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Abstract 9 

Bone, consisting of calcium phosphate minerals, rigid collagen fibrils, and acidic 10 

proteins, exhibits stiff and tough mechanical properties. On a molecular scale, covalent cross-11 

linking in proteins, ionic interactions within proteins and at the protein-mineral boundary 12 

contribute to bone's toughness. In addition, hierarchical structures, like the sponge-like 13 

arrangement, are also crucial for the energy dissipation system in bone. Inspired by the multiple 14 

sacrificial bonds found in bone, we developed a soft/hard composite made up of two 15 

components with contrasting mechanical properties: a porous calcium phosphate skeleton and 16 

an acidic polymer hydrogel matrix. The porous ceramic skeleton alone is extremely rigid but 17 

brittle. However, the presence of the hydrogel matrix transforms the brittle nature of the porous 18 

ceramic skeleton into a soft/hard composite with stretchable and tough characteristics. The 19 

composite exhibits significant energy dissipation due to the fracture of the ceramic skeleton 20 

under small deformation, while catastrophic failure of the composite is prevented because the 21 

hybridized matrix disperses the damage throughout the entire sample. The Ca2+-mediated ionic 22 
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bonding within the matrix hydrogel and at the boundary between the gel and skeleton 23 

effectively transfer the stress, enhancing the composite's toughness. Furthermore, the cyclic 24 

deformation generates new bare surfaces on the ceramic skeleton, leading to increased 25 

interaction between the matrix and these new surfaces, which enhances the composite's healing 26 

capability. This study demonstrates that the concept of multiple sacrificial bonds in bone is a 27 

smart strategy for designing polymer-ceramic composites with excellent mechanical properties. 28 

Keyword: Hydrogel, soft/hard composite, sacrificial bond concept, porous ceramic skeleton, 29 

bone mimicking 30 

1. Introduction 31 

Mammalian bones and teeth are stiff and tough, enabling us to engage in physical 32 

activity and chew hard foods. They consist of hierarchical tissues composed of calcium 33 

phosphate (CaP) mineral hydroxyapatite (HAp), type I collagen, acidic non-collagenous 34 

proteins (NCPs) such as osteopontin (OPN) and osteocalcin, and a small amount of water [1-2]. 35 

On a molecular scale, triple-helical collagen forms a relatively stiff framework that serves as a 36 

platform for HAp biomineralization. In this environment, acidic NCPs interact with HAp-37 

mineralized collagen fibrils through calcium-mediated bonding [3]. Additionally, OPN 38 

molecules form intra- and intermolecular covalent cross-links with each other via enzymatic 39 

reactions [4]. The coexistence of static and dynamic cross-link structures contributes to the 40 

toughness of bone tissue at the molecular level. When an impact occurs, the covalent cross-41 

links efficiently transfer the force to the non-covalent cross-linking structures, which can 42 

dissipate energy through the dissociation of ionic bonds. This type of bond structure, which 43 

preferentially breaks to prevent catastrophic fracture, is known as a “sacrificial bond” [5]. It has 44 

been suggested that the synergistic effect of static and dynamic bond structures contributes to 45 

the stiff yet tough nature of bones. Recently, inspired by the molecular structure of bone, a 46 
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material combining acidic polyacrylic acid (PAAc) hydrogel with HAp particles has been 47 

reported to replicate a similar co-crosslinking structure, resulting in tunable and excellent 48 

mechanical properties [6]. 49 

Moreover, not only the molecular-scale structure but also the hierarchical porous 50 

structure of spongy bone contributes to the mechanical properties of bone. At the macroscopic 51 

level, bone can be primarily categorized into two types: compact bone (cortical bone) and 52 

spongy bone (trabecular bone). Compact bone forms the dense outer shell of the bone structure, 53 

with a relatively low porosity of 5-10% and a high apparent density of 1.5-1.8 g/cm³. In contrast, 54 

spongy bone is composed of a porous framework of thin, column-like structures called 55 

trabeculae. This open-cell, lattice structure gives trabecular bone a high surface area to mass 56 

ratio, allowing it to deform elastically under load and dissipate energy through the bending of 57 

trabeculae. The trabeculaes in spongy bone are also aligned with the direction of applied force, 58 

further enhancing the bone's mechanical performance [7-9]. Spongy bone has a much higher 59 

porosity, ranging from 50-90%, and a lower apparent density of 0.5-1.0 g/cm³. The distinct 60 

porous structures of compact and spongy bone contribute to their different mechanical 61 

properties. The dense, compact bone provides high mechanical strength, while the porous 62 

spongy bone offers elasticity and helps dissipate mechanical energy [10-12]. 63 

In this study, we present a concept for developing a tough and soft composite material 64 

inspired by the molecular and hierarchical structures of bone. The material consists of a brittle, 65 

porous biphasic calcium phosphate (BCP) skeleton as the hard ceramic component and a 66 

poly(acrylic acid) (PAAc) cross-linked hydrogel matrix containing carboxyl groups, which 67 

simulate the role of non-collagenous proteins in bone. This approach does not attempt to 68 

replicate bone itself while emulates bone's intrinsic toughening mechanisms through multiple 69 
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sacrificial bonds (Fig. 1), with a focus on enhancing the mechanical properties of synthetic soft 70 

materials.  71 

The porous BCP ceramic skeleton, characterized by an extensive surface area, is 72 

prepared using a simple sponge templating method that replicates the structure of a 73 

conventional urethane sponge through sintering of the HAp slurry-coated sponge [13-15]. HAp 74 

was selected as the initial slurry material because, during sintering, it partially transforms into 75 

