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Abstract 

A method for binding a tough double-network (DN) hydrogel and a porous 

solid via the double network principle is proposed. The effects of the pore size of the 

solids and the structure of the DN gel in the pores on the bonding strength are 

investigated by a peeling test. Porous solids with pore sizes of the order of several 

micrometers afford strong gel–substrate interfaces. Under optimized conditions, a 

bonding strength as high as ~1000 N/m was reached. The results obtained are compared 

with the strength of the bulk DN gel, and discussed in terms of double network principle 

at the bonding interface. 

 

1. Introduction 

Hydrogels are soft and wet materials with many specific features such as solute 

permeability[1], low surface sliding friction[2, 3], and antifouling properties[4–6]. 

Owing to these features, hydrogels can be used in many fields, such as tissue-like 

materials to prepare load-bearing implants in the human body, low-friction surfaces for 

industrial purposes, and antifouling coating materials for submerged surfaces in marine 

environments[7, 8]. However, conventional hydrogels have low mechanical strength, 

because of which they are not suitable for the aforementioned applications. Recent 

innovations in synthetic chemistry have significantly contributed to the improvement of 

the mechanical strength of gels, thereby increasing their applicability in various 
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fields[9–12]. We have invented a double network (DN) principle to synthesize 

extra-ordinarily tough hydrogels by introducing a double network structure in  

hydrogels[11]. DN gels with an extra-ordinarily toughness should consist of a tightly 

cross-linked rigid polyelectrolyte, such as poly(2-acrylamido-2-methylpropanesulfonic 

acid) (PAMPS), as the first network, and a sparsely cross-linked flexible neutral 

polymer, such as polyacrylamide (PAAm), as the second network. Furthermore, the 

second network, which is interpenetrated with the first network, should be more than 10 

times higher in concentration than the first network. Despite their high water content 

(90 wt%), DN gels synthesized with such an optimized composition exhibit high elastic 

modulus (0.3-1.0 MPa), and high compressive fracture strengths, similar to natural 

cartilages (20 MPa)[11, 13]. The DN principle to synthesize the tough hydrogels was 

further applied to various polymer combinations, and tough DN gels with good 

biocompatibility[14–16], low sliding friction[17], and excellent wear resistance[18] 

have been synthesized.  

The invention of the tough DN hydrogels will tremendously promote the 

application of the material to various applications, for example, as artificial cartilage 

tissue. At present, most of the artificial joints, such as a hip joint and a knee joint, are 

made only from hard and dry materials such as ceramics, ultra high molecular weight 

polyethylene (UHMWPE), and metals [19–21]. Owing to the hard and dry nature of the 

solid materials, these artificial joints are lack in ultra-low friction, distribution of loads, 

and absorption of impact energy, which are fundamental functions of the real articular 

joints. Taking the advantage of their soft and wet nature, mechanically tough DN gels 

with a low sliding friction resistance are excellent materials as artificial articular 

cartilage and meniscus tissues. To realize these applications, however, one of the 
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substantial obstacles to be solved is how to form a strong bonding between the soft and 

wet gel and the hard and dry solid. For example, as one of the possible clinical 

applications of DN gels, articular hip joints consist of DN gel membrane of several mm 

in thickness, as artificial cartilage, coated on artificial bones, such as hydroxyapatite, is 

presented. In this case, DN gels must bind strongly to hydroxyapatite for such a kind of 

application.  

However, it is extremely difficult to bind a hydrogel strongly onto a solid surface 

with a glue, because of its high water content (usually more than 85–90 wt%) and low 

surface sliding friction coefficient (usually less than 10–3)[2]. Hence, it is necessary to 

develop a strategy to bond the tough DN gels to hard and dry solids. If one look at the 

actual load-bearing bio-tissue junction between a soft tissue and a hard tissue, for 

example, the junction between ligament and bone, it can be seen that ligament insertions 

occur by means of fibrocartilage, which is divided into non-calcified and calcified 

regions. The calcified fibrocartilage interdigitates with the underlying subchondral bone 

[22]. This  interdigitating structure inspires us to engineer the DN gel and solid 

interface with a microstructure by increasing the contact area between the two materials 

of different elasticity.  

