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ABSTRACT: Development of mechanically durable and biologically inductive hydrogels is a 8 

major challenge for load-bearing applications such as engineered cartilage. Dissipative 9 

capacity of articular cartilage is central to its functional behavior when submitted to loading. 10 

While fluid frictional drag is playing a significant role in this phenomenon, the flow-dependent 11 

source of dissipation is mostly overlooked in the design of hydrogel scaffolds. Herein, we 12 

propose an original strategy based on the combination of fluidic and polymeric dissipation 13 

sources to simultaneously enhance hydrogels mechanical and mechanobiological 14 

performances. The non-destructive dissipation processes were carefully designed by hybrid 15 

crosslinking of the hydrogels network and low permeability of the porous structure. It was 16 

found that intra-chains and pores water distribution in the porous hydrogels improves the 17 

mechanical properties in high water fractions. In contrast to widely reported tough hydrogels 18 

presenting limited load support capability at low strain values, we obtained stiff and dissipative 19 
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hydrogels with unique fatigue behavior. We showed that the fatigue resistance capability is not 20 

a function of morphology, dissipation level, and stiffness of the hydrogels but rather depends 21 

on the origin of the dissipation. Moreover, the preserved dissipation source under mechanical 22 

stimulation maintained a mechano-inductive niche for enhancing chondrogenesis thanks to 23 

fluid frictional drag contribution. The proposed strategy can be widely used to design 24 

functional scaffolds in high loading demands for enduring physiological stimuli and generating 25 

regulatory cues to cells.   26 

1 INTRODUCTION 27 
Engineering functional hydrogels presenting cells promoting features and robust fatigue 28 

behavior is a significant challenge in the biomaterial field, particularly for load-bearing tissues 29 

like cartilage. 1-3 Viscoelasticity of cartilage tissue is central to its functional behavior and 30 

homeostasis in the demanding biomechanical condition of synovial joints.4-6 From a biological 31 

point of view, evidence is now growing that cells fate can be regulated by viscoelasticity of 32 

their surrounding microenvironment in three dimensional hydrogels.6-9 From a mechanical 33 

standpoint, energy dissipation (ED) is an essential viscoelastic property for a load-bearing 34 

material to damp the input energy and avoid failure. 10-11 Preserved dissipation is thus a key 35 

characteristic for long term and durable performance of biomaterials under fatigue loading. 36 

Design of proper dissipative sources for hydrogel scaffolds could therefore be a strategic 37 

approach to simultaneously improve their mechanical and mechanobiological performances. 38 

The level of ED is quantified by the area of hysteresis loop when the material is under cyclic 39 

mechanical loading. While mechanical dissipation is generally described as a global variable, 40 

the specific origin of dissipation could highly impact the hydrogels functionality. The energy 41 

dissipation of a biphasic material arises from fluid frictional drag force and intrinsic 42 

viscoelasticity of the solid matrix following reversible or/and irreversible processes. Various 43 

dissipative hydrogels have been developed based on different molecular structures to modulate 44 
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polymeric dissipation sources. In this intensive research context, innovative strategies were 45 

proposed including double network,12-13 hydrophobic modification,14 block copolymers,15 46 

opposite polyelectrolytes,16 as well as hybrid,17 and composite,18 systems. They all follow the 47 

same principle of dissipating the imposed input energy by incorporating sacrificial elements 48 

into the polymeric network. 10 Moreover, considerable efforts have been devoted to the 49 

development of dissipative hydrogels with the aim of achieving toughness of biological tissues 50 

to sustain physiological loads. 3, 13, 19 However, insufficient load support capability in moderate 51 

strain range often limits the application of these tough hydrogels especially for cartilage tissue 52 

regeneration. In addition, a merely stiff and dissipative hydrogel does not necessarily present a 53 

fatigue resistance capability. Accordingly, dissipation sources of reversible nature have been 54 

recently considered for a robust mechanical behavior.19-22 Despite development of a few 55 

dissipative hydrogels with appropriate stiffness, the lack of chemical stability,15, 23 low water 56 

content,16, 24-25 and long recovery time after loading,16-17, 23-24 still hamper their application.  57 