β-TCP, resulting in a BCP ceramic skeleton containing both HAp and β-TCP phases. This 76 

biphasic structure leverages the complementary properties of the two phases. The β-TCP phase 77 

facilitates a controlled release of calcium ions to promote cross-linking, while the HAp phase 78 

preserves the structural integrity and mechanical strength of the skeleton due to its mild 79 

dissolution behavior in acidic conditions. When the acidic PAAc hydrogel is synthesized with 80 

a chemical cross-linker in the presence of the BCP ceramic skeleton, the hydrogel occupies the 81 

entire pore space, achieving full integration with the skeleton. Simultaneously, calcium ions are 82 

partially eluted from the ceramic skeleton under acidic conditions. This process enables the 83 

PAAc gel matrix to form calcium-mediated cross-links alongside covalent cross-link structures, 84 

mimicking the role of osteopontin (OPN) in bone. Dynamic ionic interactions at the interface 85 

between the calcium ions on the skeleton's surface and the carboxyl groups in the gel enhance 86 

interfacial adhesion, facilitating efficient force transfer between the hard sponge and the soft 87 

matrix. 88 

Unlike conventional composites made from hydroxyapatite (HAp) powder and acidic 89 

hydrogel, the ceramic skeleton in our design possesses a continuous structure. This feature is 90 

expected to provide additional energy dissipation through the fracture of the skeleton under 91 

deformation. The hydrogel matrix prevents catastrophic fracture of the ceramic skeleton by 92 

dispersing damage throughout the composite via force transfer. Furthermore, when local 93 
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fractures occur in the porous ceramic skeleton, new surfaces are exposed, which are expected 94 

to form additional interactions with the PAAc hydrogel during annealing. 95 

The expected toughness mechanism of this composite material, which combines a hard 96 

phase with a soft phase based on the sacrificial structure, relies on principles commonly found 97 

in tough soft materials, with double network (DN) hydrogels being a representative example 98 

[16]. DN gels consist of two contrasting polymer networks: the "first network" is relatively hard 99 

and brittle due to nearly fully stretched polymer strands (the “hard phase”), while the "second 100 

network," which is more concentrated, consists of relatively relaxed and flexible polymer 101 

chains (the “soft phase”). The enhanced toughening mechanism of DN gels has been attributed 102 

to two main effects. Firstly, when the material is deformed or stretched, the covalent bonds in 103 

the stiff first network break, dissipating energy. Simultaneously, the flexible second network 104 

maintains the overall integrity of the material, preventing it from completely falling apart [17]. 105 

Similarly, in the composite material, the BCP skeleton with its sponge-like structure is designed 106 

to fracture under deformation, dissipating energy, while the soft polymer matrix allows the 107 

composite to deform and prevents catastrophic failure.  108 

 109 
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Fig. 1 Concept of a tough composite material consisting of a hard CaP ceramic sponge skeleton 110 

and a soft, acidic polymer cross-linked hydrogel with multiple sacrificial structures. When the 111 

PAAc hydrogel is hybridized with the CaP ceramic sponge skeleton, ionic interactions occur 112 

between the calcium ions on the CaP surface and the carboxyl groups of the PAAc. In molecular 113 

scale, the green circles indicate points of covalent cross-linking. In the acidic environment, the 114 

CaP partially dissolves, and the eluted calcium ions form ionic cross-links with the PAAc 115 

polymer network. During deformation of the soft/hard composite, the sacrificial fracture of the 116 

skeleton dissipates energy. Additionally, extra interactions (indicated by purple dashed lines) 117 

between the PAAc and the fractured CaP surface form during annealing. 118 

 119 

2. Experimental section 120 

2.1. Material 121 

Hydroxyapatite (HAp) powder (purum p.a., ≥90% as Ca₃(PO₄)₂, KT), polyvinyl 122 

alcohol (PVA) binder with a 2000 DP, acrylic acid (AAc), acrylamide (AAm) monomers, N,N′-123 

methylenebisacrylamide (MBAA) crosslinker, and potassium peroxodisulfate (KPS) initiator 124 

were purchased from Sigma-Aldrich Co. LLC, US. POIZ 520 dispersant, containing sodium 125 

polyacrylate, was purchased from Kao Corporation, Japan. All chemicals were used as received. 126 

Two kinds of commercially available urethane sponges, Scotch-Brite® (S-21KS) and PAX 127 

NATURON (124365), were purchased from 3M Company, US, and Taiyo Yushi Corporation, 128 

Japan, respectively. The distilled water used in all experiments was supplied by a Milli-Q® 129 

water system (Integral 5, Merck Millipore, US). 130 

 131 

 132 

 133 
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2-2. Soft/hard composite fabrication  134 

The plate-shaped soft/hard composite was fabricated by combining S1 and S2 ceramic 135 

sponges with a PAAc hydrogel matrix. The ceramics S1 and S2 were prepared using a coating 136 

process, and the detailed procedure is provided in the Supporting Material. The precursor 137 

solution for the poly(acrylic acid) (PAAc) matrix was prepared using 3 to 7 M AAc monomer, 138 

0.1 mol% MBAA as a covalent bond cross-linker, and 0.1 mol% KPS as an initiator. The mol% 139 

of the cross-linker and initiator was calculated relative to the concentration of the monomer. 140 

The sintered ceramic sponge, immersed in the precursor solution, was placed in a mold made 141 

of a silicone spacer with a thickness of 5 mm. This mold was sandwiched between two glass 142 

plates and subjected to thermal polymerization at 80 °C for 8 hours. As control samples, 143 

soft/hard composites with a neutral PAAm gel matrix were prepared in the same manner. 144 

 145 

2-3. Thermogravimetric analysis 146 

The thermal stability of the materials was determined using thermogravimetric 147 

differential thermal analysis (TG-DTA, Thermoplus Evo TG 8120, Rigaku, Japan). The 148 

soft/hard composite samples were placed in a platinum pan and heated from room temperature 149 

to 700 °C at a rate of 10 °C/min under a constant flow of nitrogen gas. 150 

 151 

2-4. Observation of morphology 152 

Morphological analysis was performed using a scanning electron microscope (JSM-153 