In this study, we aim at engineering a strong interface between a DN gel and a 

porous solid by anchoring the DN gel in the porous solid, taking advantage of the DN 

principle. Figure 1 illustrates the procedure for formation of an anchoring interface 

between a piece of a tough DN gel sheet and a porous solid substrate. First, PAMPS gel, 

which is used to form the first network, is synthesized in the voids in the porous solid 

substrate (a). Then, the porous solid substrate containing the PAMPS gel is immersed in 

the pregel solution containing AAm, which is used to form the second network; 
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subsequently, the porous solid is brought in contact with the PAMPS gel sheet that is 

also soaked in the AAm solution (b). After second polymerization, the PAAm gel is 

simultaneously synthesized both in the porous solid and in the PAMPS sheet (c). Using 

this method, a continuous network of PAAm is formed in the porous solid and the 

PAMPS gel sheet. This method affords a DN structure both in the porous solid and in 

the gel sheet. Owing to the osmotic swelling pressure, the DN gel sheet was firmly 

anchored to the porous solid, and the bonding strength of the interface is investigated in 

terms of the peeling force per unit width of the gel sheet and compared with the fracture 

strength of the bulk DN gel in terms of a tearing force per unit width. Under optimized 

conditions, a gel-solid interface whose bonding strength is comparable to the fracture 

strength of the bulk DN gel is obtained.  

2. Experimental Section 

2.1. Characterization of porous solid substrates 

Three types of porous solid substrates were used in this study: glass, polyethylene 

(Asahi Kasei Chemicals Corporation, Japan), and sponge. The porous glass and 

polyethylene substrates comprised glass and polyethylene particles of approximately the 

same size. Prior to use, the porous glass substrates were cleaned using 15% HCl and 

pure water. Polyethylene was treated with a surfactant to make its surface hydrophilic.  

The microstructures of the porous solids were observed by scanning electron 

microscopy (SEM, Hitachi S4000). The porosity of these solids was measured by 

immersing them in water, and the actual volume of solids was estimated according to 

the Archimedes principle.  

2.2. Synthesis of DN hydrogel 
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The DN hydrogel was synthesized via sequential network formation (two-step 

polymerization). The first step in this polymerization reaction involves the synthesis of 

the PAMPS gel by thermal polymerization. The monomer 

2-acrylamido-2-methylpropane sulfonic acid (AMPS), (Toagosei Co. Ltd., Japan), 

cross-linker N,N′-methylenebisacrylamide (MBAA) (Tokyo Chemical Industry Co., 

Ltd. ), and thermal initiator potassium persulfate (KPS) (Wako Pure Chemical Industries 

Ltd.) were mixed to obtain the prehydrogel solution. Argon gas was bubbled through the 

prehydrogel solution containing 1 M AMPS, 4 mol% MBAA, and 0.1 mol% KPS (mole 

percentages of MBAA and KPS were calculated with respect to the monomer 

concentration) for 30 min; then, the solution was injected into a reaction cell consisting 

of a pair of glass plates separated by a 2-mm-thick silicone rubber. The cell was heated 

at 60 °C for ~10 h in a water bath. Then, the PAMPS gel (first network) was immersed 

in an aqueous solution of 2 M AAm containing 0.1 mol% MBAA and 0.1 mol% KPS 

for 1 day until equilibrium was attained. By sandwiching the AAm containing PAMPS 

gel between two glass plates, and then heating the sample at 60 °C for 10 h, the second 

network (PAAm) was polymerized, and we obtained the DN gel. After polymerization, 

the PAMPS/PAAm DN gel was immersed in pure water for 1 week; during this period, 

the water was changed thrice to completely remove the unreacted materials. Details are 
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provided in the literature[11, 13]. Hereafter, the PAMPS/PAAm DN gels will be referred 

to as PAMPS-x1-y1-z1/PAAm-x2-y2-z2, where xi, yi , and zi (i = 1, 2) are the 

concentrations of the monomer (M), MBAA (mol%), and KPS (mol%) used in 

synthesizing the i-th network, respectively. 