We hypothesize that one key aspect for a durable performance of load-bearing hydrogels 58 

under cyclic loading is a careful and smart design of their dissipative sources. While fluid 59 

frictional drag is critical for biomechanical behavior of cartilage tissue, 4-5 this flow-dependent 60 

source of dissipation is usually overlooked in dissipative hydrogels with intrinsic dissipation 61 

sources.10, 26 Indeed, the fluid-solid interaction source of dissipation is controllable through a 62 

modulation of the biphasic structures permeability. 27-28 Accordingly, the flow-independent 63 

sources of dissipation can be supplemented with flow-dependent mechanisms to obtain a load-64 

bearing hydrogel with fatigue resistance characteristic. In parallel, analysis of cells-scaffold 65 

interaction to different dissipation sources can provide new insights on the role of viscoelastic 66 

phenomenon on cells behavior. We therefore propose a novel strategy based on the control of 67 

dissipation sources to design hydrogels with robust mechanical behavior and enhanced 68 

mechanobiological feature. 69 
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Herein, we report that by an original combination of flow-dependent and flow-independent 70 

dissipation sources, fatigue resistant hydrogels can be developed with similar range of 71 

compressive stiffness, dissipation and water content to cartilage. For this purpose, hydrogel’s 72 

composition-permeability pair is introduced to manipulate the network intrinsic dissipation and 73 

fluid frictional drag sources. Accordingly, the influence of material composition on flow-74 

independent dissipation source is firstly analyzed in conventional hydrogels. Then, the design 75 

of porous hydrogels with tunable permeability is proposed to modulate flow-dependent source 76 

of dissipation. We also show that hydrogels having preserved hysteresis sources are fatigue 77 

resistance regardless of their stiffness and dissipation level. Finally, the enhanced mechanical 78 

behavior, obtained by controlling the dissipation origins, is further applied to the 79 

mechanobiological response of cells-laden porous hydrogels. In particular, chondrogenesis is 80 

favored during mechanical stimulation in fatigue resistant hydrogels having effective 81 

contribution of frictional drag mechanism. Collectively, we address how the design of the 82 

different dissipation sources opens the possibility to develop functional hydrogels with 83 

enhanced mechanical and biological performances.  84 

2 EXPERIMENTAL SECTION 85 

2.1 Hydrogels Fabrication 86 

We used [2-hydroxyethyl methacrylate] (HEMA) as the main monomer for the polymeric 87 

network and ethylene glycol dimethacrylate (EGDMA) as the covalent crosslinker. Precursors 88 

of conventional poly HEMA based hydrogels were prepared with different concentrations of 89 

EGDMA and bi-distillated water. By adding the 2,2-dimethoxy-2-phenylacetophenone 90 

(DPAP- 0.1% of mol HEMA) photo-initiator, the solution was transferred to cylindrical 91 

transparent molds (6 mm diameter and 2.5 mm thickness) and covered with narrow microscope 92 

glass. After UV polymerization for 15 min (365 nm & 2 mW/cm2), as-prepared conventional 93 

hydrogels were used for swelling study. We name the hydrogel prepared this way as 94 
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“conventional hydrogel” as opposed to “porous hydrogel” described below. The conventional 95 

pHEMA based hydrogels are referred to xCr-yW, where x and y stand respectively for 96 

EGDMA molar and initial water content volumetric ratios (%) to HEMA (Cr and W are 97 

abbreviations for crosslinking and water).  98 

Salt leaching method was employed for porous hydrogels fabrication following UV radiation 99 

or heat polymerization (details in supporting information). Briefly, DPAP or redox pair 100 

(ammonium persulfate and sodium metabisulfite) as initiating agent was mixed with HEMA-101 

EGDMA solution for UV or heat polymerization (Figure S3), respectively. The hydrogel 102 

precursor was then added to the sieved salt particles inside cylindrical Teflon molds (Table 103 

S2). To remove entrapped salt particles and allow swelling of the polymeric network, samples 104 

were kept in stirred water for one week during which the water was changed regularly. The 105 

diameter and thickness of the hydrated porous hydrogels were sized using a punch and home-106 

made cutting tool (8 mm diameter, 2.5 mm height). The porous pHEMA hydrogels are defined 107 

with xCr-size configuration, where x stands for EGDMA molar ratio (%) to HEMA, and size 108 

represents the size of the meso pores (extra fine, fine, medium, and coarse). 109 

2.2 Hydrogels Characterization 110 

The volumetric swelling ratio of the conventional hydrogels was calculated according to 111 

Equation 1	by measuring the samples volume using a density determination kit (Density Kit 112 