6010LA, JEOL, Japan). The soft/hard composites were cut, and the cross-sectional surface was 154 

selected for observation. The samples were mounted on a brass sample plate with double-sided 155 

carbon tape. To enhance the samples' electroconductivity, Pd/Au ion sputtering was applied 156 

using an E-1010 ion sputter system (Hitachi, Japan). The acceleration voltage was set to 15 kV. 157 
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Pore size measurements were carried out using ImageJ software, with calculations for coarse, 158 

intermediate, and fine pores. The determination of pore size involved a series of steps to account 159 

for the irregular shape of the fine pores. The pore size measurements were conducted using 160 

more than three SEM images of each skeleton to ensure accuracy and reliability of the data. 161 

Additionally, elemental mapping was performed using energy-dispersive X-ray spectroscopy 162 

(EDX) installed in the SEM. 163 

 164 

2-5. Mechanical testing 165 

Mechanical properties of the porous ceramic skeletons, and as prepared soft/hard 166 

composites were evaluated at room temperature using a mechanical tester (Shimadzu AGX-V, 167 

Shimadzu Co., Japan). 168 

Uniaxial compressive testing was conducted on the porous ceramic skeleton at a 169 

velocity of 1 mm/min. The samples had specific dimensions (15 × 15 × 15 mm³), and each test 170 

was performed on three samples. The global Young’s modulus was determined by linear fitting 171 

in the linear region of the stress-strain curve [18]. 172 

Uniaxial tensile deformation was applied to both the soft/hard composite and its 173 

components, including the hydrogel matrices and the porous ceramic skeleton. The samples had 174 

specific dimensions (20 × 10 × 5 mm³). All samples were stretched along the length direction 175 

at a velocity of 10 mm/min, with each test performed on five samples. 176 

Cyclic loading and unloading tensile tests were conducted on the soft/hard composite. 177 

All samples, with same dimensions with the tensile sample, were stretched to a strain of 2 178 

mm/mm at a velocity of 100 mm/min with varying waiting times (0, 1, 10, 30, and 60 min). 179 

Subsequently, the samples were returned directly to the initial strain at the same rate as 180 

stretching.  181 
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To evaluate the adhesion energy between the biphasic calcium phosphate (BCP) bulk 182 

plate and the hydrogel matrix, a 90° peeling test was conducted. The BCP bulk plate, with 183 

dimensions of 20 × 20 × 30 mm³, was prepared using the HAp slurry with the same formulation 184 

as the ceramic skeleton fabrication, excluding the sponge template. The PAAc gel, prepared 185 

from 4 M AAc, 0.1 mol% MBAA, and 0.1 mol% KPS, was polymerized directly onto the HAp 186 

plate, with half of the surface covered with an anti-adhesive sheet to prevent adhesion. The 187 

uncoated part of the hydrogel was clamped by an upper jig connected to a 100 N load cell. To 188 

prevent elongation of the clamped gel handles, the surface of the gel was reinforced with cloth 189 

tape (Nichiban Co., Ltd., Japan). As-prepared samples without swelling in water were used. As 190 

a control, polyacrylamide (PAAm) gel was prepared on the BCP plate in the same manner. The 191 

peeling test was conducted at a pulling speed of 100 mm/min. The adhesion energy was 192 

determined using the formula g=
𝐹𝑎𝑣𝑒

𝑤
 , where Fave represents the average force at the plateau in 193 

the steady-state region of the peeling process. For samples that did not reach the steady state, 194 

the force at the fracture point was used. The w denotes the width of the test hydrogel sheet.  195 

3. Result and discussion 196 

3-1 Optimization of the ceramic skeleton’s formulation as a rigid sponge skeleton 197 

We initially fabricated rigid sponge skeletons from HAp precursor slurry to serve as the 198 

sacrificial-bond structure using the sponge template method. Two commercial urethane sponges 199 

with different architectures including pore size and strut length were utilized (Fig.2A and 2B): 200 

a sponge template with an average pore size of 760 µm and strut length of 540 µm (designated 201 

as S1) and another with average pore size of 620 µm and strut length of 352 µm designated as 202 

S2) (Fig. S1). The morphology of the porous ceramic skeletons provided by the sintering 203 

urethane sponge template coated by HAp slurry, 50wt% HAp powder and 20wt% and 15wt% 204 
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of PVA for S1 and S2, is illustrated in Fig. 2C and 2D. As expected, the S1 pore structure 205 

exhibits larger pore sizes compared to the S2 pore structure. Interestingly, the ceramic skeletons 206 

exhibit not only coarse pores originating from the urethane sponge structure, but also 207 

intermediate and fine pores formed during the combustion of the sponge template. Additionally, 208 

fine pores were created as spaces between ceramic particles after the sintering process. For the 209 

S1 skeleton, coarse and intermediate pore sizes ranged between 720±307 µm and 101±71 µm, 210 

respectively, while for the S2 skeleton, these values were 540±253 µm and 46±33 µm. The fine 211 

pore sizes for both skeletons ranged between 34 to 365 nm. The pore size measurements and 212 

representative SEM images for each skeleton are provided in Fig. S2 and S3. 213 

According to SEM images and pore size analysis, the pore distribution in the S2 skeleton 214 

is more regular compared to the S1 skeleton. This difference can be attributed to the longer 215 

struts of the S1 sponge template, which lead to a more irregular pore structure in the resulting 216 

ceramic skeleton after the combustion process. The uniformity of pore distribution was further 217 

evaluated by comparing the standard deviation of pore sizes, with the S2 skeleton showing a 218 

lower standard deviation, confirming its more homogeneous structure. 219 

 Traditionally, HAp sintering has been carried out at high temperatures exceeding 1300 220 