2.3. Formation of gel–porous substrate interface 

As shown in Figure 1, the gel–solid bonding is formed via the anchoring of DN to the 

porous solid via a DN structure formation. Porous glasses (thickness: 4 mm) with 

different pore sizes were immersed in a pregel solution with the prescribed 

concentration of AMPS, MBAA, and KPS for three days until the pores were filled with 

the pregel solution; then, the porous glasses were placed in a reaction cell consisting of 

a pair of glass plates separated by a 5-mm-thick silicone rubber membrane. The reaction 

cell contained a pregel solution in which the concentrations of AMPS, MBAA, and KPS 

were identical to those in the pregel solution used for immersing the substrates. The cell 

was heated at 60 °C for 10 h in a water bath. This process afforded the PAMPS gel in 

the pores of the glass substrates. Then, the porous glasses were removed from the 

reaction cell and immersed in a mixture of 2 M AAm, 0–0.1 mol% MBAA, and 0.01 

mol% KPS for 3 days until equilibrium was attained. The PAMPS gel formed inside the 

pores of the glass substrate and on the surface of the substrate swelled after immersion 

in the aforementioned mixture. A slice of PAMPS gel (thickness: 3.8 mm) that was 

preswelled in the same mixture was placed on the porous glass substrate containing the 

PAMPS gel; then, the glass substrate was placed in a reaction cell consisting of a pair of 

glass plates separated by a silicone rubber membrane, which was 0.5 mm thinner than 
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the total thickness of the porous glass substrate and the gel. Then, the reaction cell was 

sealed and heated at 60 °C for 10 h in a water bath. After polymerization, the porous 

glass substrate to which the DN gel was adhered was immersed in pure water for 1 

week, during which period the water was changed thrice for complete removal of the 

unreacted materials. Hereafter, the DN gel–glass substrate interfaces will be referred to 

as PAMPS-xp-yp-zp// PAMPS-x1-y1-z1/PAAm-x2-y2-z2. Here, xp, yp, and zp are the 

concentrations of AMPS (M), MBAA( mol%), and KPS (mol%), respectively, used for 

the synthesis of PAMPS in the porous substrates; x1, y1, and z1 are the concentrations of 

AMPS (M), MBAA( mol%), and KPS (mol%), respectively, used for synthesizing the 

PAMPS gel sheet. Further, x2, y2, and z2 are the concentrations of AAm (M), 

MBAA( mol%), and KPS (mol%), respectively, used for synthesizing the PAAm gel in 

the porous glass and in the PAMPS gel sheet. The interfaces between the DN gel and the 

other porous substrates were formed by a similar procedure. 

2.4. Measurements 

The bonding strength of the DN gel to the porous material was evaluated by peeling 

tests. In order to elucidate if the bonding strength is associated to the double network 

structure, we compare the bonding strength of the DN-solid interface with that of the 

bulk fracture strength of DN gel. The strength of the DN gel was evaluated by a tearing 

test. The peeling tests and tearing tests were performed using a tensile-compressive 

tester (Tensilon PTC-1310A, Orientec, Tokyo, Japan).  

2.4.1. Tearing test for determining the toughness of DN gel 
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     The tearing test was performed using a commercial test machine (Tensilon 

RTC-1150A, Orientec Co.). The gels were cut into a trousers-shape, which has the 

standardized JIS-K6252 1/2 sizes (thickness w = 4.6 mm; length L = 50 mm (initial 

notch length: 20 mm); width d = 7.5 mm), with a gel cutting machine (Dumb Bell co., 

Ltd.). The two arms of a test piece were cramped and the upper arm was pulled upward 

at constant velocity of 50 mm/min (the lower arm was fixed). The tearing force F was 

recorded. The toughness of the DN gel was characterized on the basis of the 

fracture-resistant force per unit width wFg ave= , where aveF  is the average tearing 

resistance force at a steady-state tearing, and w  is the length (in the present geometry, 

it is the thickness w = 4.6 mm of the sample) of the gel along the crack-front line. 

Detailed geometry for the test is shown in Figure 2 of reference [23]. It should be 

pointed out that in our tests, the sample is torn by pulling one of its arm, while its other 

arm is fixed; thus, g becomes equal to the fracture energy G , which is defined as the 

energy required to create a fracture surface of nominal unit area [23, 24]. 