MS-DNY-43, Mettler Toledo, USA). For this purpose, as prepared and swollen hydrogels were 113 

weighed in air (𝑊!"#) and when submerged in ethanol (𝑊$%&.) and their corresponding volume 114 

was calculated by Equation 2 based on Archimedes' buoyancy principle.29-30 Similarly, the 115 

equilibrium water content (EWC) of the hydrogels (either conventional or porous) was 116 

determined via the volume of the hydrated (𝑊!"#
()*++$,) and weight of the dried (𝑊-#"$-) 117 

samples according to Equation 3. 118 
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Micro-computed tomography (µCT Skyscan 1176, Bruker, Kontich, Belgium) scans of 119 

freeze-dried samples were employed for the morphological analysis. Pores distribution was 120 

evaluated by CTAn software (Bruker) and 3D images were created by AMIRA software (FEI 121 

Visualization Sciences Group, Burlington, MA, USA) using reconstructed µCT scans. The 122 

strain-dependent permeability (k(ε)) of the porous hydrogels was determined based on Darcy’s 123 

law by using our custom-build rig described elsewhere. 27 Briefly, the flow rate was measured 124 

under constant water head condition by measuring the weight of traversing water through the 125 

porous hydrogels in a period of time. 126 

Once hydrogel disks equilibrated in water, force-displacement data was collected during 127 

cyclic compression of samples in a water bath by Instron machine (E3000, Norwood, 128 

Massachusetts, USA) to quantify energy dissipation level. Initial cross section area and 129 

thickness of samples were used to calculate stress-strain values from raw load-displacement 130 

data. Three sequential unconfined compressions and hold steps were applied on samples 131 

immersed in water to evaluate time dependent load support over stress relaxation test. 132 

Additionally, we employed corresponding relaxed stress and strain values to calculate the slope 133 

of the best linear fit as equilibrium Young modulus (Eeq.). As fatigue resistance metrics, we 134 

evaluated i) the load support capability of hydrogels before and after one hour fatigue loading 135 

(3600 cycles) and ii) the differential value of the energy dissipation (∆ED) normalized by the 136 

energy dissipation of a reference cycle according to Equation 4. The ∆ED was calculated by 137 

subtraction of the latter cycle from the former cycle and an intermediate cycle number (cycle 138 

100) was considered as the reference ED for normalizing the ∆ED between cycles 10, 100 and 139 

1000.  140 
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A poro-viscoelastic model,31 of porous hydrogels was developed using COMSOL 141 

Multiphysics (COMSOL Inc., Burlington, MA, USA) by employing Darcy’s Law and Solid 142 

Mechanics modules. The solid and the fluid phases were coupled based on theory of poro-143 

elasticity,32 and a linear viscoelastic behavior for the solid part was assumed according to 144 

Maxwell–Wiechert model. 33 To minimizes the error of the simulation and experimental data, 145 

an estimation routine based on particle swarm optimization,34 was defined for finding the best 146 

set of parameters for network viscoelasticity. The optimized finite element model was then 147 

used to separate the flow-dependent and the flow-independent viscoelasticity of the porous 148 

hydrogels thanks to direct characterization of permeability. A complete description of the 149 

methods used for experimental and computational characterization of hydrogels can be found 150 

in supporting information.  151 

2.3 Mechanobiological Study 152 

Human epiphyseal chondro-progenitor cells were expanded in 2D culture according to 153 

established cell culture protocols.35  Porous hydrogels were sterilized and coated with 154 

fibronectin before the cell seeding step for the sake of bioactivity and inducing similar cell-155 

hydrogel interface in different groups of study. 6, 36 Cells infusion into porous hydrogels was 156 

carried out by an optimized compression released induced suction (CRIS) method as described 157 

in our previous work.36 Hydrogels were then pre-cultured for 3 days in proliferation medium 158 

inside a standard incubator (37°C, 5% CO2). After this step, differentiation medium was used 159 

and starting from day 5, the mechanical stimulation was applied on porous hydrogels using a 160 

home-made bioreactor. 6 The stimulation time was 2 hours per day for a period of 4 days, while 161 

the corresponding control groups were incubated in equivalent condition but without 162 
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mechanical loading. Detail process of mechanobiological experiment and analysis can be found 163 

in supporting information (Figure S12-a and Table S4).  164 

2.4 Statistical analysis 165 

The extracted results were reported by mean and standard deviation values for mechanical 166 

properties and average, maximum and minimum fold changes for gene expression data. The 167 

statistical significance between different study groups was determined by Student t-test when 168 

required (n=4).  169 

3 RESULTS AND DISCUSSION 170 

3.1 Conventional hydrogels with intrinsic dissipation sources 171 

By following the sacrificial bonds principle,15-16, 26 a fatigue-resistant single network hydrogel 172 

can be developed via a hybrid crosslinking strategy.10 We therefore used biocompatible HEMA 173 

polymer to design a hybridly crosslinked single network hydrogel. Different physical bonds 174 

can be formed within pHEMA network thanks to the available functional groups of the chains. 175 