ºC, which often results in excessive densification and decreasing porosity due to grain-melting 221 

fusion. In this study, we employed the sintering condition at 1000 ºC for the fabrication of brittle 222 

porous ceramic skeleton. At this temperature, the HAp particles do not undergo complete 223 

melting and merging, maintaining nanocrystalline grain structure. It ensures the rigid and fragile 224 

nature of the ceramic skeleton with extraordinary high surface area. This rigidity is a desirable 225 

characteristic for the skeleton to act as a sacrificial structure on the further soft/hard composite. 226 

The high surface area will take efficient interfacial interaction with soft matrix when hybridized.  227 
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The obtained ceramic sponge skeleton is relevant to previous works on fabricating 228 

porous ceramic using a sponge template, where the size of pores ranges from 200 to 700 μm, 229 

which is similar to the structure of the sponge template [19]. The coarse pore size of this material 230 

closely resembles that of real trabecular bone, which typically falls within the range of 300-500 231 

µm [20]. The ceramic sponge has extraordinarily high surface area due to the hieratical pore 232 

structure, expecting that when the CaP sponge and acidic hydrogel are hybridized, the hydrogel 233 

matrix will occupy every scale of pore and form numerous numbers of interfacial interaction at 234 

the boundary. 235 

 236 

237 

Fig. 2 Morphology and pore structure of S1 (A) and S2 (B) urethane sponges and sintered 238 

ceramic skeletons from S1 (C) and S2 (D). 239 
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 240 

The mechanical properties of the sintered ceramic skeleton can be adjusted by altering 241 

the slurry composition. To optimize these properties, we prepared skeletons with varying ratios 242 

of PVA binder and HAp powder. The mechanical properties of the porous ceramic skeleton 243 

were evaluated using a compressive test (Fig. S4). Due to the porous structure, the nominal 244 

stress of the skeletons was calculated by dividing the applied force by the macroscopic top-245 

surface area of the porous skeleton samples. Fig. 3A and 3B illustrate the compressive strength 246 

and Young’s modulus at different PVA concentrations, with a fixed 50wt% HAp powder ratio. 247 

The two ceramic skeletons, S1 and S2, exhibit distinct fracture behaviors. The S1 ceramic 248 

skeleton shows a lower stress increase compared to the S2 skeleton. The S1 template has a 249 

larger pore size, longer strut length, and fewer struts compared to the S2 template. As a result, 250 

the S1 template is more prone to fracture initiation at the junctions where the struts meet due to 251 

increased localized stress in these areas. Additionally, longer struts are more likely to contain 252 

defects along their length, which can serve as weak points for crack propagation. Moreover, the 253 

occurrence of grain separation at the borders of the long struts contributes to the formation of a 254 

zig-zag fracture profile. In contrast, the S2 skeleton with 20wt% PVA also displays a zig-zag 255 

fracture pattern, although the struts are much smaller than those in S1. The greater number of 256 

struts in S2 ensures that even if one strut fails, the overall structure is minimally affected, as 257 

many additional struts continue to support the load. However, the distinct zig-zag profile is also 258 

observed in the S2 sample with 20wt% PVA, which closely resembles that of the S1 sample. 259 

The increase in PVA binder concentration leads to an increase in slurry viscosity, making it 260 

difficult for the slurry to penetrate the sponge template and form thinner struts. This results in 261 

the sintered skeleton having more intrinsic defects than those prepared with lower PVA 262 

concentrations. On the other hand, when the sponge is coated with low-viscosity slurry 263 

containing a low PVA concentration, the HAp powder tends to drip off easily, making it 264 
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difficult to remain on the sponge. Increasing the ratio of HAp powder also increases the slurry 265 

viscosity [21]. As shown in Figure 3, adding 20wt% PVA binder to the S1 skeleton and 15wt% 266 

to the S2 skeleton resulted in maximum compressive strengths of 36±3.9 kPa and 51±7.8 kPa, 267 

respectively. Furthermore, when the HAp fraction was varied from 50 to 60wt%, the 50wt% 268 

ratio produced ceramic skeletons with the highest mechanical strength (Fig. S4). In summary, 269 

the optimal conditions for the S1 and S2 porous ceramic skeletons were achieved by 270 

incorporating 15wt% and 20wt% PVA, respectively, into a 50wt% HAp powder ratio. The 271 

Young's modulus of the S2 skeleton is 7.44±0.085 MPa, which is double that of the S1 skeleton, 272 

at 3.79±0.015 MPa. These ceramic skeletons with the highest mechanical strength were selected 273 

for combination with the hydrogel matrix to create the soft/hard composite. 274 

To evaluate the effect of the sintering process on the ceramic phase transition, we 275 

analyzed the porous ceramic skeleton under optimal conditions using XRD (Fig. 3C and 3D). 276 

According to the XRD diffractograms, the HAp slurry coated on the sponge templates 277 

underwent a phase transition into BCP ceramic, consisting of HAp and beta-tricalcium 278 

phosphate (β-TCP), due to the partial dissociation of HAp [22] after sintering at 1000 °C. As 279 

observed in the XRD pattern, there is a sharp peak at 2θ = 31.2º, which is characteristic of β-280 

TCP [23]. The formation of β-TCP as a result of the partial dissociation of HAp has a positive 281 

effect on the dissolution ability of the ceramic skeleton in acidic conditions because β-TCP is 282 

more soluble than HAp under such conditions. As mentioned in previous work, the presence of 283 

the more soluble β-TCP phase in BCP makes the overall material more readily dissolvable 284 

compared to pure sintered HAp [24]. This implies that Ca2+ ions in the ceramic skeleton will 285 

dissolve more easily when combined with an acidic matrix hydrogel. 286 
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 287 

Fig. 3 (A) Compressive strength of S1 and S2 at different PVA ratio at 50 wt% HAp powder. 288 

(B) Young’s modulus of S1 and S2 at different PVA ratio at 50 wt% HAp powder. ◊ Indicating 289 

the optimum concentration of PVA binder for each skeleton.  XRD diffractogram of (C) S1 and 290 

