissipation in the yielded zone. Previously, most of researches on a DN gel focused on energy 

dissipation only in yielded zone because the energy dissipation density (J m−3) in the pre-yielding 

zone is relatively small so that it has been considered negligible.28,29,31,37 However, our results by 

proposed method indicate that diss in the pre-yielded zone is comparable or possibly even larger 

than the diss in the yielding zone. This is because dissipation volume (m3) in the pre-yielding 

zone is significantly larger than that of yielded zone, even though dissipation density (J m−3) is 

relatively small. Specifically, in pre-yielding region the dissipated energy density per unit 

volume is ~10 times smaller and the dissipated volume is ~10 times larger than those in yielded 

zone, so that the two zones make comparable contributions to diss. Besides, we also found from 

additional experiments that 0 is not negligibly small as ~101 J m−2 that had been predicted but 

has certain level of contribution in the order of ~102 J m−2. Our data further implies that the 

intrinsic fracture energy is higher than the fracture energy of the second network, which should 

be further investigated in future works. At present, taking considerations of experimental errors, 

we conclude that the fracture energy of the DN gel is contributed by diss in yielded zone of 

50−300 J m−2, diss in pre-yielding zone of 200−400 J m−2, and intrinsic fracture energy 0 of 

200−600 J m−2, resulting in Tc ≈ 900 J m−2.  
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CONCLUSION 

We developed the new method to visualize the submillimeter-scale damage zone of DN gels 

around the crack tip by combining the mechanoradical polymerization of NIPAAm, fluorescent 

probe ANS, and a laser scanning confocal microscope (LSCM). Because this method records the 

internal fracturing in three-dimensions, it can visualize the mechanical history of complicated 

deformation and internal damage. Besides, this technique can also record high-speed fracture in 

principle, which is often difficult to be captured by real-time observation. The advantage of this 

method is no need of mechanophore specifically incorporated into the polymer. It is also 

potentially applicable to materials having dissipation mechanism based on homolytic bond 

scission, as demonstrated by the fluorescent images on the fractured surface of single-network 

hydrogels. 

With this method, the degree of internal fracturing in the damage zone of DN gels have been 

quantitatively characterized to estimate the maximum stress, strain, and dissipated mechanical 

energy density. Our results suggest that the dissipated mechanical energy in pre-yielding zone 

with certain internal fracturing is as important as that in yielded zone because the dissipating 

volume of the pre-yielding zone is significantly larger than the yielded zone. In addition to the 

energy dissipation in the damage zone diss, the intrinsic fracture energy ahead of the crack tip 0 

is also found to be higher than expected in previous researches on DN gels. Further precise 

quantitative analysis is required for clarifying the toughening mechanism of the DN gels.  
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