Furthermore, the stiffness and the dissipation level of pHEMA hydrogels can be significantly 176 

enhanced if the network is copolymerized by a covalent crosslinker (Cr). 37 We developed 5 177 

groups of conventional pHEMA based hydrogels and evaluated the role of material 178 

composition in bonds formation and resultant mechanical properties. The contribution of weak 179 

and strong bonds to the mechanisms of intrinsic network dissipation and fatigue performance 180 

was then analyzed.  181 

The mechanical properties of the conventional pHEMA hydrogels could be modulated via 182 

their polymeric composition as shown in Figure 1. We observed softer hydrogels in higher 183 

water contents (e.g., 3Cr-50W vs. 3Cr-55W) confirming the inverse correlation between void 184 

space and the stiffness of biomaterials. 38 In parallel, the higher covalent crosslinking ratio 185 

provides a stiffer and more dissipative hydrogel (Figure 1-a) with the same water content. 186 
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Regardless of the level of dissipation and stiffness, the dissipation origin should be reversible 187 

and non-destructive for a fatigue resistant material. While hysteresis loop in hydrogels with 188 

destructive dissipation is shrinking over cyclic loadings, fatigue resistant hydrogels preserve 189 

their dissipative capacity. Representative hysteresis loops evolution and load support capability 190 

of hydrogels with (4Cr-55W) and without (7Cr-60W) fatigue resistance characteristic are 191 

illustrated in Figure 1-b and Figure S1. The 7Cr-60W hydrogel shows the highest ED reduction 192 

over cyclic compression (Figure 1-c) despite its lower stiffness than other hydrogels. 193 

Conversely, the 4Cr-55W hydrogel presents a fairly stiff and dissipative hydrogel with a robust 194 

fatigue performance thanks to its non-destructive dissipation source.  We also compared the 195 

tensile properties of the hydrogels as shown in Figure S2. In general, the tensile tests confirmed 196 

the results of compressive loading regime in different groups of hydrogels (e.g., similar trends 197 

for modulus, dissipative capacity and fatigue performance). 198 

 199 
Figure 1. Single network pHEMA based hydrogels characteristics. (a) Energy dissipation per 200 

unit volume was obtained by applying 15% cyclic compression at 1 Hz over 10% static strain 201 
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(ED value is the average over the 90th to 100th loading cycles, left axis) and equilibrium 202 

Young’s modulus (Eeq. was measured between 10 to 20% compressive strains, right axis) of 203 

the hydrogels. (b) Hysteresis loop evolution of 4Cr-55W (light blue) and 7Cr-60W (purple) 204 

hydrogels during cyclic loading demonstrating the preserved and reduced energy dissipation 205 

(ED) level, respectively. (c) The differential normalized value of the energy dissipation during 206 

cyclic loading for cycle 10 and 1000 with respect to cycle 100 as the reference cycle ( ∆/0
12:;;

) 207 

where ∆ED was calculated by subtraction of the latter cycle from the former cycle. (d) 208 

Volumetric swelling ratio (Qv) of the developed hydrogels. 209 

Incorporation of recoverable sacrificial bonds to a flexible network ensures a durable 210 

dissipative behavior following mechanical loadings.10 A secondary structure is likely to form 211 

by reversible physical bonds in pHEMA network with nano-mesh sizes (Table S1), provided 212 

that the network flexibility and density allows it. The hydrophobic tendency of methyl (CH3) 213 

groups in pHEMA chain acts as a driving force to form hydrophobic associations within the 214 

network.39-40 In addition, polar hydroxyl (OH) and carbonyl (C=O) side chains in pHEMA not 215 

only bring hydrophilicity to the network but also allow hydrogen bonding,41-42 or intra-chains 216 

sliding/interaction following deformation.37 We verified the contribution of the physical bonds 217 

to the hydrogels network by evaluating their volumetric swelling ratio (Figure 1-d) and fatigue 218 

behavior. The 7Cr-55W hydrogel presented a mild swelling in water (Qv>1) meaning that the 219 

hydrophilic tendency of the pHEMA chains in a constrained network overcame the chains 220 