(D) S2 at optimum PVA binder ratio. The bottom HAp is profile of raw HAp powder before 291 

sintering.  292 

 293 

3-2 Structure of soft/hard composite and the effect of interfacial interaction 294 

In the molecular structure of bones, acidic macromolecules like OPN form ionic 295 

interactions with the outermost surface of calcium phosphate minerals, contributing to bone 296 

toughness. Similarly, the ionic interfacial interaction between the ceramic skeleton and the 297 

hydrogel matrix is crucial for efficiently transferring forces between them during deformation. 298 

Previous investigations using photoacoustic Fourier transform infrared spectroscopy (FTIR-299 

PAS) and molecular dynamics simulation (MDS) have provided insights into the role of 300 

interfacial interactions in the mechanical properties of HAp/PAAc composites [25]. These 301 
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studies have shown that the most favorable attachment of ionized polyacrylic acid (PAAc) 302 

occurs along the HAp surface, which has the highest density of calcium ions. The distance 303 

between the calcium ions and the oxygen atoms of the -COO⁻ groups in the ionized PAAc 304 

suggests the possibility of various types of chelation between the calcium ions and the -COO⁻ 305 

groups [26]. The interaction mechanism of PAAc with β-TCP is fundamentally similar to that 306 

with HAp due to the involvement of calcium ions and chelation [27]. 307 

To quantitatively evaluate this interaction, we conducted a 90° peeling test to calculate 308 

the adhesion energy between the PAAc hydrogel matrix and the BCP non-porous bulk plate, 309 

which was prepared using the same method as the ceramic skeleton fabrication. To reveal the 310 

effectiveness of the acidic moiety of PAAc, we also prepared a neutral poly(acrylamide) 311 

(PAAm) gel with an amide moiety as a reference. The PAAc hydrogel exhibits elongation 312 

during the peeling test, as indicated by the middle figure of Fig. 4A (red square). This elongation 313 

suggests that a higher force is required to peel the PAAc hydrogel from the BCP plate. On the 314 

other hand, the PAAm hydrogel in Fig. 4B shows no elongation, indicating it is easier to peel 315 

off due to weaker interactions with the BCP plate. The adhesion energy for the PAAc hydrogel 316 

against the BCP bulk surface was 105.7 J/m². In contrast, the neutral PAAm hydrogel showed 317 

significantly lower adhesion energy (38.29 J/m²), as shown in Fig. 4C. This confirms that the 318 

stronger interaction between the PAAc and BCP plate is due to calcium-mediated ionic bonding 319 

between the PAAc gel and the ceramic skeleton, which contributes to efficient load transfer 320 

during deformation. 321 
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 322 

Fig. 4 Peeling test of (A) PAAc gel and (B) PAAm gel on the BCP plate. (C) Peeling force-323 

displacement curves. (D) Adhesion energy between hydrogel and BCP plate. 324 

 325 

To synthesize the soft/hard composite, we combined the S1 porous ceramic skeleton 326 

with a hydrogel matrix using thermal polymerization. To evaluate the effect of interfacial 327 

interactions, we used 4 M AAc as an anionic monomer with 0.1 mol% cross-linker, which can 328 

interact with the CaP ceramic skeleton, and AAm as a neutral monomer for comparison. During 329 

polymerization, the monomer solution not only filled the surface and coarse pores of the porous 330 

ceramic skeleton but also diffused into the intermediate and fine pores, occupying all the pore 331 

structures of the ceramic skeleton. 332 

Fig. 5A shows the appearance of the soft/hard composite consisting of the S1 ceramic 333 

skeleton and the PAAc gel matrix. The gel hybridized with the ceramic skeleton without any 334 
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structural mismatch. SEM-EDX elemental analysis confirmed that the sintered ceramic sponge 335 

skeleton did not show any carbon, indicating complete combustion of the urethane sponge, 336 

whereas carbon was detected in the composite at both the primary coarse pores and the strut 337 

regions of the skeleton. This indicates that the entire pore system of the porous ceramic skeleton 338 

was completely filled by the hydrogel matrix (Fig. 5B). Similarly, the PAAm gel was also 339 

formed throughout the skeleton's pore structures, fully integrating with it (Fig. S5). 340 

Moreover, when the PAAc hydrogel matrix was combined with the ceramic skeleton, 341 

calcium was detected in the hydrogel-filled coarse pore regions. It is well known that calcium 342 

phosphate salts can dissolve in acidic conditions. The dissociation of -COOH groups on the 343 

PAAc generates H+ ions, which partially dissolve the ceramic skeleton, releasing calcium and 344 

phosphate ions into the PAAc hydrogel matrix [28]. This elution is crucial for enhancing the 345 

mechanical properties of the PAAc matrix by forming calcium-mediated ionic cross-links, 346 

similar to the role of OPN protein. The FT-IR spectrum of the PAAc-S1 composite shows a 347 

significant increase in the peak at 1550 cm⁻¹ (-COO⁻ asymmetric stretching) compared to that 348 

of the PAAc gel (Fig. S6), supporting the formation of calcium-mediated ionic cross-linking. 349 

Although calcium was also present in the PAAm system, its concentration was noticeably lower 350 

than in the PAAc system (Fig. S7). 351 
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 352 

Fig. 5 (A) Appearance of S1 ceramic skeleton, PAAc hydrogel and PAAc0.1-S1 composite. 353 

The 0.1 denotes crosslinker concentration in mol%. (B) EDX elemental mapping of S1 ceramic 354 

skeleton and PAAc0.1-S1 composite. 355 

 356 

 357 

The presence of the hydrogel matrix within the hierarchical structure of the skeleton 358 

significantly influences the mechanical interlocking between the ceramic skeleton and the 359 

hydrogel matrix. The interconnected pore structure of the skeleton increases the surface area 360 

available for interaction with the hydrogel matrix. This is supported by previous research, which 361 

demonstrates that the structure of porous fillers plays a crucial role in the micromechanical 362 

interlocking between fillers and resin, thereby enhancing the properties of dental resin 363 

composites [29]. Moreover, not only physical interlocking but also chemical interfacial 364 

interactions between the negatively charged hydrogel matrix and the ceramic skeleton are 365 

important for enhancing the mechanical properties of the material [30]. 366 

Fig. 6 presents the tensile profile and mechanical properties of PAAc-S1 and PAAm-367 