2.4.2. Peeling test for determining the bonding strength 

      Figure 2(a) illustrates the geometry of the DN gel–substrate interface subjected 

to the peeling test. Here, w, v, and F represent the width of the peeled gel (w=5 mm), the 

constant peeling velocity (v=50 mm/min.), and the fracture resistant force, respectively. 
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The bonding strength is also characterized by g = Fave/w, where Fave is the average 

fracture-resistant force required to peel the gel off from the solid surface. Figure 2(b) 

shows the method of calculation of g. It should be noted that in the present case, the 

geometry of the interface makes accurate estimation of G difficult. This is because one 

of the fractured surfaces (solid) is fixed horizontally, and the crack front moves along its 

surface; the other fractured surface (gel) moves at an angle to the direction of the 

peeling force. Hence, g is used instead of the fracture energy G to analyze the bonding 

strength. 

2.5. Statistic analysis 

The experimental results are expressed as mean ± S.D. In figure 6 and 7, the effect of 

pore size was analyzed by one-way ANOVA followed by the Bonferroni test for post 

hoc multiple range comparisons. Statistic significant group difference was set as p < 

0.05[25]. In the case of comparison between bulk DN gel and the other anchoring 

interface, the Dunnett test was applied with p < 0.05[26]. Furthermore, student’s t-test 

was applied with p < 0.05 for comparing between porous glass substrates and porous 

polyethylene substrates with almost the same pore size. 

3. Results and Discussion 

Figure 3 shows the SEM images of the porous glass substrates with pores of 

various sizes. Here, the glass substrates are named “P-X,” according to their nature, 
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where X corresponds to the diameter of the glass particles (μm) that make up the 

substrate. The pore size is directly proportional to the size of the particles that make up 

the substrates. Thus, the characteristic pore size in the substrate is determined by the 

particle size. Figure 4 shows the porosity of the glass substrates; this porosity is 

calculated from the ratio of the actual volume of solids to the nominal volume. The 

porosity of the substrates in this study is in the range of 35–40% and shows a slight 

decrease with an increase in the diameter of the particles.  

The side view of the DN gel–solid interface is shown in Figure 5(a). The 

transparent upper portion represents the DN gel, while the white lower portion 

represents the porous glass substrate. In order to measure the peeling strength of the 

interface, the bonding DN gel was cut into 5-mm-wide strips from the disk-shaped 

porous substrate, as shown in Figure 5(b). A notch was made by cutting the specimen at 

the DN gel–solid interface. The porous solid was adhered onto the substrate holder of 

the tensile-compressive tester using glue, and one arm of the trouser-shaped gel was 

clamped to the tester, as shown in Figure 5(c). Peeling measurements was performed at 

a peeling velocity of 50 mm/min. 

Figure 6 shows the value of g of the interface between the DN gels and glass 

substrates with different pore sizes. We first compared g for different substrates in their 

as-prepared states. There were significant differences between the bulk DN gel and the 

other anchoring interfaces by the Dunnett test. However, the g value of P-5 substrate 

was significantly higher than that of any other porous substrates by the Bonferroni test. 

After swelling, the length of the gels increased by 9.4%, g of P-5 in its swollen state 

decreased by approximately 30% that of P-5 in its as-prepared state; a similar tendency 

was observed in the case of the bulk DN gels after swelling. In P-16, P-100, and P-250, 



12 

there was no considerable change in g even after swelling by the student’s t-test. These 

observations showed that DN formation depends on the pore size of the substrate, and a 

relatively high bonding strength was observed when using a suitable substrate such as 

P-5.  

Figure 7 shows the g values observed for the interface between the DN gels and 

other porous materials such as polyethylene with different pore sizes ((I–III), #100 (I), 

#200 (II), and #800 (III)), melamine foam (IV), and polyurethane foam (V). The pore 

sizes of #100 (I), #200 (II), and #800 (III) are similar to those of P-40, P-100, and P-160, 

respectively. The DN gels strongly bonded to the aforementioned porous materials, as 

they did to the glass substrates. By comparing the results obtained for polyethylene 

(Figure 7) with those obtained for glass (Figures 6), we found that irrespective of the 

difference in their nature, bonding strengths between substrates with similar pore sizes 

did not show significant difference by the student’s t-test. Thus, the bonding strength at 

the interface between the DN gel and the porous substrates strongly depends on the pore 

size of the substrates. The g value of the interface between melamine foam and the DN 

gel was higher than that at the interfaces in the case of polyurethane foam and 

polyethylene. This can be attributed to the soft and deformable nature of melamine foam, 

because of which the stress of mismatch at the interface between the free-swelling gel 

and the gel constrained in the porous solid was relaxed. 