attraction force for physical bonds formation. Conversely, we observed de-swelling (Qv<1) for 221 

the 3Cr-55W hydrogel indicating that the shrinking forces prevailed, thanks to the flexibility 222 

of its network. In parallel, the normalized ED differences are higher for 7Cr-55W hydrogel 223 

than 3Cr-55W hydrogel during cyclic loading (Figure 1-c), which presents a weaker fatigue 224 

performance in a constrained network. In case of 4Cr-55W hydrogels, the swelling and 225 
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shrinking forces almost equilibrated (Qv~1), further supporting the inverse correlation between 226 

network rigidity and physical bonds formation.  227 

The significance of a careful design of polymeric network for obtaining a preserved and 228 

adequate intrinsic dissipation source is schematically illustrated in Figure 2. A high density of 229 

strong covalent bonds can over constrain the hydrogels network, reduce its resilience and 230 

hamper formation of a secondary structure. Consequently, the network may either experience 231 

chains fracture between two crosslinks or bonds rupture at the crosslinking location upon an 232 

applied deformation as depicted in Figure 2-a. Both of these processes are highly dissipative, 233 

nevertheless causing permanent and not recoverable damage even after a long recovery time 234 

(Figure S1). Alternatively, a careful combination of physical and covalent bonds provides a 235 

hybrid crosslinking system with fatigue resistance capability as schematically illustrated in 236 

Figure 2-b. In such a hydrogel, the network is sparsely populated by the covalent bonds to 237 

maintain stability of the system. The macromolecular configuration in this flexible network can 238 

be reorganized upon deformation to dissipate energy by reversible dissociation of physical 239 

bonds and polymeric chains rearrangement. Preserving high dissipative capacity with non-240 

destructive processes, however, can only be accomplished with an increased polymer fraction 241 

(dense network) of the hydrogel. Indeed, a higher portion of free water between chains 242 

diminishes the required sources for ED in the network by isolating the chains.  243 
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 244 

Figure 2. Influence of the macromolecular network of pHEMA based hydrogels on polymeric 245 

dissipation origin. (a) High concentration of covalent bonds leads to destructive dissipation 246 

upon an applied deformation.  Following deformation of the constrained network, bonds 247 

rupture at the crosslinking location or chains fracture between two crosslinks (showed by 248 

purple color) could occur which are irreversible sources of dissipation. (b) Optimal hybrid 249 

crosslinking dissipates input energy non-destructively. Dissociation of physical bonds and 250 

chains rearrangement within the flexible network lead to reversible polymeric dissipation. 251 

3.2 Porous hydrogels design  252 

3.2.1 Water distribution in different length scales to enhance hydrogel mechanical 253 
properties 254 

The stiffness and dissipative capacity of conventional pHEMA hydrogels significantly 255 

dropped (Table 1) with a water content range close to the cartilage (65-80%) 4-5. Imposing a 256 

large amount of water in conventional pHEMA hydrogels loosens their networks and prevents 257 

adequate physical bonds formation.42-43 It can also lead to polymerization induced phase 258 
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separation which forms elastically inactive chains within the network. 40 Indeed, the presence 259 

of heterogeneous water compartments within hierarchical structure of load-bearing tissues 260 

(intra and extra fibrillar fluids) optimizes their mechanical performance.4, 44 The patterned water 261 

distribution in different length scales (e.g., nano meshes and meso pores) is, therefore, an 262 

interesting strategy to design functional hydrogels. Accordingly, we developed porous 263 

hydrogels with intra-chain and pore water fractions to maintain the mechanical functionality in 264 

a physiological water content as shown in Figure 3. It was found that with a fluid phase in 265 

cartilage range (~70%), stiffness and dissipative capacity of a porous pHEMA hydrogel are 266 

significantly higher than corresponding conventional hydrogels (Table 1). Besides improved 267 

mechanical properties in a relatively high water content, a great advantage of a porous hydrogel 268 

design is the control over flow-dependent source of dissipation. 269 

Table 1. Mechanical properties of conventional and porous pHEMA hydrogels (UV 270 

polymerized) containing around 70% water corresponding to the cartilage physiological water 271 

content.  272 

Hydrogel EWC (%) ED (mJ/cc) Eeq. (kPa) 

3Cr-66W: conventional 68±1 5.5±0.51 148.05±9.17 

3Cr-Ext. Fine: porous 69±1 12.55±0.72* 361.33±30.66* 

4Cr-66W: conventional 67±1 7.51±1.03 293.75±54.58 

4Cr-Ext. Fine: porous 69±1 14.52±1.11* 506.41±67.76* 

EWC: Equilibrium water content. 
ED: Energy dissipation (10% static+15% at 1 Hz). 
Eeq.: Equilibrium Young’s modulus (10-20% strain). 