S1 composites across various monomer concentrations. The PAAc-S1 composite demonstrates 368 
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superior stretchability compared to the neat ceramic skeleton, with multiple local fractures 369 

occurring before global failure (Fig. 6C). This is due to the strong interaction between the 370 

negatively charged carboxylic groups in the PAAc hydrogel and the positively charged calcium 371 

ions on the ceramic skeleton’s surface. These robust interfacial interactions enhance load 372 

transfer between the hard ceramic skeleton and the soft gel matrix, thereby improving the 373 

composite's toughness. An increase in AAc monomer concentration further boosts the 374 

toughness of the PAAc-S1 composite, highlighting the critical role of interfacial interactions in 375 

optimizing composite performance [31]. In contrast, the neutral PAAm-S1 composites, although 376 

having the same swelling ratio as PAAc-S1, exhibit relatively lower toughness and only a single 377 

catastrophic fracture (Fig. 6D). 378 

As shown in Fig. 6E, the fracture strength of both PAAc-S1 and PAAm-S1 composites 379 

increases with higher monomer concentrations. However, PAAc-S1 consistently exhibits 380 

higher fracture strength than PAAm-S1. This is attributed to the strong ionic bonding between 381 

the PAAc matrix and calcium ions in the ceramic skeleton, which enhances load transfer and 382 

reinforces the composite structure. In comparison, while PAAm-S1 also shows increased 383 

strength with higher monomer concentration, it lacks the reinforcing ionic interactions found in 384 

PAAc-S1. The hydrogen bonds in PAAm are weaker than the ionic bonds in PAAc, resulting 385 

in lower fracture strength for the PAAm-S1 composite. 386 

The Young's modulus of both PAAc-S1 and PAAm-S1 composites also increases with 387 

higher monomer concentrations, reflecting enhanced stiffness (Fig. 6F). PAAm-S1 consistently 388 

exhibits a higher Young’s modulus than PAAc-S1 due to the different nature of their polymer 389 

networks. In PAAm-S1, the absence of ionic interactions with calcium ions means that the 390 

polymer matrix relies on hydrogen bonding, which creates a denser and stiffer structure. This 391 

increased stiffness results in a higher Young’s modulus for PAAm-S1. Conversely, the PAAc-392 
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S1 composite benefits from ionic crosslinking between carboxyl groups (-COO⁻) and Ca²⁺ ions. 393 

These ionic interactions introduce flexibility into the polymer network, leading to a lower 394 

Young’s modulus compared to PAAm-S1. Despite the increased polymer entanglement with 395 

higher monomer concentrations in both materials, the ionic crosslinks in PAAc-S1 provide 396 

greater flexibility, resulting in a relatively lower modulus. 397 

Fig. 6G illustrates that the work of extension, which measures the energy absorbed 398 

before fracture, increases significantly for PAAc-S1 composites as the monomer concentration 399 

rises. For example, increasing the AAc monomer concentration from 3 to 6 M raises the work 400 

of extension for PAAc-S1 from 401.47 to 696.17 kJ/m³. This increase is due to the enhanced 401 

toughness provided by the ionic interactions between carboxyl groups and Ca²⁺ ions, which 402 

improve load transfer and energy absorption. In contrast, PAAm-S1 shows a less pronounced 403 

increase in work of extension due to the absence of ionic interactions, resulting in lower 404 

toughness despite a similar swelling ratio. 405 

The fracture strain of both PAAc-S1 and PAAm-S1 composites decreases with higher 406 

monomer concentrations, as shown in Fig. 6H. This decrease is attributed to increased polymer 407 

entanglement, which restricts the mobility of the polymer chains and leads to greater stiffness 408 

and strength. While PAAc-S1 retains greater elongation at break compared to PAAm-S1, the 409 

denser polymer network resulting from higher monomer concentrations contributes to the 410 

observed reduction in fracture strain for both composites. 411 



 21 

 412 

Fig. 6 Tensile mechanical profiles of the soft/hard composites. Stress-strain curves of (A) 413 

PAAc-S1 composites and (B) PAAm-S1 composites. Fracture profile of (C) PAAc-S1 414 

composite and (D) PAAm-S1 composite. (E) Fracture strength of PAAc-S1 and PAAm-S1 415 

composites. (F) Young’s modulus of PAAc-S1 and PAAm-S1 composites. (G) Work of 416 

extension of PAAc-S1 and PAAm-S1 composites.  (H) Fracture strain of PAAc-S1 and PAAm-417 

S1 composites.    418 

 419 

Moreover, it is important to note that the PAAc gel matrix itself is reinforced by 420 

calcium-mediated ionic cross-linking, as shown in Fig. 5B and S7. Calcium ions can form 421 

bridging interactions with the negatively charged carboxylic acid groups of the PAAc matrix 422 

through electrostatic interaction [32-33]. As mentioned in previous work [6], the PAAc-HAp 423 

composite system possesses a self-regulating feature due to the dual buffer effect of PAAc and 424 

calcium phosphate. Even though the initial state of the composite with calcium phosphate and 425 

acidic PAAc polymer varies based on different feed compositions, the final equilibrium state 426 

converges to a similar condition. During this process, calcium-mediated ionic bonds 427 

spontaneously form between the PAAc polymers, as well as between the polymer and minerals. 428 