Figure 8 shows the effect of the cross-linker concentration used in the PAAm 

synthesis on g when the PAMPS structure is identical both in the porous substrates and 

the PAMPS gel sheet (1 M AMPS, 4 mol% MBAA, and 0.1 mol% KPS). The second 

step in the two-step polymerization reaction is performed using a constant amount of 

monomer (2 M AAm) and initiator (0.01 mol% KPS), while change the amount of the 
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cross-linker (0–0.1 mol% MBAA). In the case of DN gels, g decreases with an increase 

in the cross-linker concentration in PAAm; this result is in agreement with our previous 

results[27]. At the interface, g increases when the cross-linker concentration in PAAm is 

increased to 10–2 mol%. When the cross-linker concentration is constant, g at the 

interface becomes as high as that observed in the case of the bulk DN gel. If the 

cross-linker concentration in PAAm exceeds 10–2 mol%, both g at the interface and g of 

the bulk DN gel show a sharp decrease. This implies that the network structure at the 

interface is identical to that of the bulk DN gel if the cross-linker concentration exceeds 

10–2 mol%.  

We now explain why a high cross-linker concentration is essential to form an 

interface whose g value is comparable to that of the bulk DN gels. By carefully 

investigating the surface of the porous substrate containing the PAMPS gel, we find that 

the surface of the PAMS gels is very rough, probably owing to restricted free swelling 

in the aqueous AAm solution. This rough and modulated surface morphology prevents 

complete contact between the surface of the PAMPS gel and that of the flat PAMPS gel. 

In order to reduce the swelling of PAMPS in the porous substrate, we increase the 

cross-linker concentration in the PAMPS gel network in the pores of the glass substrate 

and maintain the cross-linker concentration in the PAMPS network in the gel sheet at 4 

mol%. As shown in Figure 9, g increases with cross-linker concentration of PAMPS gel 

in the pores. At cross-linker concentrations of 8 and 12 mol%, g at the gel–substrate 

interface exceeds 1000 N/m, which is almost twice the value of g observed when the 

cross-linker concentrations are 2 and 4 mol%. It should be noted that the bulk DN gel 

has the highest g value when the PAMPS network was at a cross-linker concentration of 

4 mol%. This implies that the optimal cross-linker concentration of the PAMPS network 
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is different for the DN gel–substrate interface and the bulk DN gel.  

It should be noted that if the PAMPS gel had not been synthesized in the porous 

substrate and the interface was formed by simultaneously synthesizing the PAAm gel in 

the porous substrate and the PAMPS gel sheet, the strength of the interface (between the 

DN gel sheet and the porous substrate containing PAAm gel) would have been very low. 

This indicates that the DN structure in the pores plays an important role in increasing 

the strength of the gel–substrate interface, which can be understood from the toughening 

mechanism observed for the DN gels[28–33]. When a conventional gel that consist of a 

single-network is broken, only the polymer chains located at the tip of a crack are 

ruptured; a very small amount of energy (1–10 J/m2 for a conventional gel) is required 

for this rupturing[34] is needed. On the contrary, when a DN gel suffers fracture, the 

wide range (~100 μm from the fractured surfaces) of the first brittle PAMPS network 

ruptures to form small clusters (of ~100 nm in size estimated [28]) first; the fracture 

energy G required for this rupture is very high. Further, clusters act as multifunctional 

cross-linkers of the ductile PAAm chains. As a result, a significant amount of energy (~ 

1000 J/m2 for a DN gel prepared under optimized conditions) is required for the fracture 

process. We consider that a similar fracture process occurs at the gel–substrate interface. 

Although only the PAAm network was a continuous phase across the interface, wide 

ranges of PAMPS networks in the DN gel both inside the pores of the substrate and on 

the surface of the substrate rupture to form into small clusters near the interface; as a 

result, the bonding strength increases considerably. 