* Significant difference between porous 
and corresponding conventional groups (p 
< 0.01, n=4).  
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 273 
Figure 3. Influence of pHEMA based hydrogels fabrication methods on their mechanical 274 

behavior in 70% water content condition. The patterned water distribution in different length 275 

scales (pore and intra-chains water portions) leads to superior mechanical properties for porous 276 

pHEMA hydrogels (obtained by salt-leaching) compared to conventionally prepared hydrogels 277 

in high water fractions. 278 

3.2.2 Modulating different origins of dissipation in porous hydrogels 279 

A multi-mechanism dissipative design can be accomplished in porous hydrogels by 280 

employing flow-dependent and flow-independent dissipation sources. The fluid flow and 281 

accordingly frictional drag source of dissipation depend on the permeability in porous materials 282 

such as articular cartilage.45 Indeed, the permeability of porous hydrogels can be engineered by 283 

their pore sizes while keeping the water fraction constant. 27 Accordingly, to modulate fluidic 284 

and solid intrinsic dissipations, five groups of porous hydrogels were developed presenting 285 

different pore sizes and Cr ratio as reported in Table S2. In these samples, the pores and intra-286 

chains water fractions occupy around 50% and 20% of the hydrogels total volume, respectively. 287 

The morphological characteristics of the developed porous hydrogels are displayed in Figure 288 

4. Significant decrease in the permeability of the hydrogels with smaller pores was confirmed 289 

with direct permeability measurements (Figure 4-a & Table S2).  290 
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 291 
Figure 4. Porous hydrogels morphological characteristics in the dried state. (a) Pores size 292 

distribution of the porous hydrogels determined by analysis of µCT scans and corresponding 293 

strain-free permeability (k0: m2). (b-e) Reconstructed 3D images using µCT scans for porous 294 

hydrogel having coarse, medium, fine, and extra fine pores, respectively. (f-i) SEM graphs of 295 

porous hydrogel having coarse, medium, fine, and extra fine pores, respectively (scale bar: 100 296 

µm).  297 

We found that the stiffness and dissipative capacity are indirectly related to the permeability 298 

and directly to the Cr ratio of porous hydrogels (Figure 5-a and Figure S5). Indeed, different 299 

degrees of stiffness and dissipation were only obtained by changing the permeability of the 300 

hydrogels in 4Cr composition. In a permeable hydrogel (coarse pore size, k~10-12 m2), the 301 

influence of the flow-dependent source is minor, while it is a dominant dissipation source in 302 
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poorly permeable hydrogels (finer pores, k≤10-14 m2). We also observed that three porous 303 

hydrogels (4Cr-Fine, 6Cr-Medium and 8Cr-Coarse) present similar ED to articular cartilage,6, 304 

46 under cyclic compression. The contribution of the dissipation sources in these hydrogels was 305 

evaluated by measuring the ED ratio obtained from two different loading regimes as following. 306 

The “standard regime” was a walking-like cyclic compression defined as 10% dynamic strain 307 

at 1 Hz over 10% static strain. The “validation regime” represents another loading with lower 308 

frequency (0.1 Hz) and larger dynamic strain (15%) over 5% static strain.  309 

Being a function of the loading rate, fluid velocity and pressure are decreased in the 310 

“validation regime” resulting in lower frictional drag dissipation. Accordingly, in the 4Cr-Fine 311 

hydrogel with poor permeability, we observed a lower ED in the “validation regime” compared 312 

to the “standard regime” as shown in Figure 5-b (ED ratio ~ 0.7). In parallel, by applying a 313 

larger cyclic strain, an increased dynamic deformation is generated within the polymeric 314 

network, which in turn leads to a higher flow-independent dissipation. Therefore, the 8Cr-315 

Coarse hydrogel with a dominant solid intrinsic dissipation showed higher ED level in the 316 

“validation regime” compared to the “standard regime” (ED ratio ~ 1.2). In the intermediate 317 

condition of the 6Cr-Medium hydrogel, no significant difference in the level of energy 318 

dissipation was observed between the two applied loading regimes (ED ratio ~ 1). This 319 

indicates that the influence of the decreased frequency and the increased dynamic strain 320 

compensate each other in the 6Cr-Medium hydrogel.  321 
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 322 
Figure 5. Mechanical properties of the porous pHEMA based hydrogels. (a) Energy dissipation 323 

level (ED, left axis) and equilibrium Young’s modulus (Eeq, right axis) of the developed 324 

porous hydrogel along with the corresponding values for the cartilage shown by arrows 325 