Consequently, even with the same polymer concentration, the PAAc matrix is much stronger 429 

and tougher than the PAAm matrix in the composite. 430 
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To reveal the contribution of the ceramic sponge structure to the mechanical properties 431 

of the composite, we compared the PAAc-S1 composite with the PAAc-particulate HAp 432 

composite under cyclic tensile testing. The PAAc-particulate HAp composite was prepared 433 

using 4 M AAc monomer, 0.1 mol% MBAA crosslinker, and 10 vol% HAp powder, similar to 434 

the fabrication of the ceramic sponge. As a result, the HAp particles were not interconnected 435 

but were homogeneously distributed within the gel matrix. Based on the cyclic tensile curves 436 

of both composites with the same AAc concentration, the PAAc-particulate HAp composite 437 

exhibited lower hysteresis (50.56 kJ/m³) compared to the PAAc-S1 composite (91.78 kJ/m³) 438 

(Fig. S8). Assuming that energy dissipation from calcium-mediated ionic cross-linking at the 439 

mineral-polymer and polymer-polymer interfaces is comparable between the PAAc-particulate 440 

HAp composite and the PAAc-S1 composite, the energy dissipation due to the fracture of the 441 

ceramic skeleton structure is almost half of the total hysteresis (41.22 kJ/m³). This result 442 

indicates that the skeleton structure of the ceramics greatly contributes to the toughness of the 443 

composite and efficiently dissipates energy at low strain due to the brittle nature of the sintered 444 

ceramics. 445 

As mentioned above, in addition to the calcium-mediated ionic bonds present between 446 

the PAAc chains and the skeleton as well as between the PAAc chains themselves, the 447 

fracturing of the ceramic skeleton generates additional interfacial interactions in the soft/hard 448 

composite. The fracture of the ceramic skeleton exposes new bare surfaces that can interact 449 

more with the hydrogel matrix, providing extra mechanical recovery in the soft/hard composite 450 

material. To test this hypothesis, we conducted multiple loading-unloading cyclic tests with 451 

varying waiting times. As a representative sample, we used the soft/hard composites fabricated 452 

from the S1 skeleton with 4 M AAc and either 0.01 mol% or 0.1 mol% MBAA (referred to the 453 

AAc concentration) (Fig. 7). The reason for preparing two samples with different cross-linker 454 



 23 

concentrations is that the hydrogel with a lower cross-linker concentration possesses more 455 

flexible polymer chains, making it easier to adapt to the bare surface of the ceramic skeleton 456 

during the waiting time and thus providing a higher healing ability. 457 

 458 

Fig. 7 Loading-unloading cyclic tests to evaluate the healing ratio of PAAc-S1 soft/hard 459 

composite with different waiting times after the first cycle. (A) with 0.01 mol% MBAA. (B) 460 

with 0.1 mol% MBAA. (C) Dissipated energy calculated from the hysteresis area. (D) Healing 461 

ratio calculated from hysteresis of the first cycle over that of second cycle. (E) Generation of 462 

new BCP surface area after the tensile deformation as revealed by SEM observation.  463 

 464 
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According to the results in Fig. 7, the hysteresis area for both PAAc0.01-S1 and 465 

PAAc0.1-S1 increased after the first cycle with longer waiting times. The PAAc0.1-S1 466 

composite exhibited higher dissipated energy than the PAAc0.01-S1 composite, indicating that 467 

the more densely cross-linked network requires more energy to deform [34]. This denser network 468 

enables the material to withstand higher forces and dissipate energy more effectively. 469 

Conversely, in terms of the healing ratio, PAAc0.01-S1 demonstrated greater healing, reaching 470 

approximately 76% after 1 hour of waiting time, while PAAc0.1-S1 achieved only about 53% 471 

at the same waiting time. The incomplete recovery (less than 100% healing) is attributed to 472 

micro-damage in the PAAc hydrogel matrix, primarily caused by the breaking of covalent 473 

cross-linkers during deformation. Additionally, during the first loading-unloading cycle, the 474 

dissipated energy is dominated by the fracture of the skeleton, debonding of the matrix from 475 

the ceramic skeleton, and the breaking of Ca-mediated ionic bonds within the matrix.  476 

Under cyclic loading-unloading tests, the fracture of the ceramic skeleton exposes new 477 

bare surfaces (Fig. 7E). It is possible that these new surfaces further interact with the hydrogel 478 

matrix through calcium-mediated ionic bonds formed during the waiting period, a process 479 

controlled by the dual buffer effect. During this period, the recovery of physical bonds between 480 

the polymer matrix and the ceramic skeleton, as well as between the polymers themselves, 481 

occurs relatively quickly due to molecular-scale diffusion. However, the formation of additional 482 

interactions between the new bare surface of the skeleton and the polymer matrix exhibits 483 

slower dynamics because micrometer-scale diffusion is required. Additionally, the higher the 484 

crosslink density of the polymer matrix, the more constrained the polymer chains become, 485 

which restricts large-scale diffusion. As shown in Fig. 7D, the healing ratio were higher for the 486 

0.01 mol% composite than for the 0.1 mol% composite, even later in the waiting period. This 487 
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suggests that flexible polymer chains with low crosslink density form interactions with the new 488 

bare interface through thermal motion. 489 

 490 

3-3 Tuning the mechanical properties of soft/hard composite by using small pore skeleton 491 

 The size and structure of the pores in the ceramic skeleton significantly affect the 492 

mechanical properties of soft/hard composites. In this study, two distinct ceramic skeletons, S1 493 

and S2, incorporated into a PAAc hydrogel matrix, were compared. The ceramic skeletons 494 

exhibit different architectural characteristics, including pore size, strut length, and quantity. As 495 

previously stated, the S1 skeleton displayed larger pore sizes, longer strut lengths, and fewer 496 

struts compared to the S2 skeleton. We hypothesize that the soft/hard composite containing the 497 

S2 skeleton will exhibit superior mechanical properties due to the improved architecture of S2. 498 