Furthermore, it should also be noted that for a nonporous substrate, particularly for 

one with a rough surface, the gel–substrate interface will be too weak to be measured by 

peeling tests. This indicates that an increase in the extent of interfacial contact is not 



15 

crucial for increasing the bonding strength. Instead, the anchoring effect, that is, the 

confinement of DN gel in the micropores, is responsible for the high bonding strength. 

Investigation of the fractured surfaces of the gel-solid interfaces revealed that the failure 

occurred not because of the disanchoring of the gel from the micropores but because of 

the rupture of the gel at the interface. This indicates that the anchoring strength is higher 

than the interface strength.  

4. Conclusions 

A strong interface between tough PAMPS/PAAm DN gels and various porous solid 

substrates is achieved by the anchoring of DN to the porous solid via a DN structure 

formation. It is found that the strength of the gel– substrate interface depends on the 

pore size of the solid substrates. Porous solids with pore sizes of the order of several 

micrometers afford strong gel–substrate interfaces. DN gels with a densely cross-linked 

(cross-linker concentration: 8–12 mol%) PAMPS network, in the pores exhibit the 

highest bonding strength. Under optimal conditions, the bonding strength between the 

gel and the substrate was comparable to the strength of the bulk DN gel. 

Owing to the universal methodology to form bonding via anchoring of gel to porous 

solids, we believe that the results of this study will be useful in increasing the 

applicability of these strength DN gels, for example, these gels can be used in along 

with porous hydroxyapatite for producing artificial cartilages for artificial joints in 

which tough DN gel and hydroxyapatite serve as artificial cartilage and bone, 

respectively. 
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Figure captions 

Figure 1. Schematic illustration of the formation of (DN) gel– porous solid bonding by 

anchoring the gel via a DN structure formation. 

 

Figure 2. (a) Schematics of peeling test conducted on the gel–solid substrate interface, 

(b) Calculation of the peeling force per unit length. g , to detach the gel from the solid. 

 

Figure 3. SEM images of glass substrates with different pore sizes. 

 

Figure 4. Porosity of glass substrates with different pore sizes. Values are means ± SD. 

 

Figure 5. Photographs of DN gel–porous glass substrate interface. (a) Side view of the 

interface, (b) Top view of the interface, (c) Peeling measurements of the bonding 

strength of the gel on the solid substrates. 

 

Figure 6. Value of peeling force per unit length, g, for fracture of DN gel-glass interface 

of different pore sizes of glass. Left: in as-prepared states, right: after swelling in water. 

For comparison, fracture strength of bulk DN gels is also shown in the figure. Samples 

used: DN gel, PAMPS-1-4-0.1/PAAm-2-0.1-0.1; DN gel junction, PAMPS-1-4-0.1// 

PAMPS-1-4-0.1/PAAm-2-0.1-0.01. Values are means ± SD. 

 

Figure 7. Peeling force per unit length, g, for fracture of DN gel-solid interface of 

various porous substrates: (I) polyethylene (#100), (II) polyethylene (#200), (III) 

polyethylene (#800), (IV) melamine foam, (V) polyurethane foam. The right-hand 
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column indicates the tearing force per unit length, g, of bulk DN gel. Samples used: DN 

gel, PAMPS-1-4-0.1/PAAm-2-0.1-0.1; interface, PAMPS-1-4-0.1// 

PAMPS-1-4-0.1/PAAm-2-0.1-0.01. Values are means ± SD. 

 

Figure 8. Dependence of g on the cross-linker concentration in the second network, y2. 

(○) g of the interface between the DN gels and the glass substrate (P-5). (□) g of the 

bulk DN gel. Samples used: DN gel, PAMPS-1-4-0.1/PAAm-2-y2-0.1; interface, 

PAMPS-1-4-0.1// PAMPS-1-4-0.1/PAAm-2-y2-0.1. Values are means ± SD. 

 

Figure 9. Dependence of g on the cross-linker concentration of the first network in the 

porous substrates, yp. (○) g of the interface between the DN gels and P-5; (□) g of bulk 

DN gel. Samples used: DN gel, PAMPS-1-4-0.1/PAAm-2-0.1-0.1; interface,: 

PAMPS-1-yp-0.1// PAMPS-1-4-0.1/PAAm-2-0.1-0.1. Values are means ± SD. 
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Figure 4. Kurokawa et al. 
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