(reported in references 1, 4, 6, 9) in range of 10 to 20% strain. (b) Energy dissipation ratio of 326 

validation to standard loading regimes for porous hydrogels with similar dissipative capacity 327 

but different dissipation mechanisms (* significant difference with p < 0.01; n =4). 328 

To validate the inverse correlation of the flow-dependent dissipation source to the 329 

permeability, we also increased the viscosity of the hydrogels fluid phase by using glycerol for 330 

the ED evaluation. It was observed that the ED level is further amplified in case of glycerol 331 

instead of water (Figure S6) for the 4Cr-Fine hydrogel compared to the 8Cr-Coarse hydrogel. 332 

A semi-inverse finite element model was used to evaluate the solid and fluid phases 333 

contribution to the viscoelastic behavior of the 8Cr-Coarse and the 4Cr-Fine hydrogels (Figure 334 

S7 & Table S3). It was shown that the load is partly carried by the solid phase in the 4Cr-Fine 335 

hydrogel with low permeability thanks to the support of the pressurized fluid (Figure S8). In 336 

contrast, contribution of developed fluid pressure was trivial to the load support capability of 337 

highly permeable 8Cr-Coarse hydrogels. We also observed that flow-independent 338 

viscoelasticity has a dominant role for 8Cr-Coarse hydrogels contrary to 4Cr-Fine hydrogels. 339 
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3.2.3 Analyzing fatigue performance and durability of porous hydrogels 340 

For the porous hydrogels, the dissipation and stiffness values corresponding to the cartilage 341 

properties (Figure 5-a) are either obtained by a reduced permeability or an increased Cr ratio. 342 

Indeed, the consequent fatigue behavior could be significantly different, as presented in Figure 343 

6, depending on the mechanism of dissipation. The shrinkage of the hysteresis loop area (Figure 344 

6-a) was more significant in porous hydrogels with higher crosslinking ratio irrespective of 345 

their morphology. For instance, the 8Cr-Coarse hydrogel showed significantly weaker fatigue 346 

performance than the 4Cr-Coarse hydrogel with their normalized ED difference for cycles 10 347 

and 100 being around 65% and 15%, respectively. Destructive dissipation mechanisms such as 348 

bonds rupture and/or chains fracture within the constrained network are likely contributing to 349 

this behavior as discussed earlier (in section 3.1). 350 

 351 
Figure 6. Fatigue performance of porous pHEMA based hydrogels. (a) The differential 352 

normalized value of the energy dissipation in standard loading regime for cycle 10 and 1000 353 

with respect to cycle 100 as the reference cycle ( ∆/0
12:;;

) where ∆ED was calculated by 354 

subtraction of the latter cycle from the former cycle. (b) Recoverability of energy dissipation 355 

upon standard loading regime in two consecutive days while resting overnight in water after 356 

the first test. (c) Equilibrium load support ratio in sequential stress relaxation tests before and 357 

after fatigue loads (Dashed and solid lines show the data for one hour and one day recovery 358 

time, respectively). 359 
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To further scrutinize the role of irreversible processes in the evolution of hysteresis loops, 360 

the ED recoverability (EDr) was compared for two identical cyclic loading experiments in two 361 

consecutive days (see Figure S9). For this purpose, we selected hydrogels showing similar 362 

stiffness and dissipative capacity with and without contribution of frictional drag force (e.g., 363 

4Cr-Ext. Fine and 4Cr-Fine versus 8Cr-Coarse). As shown in Figure 6-b, the recoverability of 364 

the 8Cr-Coarse hydrogel was limited with an EDr value around 0.8. In contrast, a full recovery 365 

(EDr ~1) was observed for hybridly crosslinked hydrogels with poor (4Cr-Ext. Fine) or low 366 

(4Cr-Fine) permeability. This indicates that non-destructive processes arising from reversible 367 

rearrangements of the network or fluid-solid interactions govern the hysteresis curve evolution 368 

in 4Cr compositions. On the other hand, the permeable 8Cr-Coarse hydrogel with constrained 369 

network loses its possibilities to dissipate energy over time, as its polymeric dissipation source 370 

is self-sacrificial.  371 

To evaluate hydrogels long-term durability, the ratio of the load support (Rls) in equilibrium 372 

state was measured before and after application of a walking-like cyclic loading as presented 373 

in Figure 6-c. We obtained a preserved load support capability (Rls~1) for 4Cr-Fine and 4Cr-374 