This enhanced architecture reduces local stress concentrations, thereby increasing the overall 499 

mechanical properties of the structure. To assess the influence of pore structure on the 500 

mechanical properties, uniaxial tensile tests and loading-unloading tests, as depicted in Fig. 8, 501 

were conducted on the soft/hard composites. 502 
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 503 

 504 

Fig. 8 (A) Tensile profile of soft/hard composite with different type of skeletons. (B) Strain at 505 

break and work of extension of PAAc-S1 and PAAc S2 composites. (C) Loading-unloading 506 

uniaxial tensile profiles up to 5th cycles. (D) Dissipated energy of soft/hard composite with 507 

different type of skeletons under loading-unloading uniaxial tensile test.  508 

 509 

Remarkably, the combination of the S2 skeleton and hydrogel matrix demonstrated 510 

superior performance in terms of strain at break and work of extension (5.4 mm/mm, 1002 511 

kJ/m³) compared to the PAAc-S1 soft/hard composite (4.8 mm/mm, 625 kJ/m³). The S2 512 

skeleton, with its smaller pore size and shorter strut lengths, results in a greater interfacial area 513 

for interactions between the ceramic and the PAAc hydrogel matrix. This robust interfacial 514 

adhesion facilitates the effective transmission of force between the flexible hydrogel matrix and 515 

the hard ceramic reinforcement phase under mechanical loading. Additionally, the S2 skeleton 516 

enables a more homogeneous distribution and penetration of the ceramic reinforcement phase 517 
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throughout the hydrogel matrix. This consistent load distribution in the composite material 518 

ensures efficient force transfer and even stress distribution, resulting in higher fracture strain. 519 

In contrast, the larger pores and longer strut lengths of the S1 skeleton may lead to localized 520 

stress concentration and early structural failure. 521 

To further analyze the effect of pore size on the mechanical properties of the soft/hard 522 

composites, we evaluated the durability of the composites with different types of ceramic 523 

skeletons through loading-unloading cyclic tests up to a strain of 1.0 mm/mm without waiting 524 

time between cycles (Fig. 8C). The PAAc-S2 soft/hard composite exhibited higher hysteresis 525 

areas compared to the PAAc-S1 composite. During the first cycle, significant damage occurs 526 

in the composite material, such as fracture of the ceramic skeleton and debonding of the matrix 527 

from the skeleton. This initial damage leads to a high dissipation of energy. In subsequent cycles, 528 

the damage may stabilize, meaning that while some further damage might occur, the overall 529 

dissipation mechanism becomes more predictable and stabilizes. This could result in relatively 530 

constant dissipated energy from cycle to cycle after the initial cycle. Furthermore, after the first 531 

cycle, the stress distribution within the composite might become more uniform. The 532 

redistribution of stress occurs due to changes in microstructural features, such as crack paths 533 

and the contact area between the matrix and skeleton. This redistribution can also lead to the 534 

stabilization of dissipated energy as the material adjusts to the cyclic loading conditions. 535 

To further validate the influence of distinct porous structures on the mechanical 536 

properties, we investigated the skeleton mass ratio in the soft/hard composite material using 537 

TGA (Fig. S9). TGA analysis revealed that the skeleton mass ratio was 31wt% for the 538 

PAAc0.1-S2 soft/hard composite, which is higher than the 28wt% skeleton mass ratio for the 539 

PAAc0.1-S1 composite. This suggests that the soft/hard composite with the S2 skeleton, 540 

characterized by a smaller pore structure, provides a higher surface area that interacts more 541 
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effectively with the PAAc hydrogel matrix, as supported by SEM analysis. Consequently, the 542 

increased surface area of the S2 skeleton in the soft/hard composite likely leads to enhanced 543 

interactions between the HAp and β-TCP present in the skeleton and the PAAc hydrogel, 544 

contributing to the excellent mechanical properties observed in the PAAc-S2 composite. 545 

However, TGA analysis indicates that both PAAc-S1 and PAAc-S2 soft/hard composite 546 

materials contain a significant amount of water, approximately 50 wt%, as evidenced by the 547 

substantial weight loss observed below 500 °C [35]. This high-water content, compared to natural 548 

bone, which has around 15-25% water by volume [36], contributes to the weaker mechanical 549 

properties of these composites. However, the primary reason for their much lower strength 550 

compared to bone is the absence of the fine hierarchical structure that is characteristic of natural 551 

bone. 552 

 553 

4. Conclusion 554 

The fabrication of the novel soft/hard composite presented in this work demonstrates 555 

the successful application of the sacrificial bond concept. By combining a porous ceramic 556 

skeleton with a hydrogel matrix in a single thermal polymerization process, the resulting 557 

composite effectively mimics the molecular interactions and hierarchical structure of natural 558 

bone, incorporating multiple sacrificial structures. The brittle porous ceramic skeleton serves 559 

as the primary sacrificial bond, while the hydrogel matrix prevents fatal and global fractures. 560 

Additionally, the interactions between the skeleton and matrix, as well as between the released 561 

calcium ions and the hydrogel, contribute to the overall toughening mechanisms. Moreover, the 562 

fracture of the brittle ceramic skeleton can expose new surface areas, facilitating further 563 

interactions with the hydrogel and providing an additional recovery pathway. 564 
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This combination allows the composite to replicate key features of bone, including its 565 

hierarchical organization and the interplay between hard and soft components. This work 566 

presents a simple yet effective strategy for fabricating soft/hard composites that mimic the 567 

structure and properties of natural bone. The ability to combine a porous ceramic skeleton and 568 

a hydrogel matrix in a single step opens up new possibilities for developing advanced 569 

biomaterials and tissue engineering applications. The unique sacrificial and multiscale structure 570 

of the composite can lead to enhanced mechanical performance and improved integration with 571 

biological systems, paving the way for further exploration and applications in regenerative 572 

medicine and beyond. 573 
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