Ext. Fine porous hydrogels regardless of the permitted recovery time. Conversely, for 8Cr-375 

Coarse samples, a significant drop on the load support capability was observed despite a slight 376 

recovery after a longer resting time (Figure 6-c). In particular, the ratio of the equilibrium load 377 

support at 10% strain was around 2.2 in this case. The developed 4Cr hydrogels with coarse, 378 

fine and extra fine pores had respectively similar morphology (Figure 4), dissipation level and 379 

stiffness (Figure 5-a) to 8Cr-Coarse porous hydrogel. Accordingly, the fatigue resistance 380 

performance is not a function of morphology, dissipation level, and stiffness of the viscoelastic 381 

hydrogels but rather depends on the nature of the dissipation source. By a careful combination 382 

of intrinsic network and fluidic frictional drag dissipations in a porous structure, fatigue 383 
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resistant hydrogels with relatively high stiffness, water fraction, and dissipative capacity could 384 

therefore be developed.  385 

3.3 Mechanobiological performance of hydrogels with different dissipation sources 386 

Dynamic compression is the most widely employed loading regime in cartilage tissue 387 

engineering and mechanobiology, where stimuli up to 20% compressive strain have promoted 388 

chondrogenesis.46-48 The dissipation of the cartilage tissue under cyclic compression originates 389 

from matrix deformation and interstitial fluid flow,6, 49 which are potential regulatory cues for 390 

cells.47 In this regard, a direct correlation was reported between the ED level of cell-seeded 391 

scaffolds and chondrogenic expression following cyclic compression.6 It was shown that 392 

chondrogenic markers are at highest level for constructs with dissipation level similar to 393 

healthy cartilage. However, it still remains to unravel the influence of dissipation sources on 394 

chondrogenesis while mimicking the dissipative capacity of cartilage. For this purpose, we 395 

examined the intracellular transcriptions of human chondro-progenitor cells,35 embedded in the 396 

4Cr-Fine and 8Cr-Coarse hydrogels following mechanical stimulation. These two groups of 397 

hydrogels have a similar ED value (Figure 5-a) in the range of healthy cartilage, even though 398 

their dissipative capacity originates from different sources. Having confirmed cells penetration 399 

and viability up to 10 days in the developed dissipative hydrogels (Figure S10 and S11), we 400 

evaluated cells differentiation by application of intermittent cyclic compressions. Collagen 401 

type II (COL2A), Sex-determining region Y box 9 (SOX9) and Aggrecan (ACAN) genes were 402 

evaluated for cells response as they are important indicators of chondrogenesis.50 403 
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 404 

Figure 7. Chondrogenic markers expression for human chondro-progenitor cells when seeded 405 

into two types of porous hydrogel presenting similar dissipative capacity (but originating from 406 

different sources) and water content to articular cartilage. (a-b) COL2A1 and SOX9 relative 407 

fold increase (depicted as mean value with minimum and maximum ranges) following cyclic 408 

compression in treatment (Stim.) group with respect to free swelling  control (Cont.) group (* 409 

and ** mean significant difference with p < 0.05 and p<0.01, respectively; n=4). (c) Evolution 410 

of the energy dissipation level following cyclic compression for the two types of dissipative 411 

hydrogel undergoing mechanical stimulation. Internal fissures (shown by arrows) appeared 412 

inside the 8Cr-Coarse hydrogel structure after repeated loading. 413 

In general, the expression of chondrogenic markers was upregulated in the two groups of 414 

dissipative hydrogels by mechanical stimulation (Stim.) relative to corresponding free swelling 415 

control (Cont.) groups as shown in Figure 7 and Figure S12-b. Additionally, the enhanced 416 

mechanical performance obtained with a preserved hysteresis source could be further applied 417 

to mechanobiological function of hydrogels. Following the mechanical stimulation, a higher 418 
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relative fold increase was always obtained for chondrogenic markers in the 4Cr-Fine cells-419 

laden hydrogels compared to the 8Cr-Coarse constructs. In particular, a significant difference 420 

was observed for COL2A1 gene expression (Figure 7-a) between the two hydrogel groups after 421 

mechanical stimulation. Collagen type II fibrils form the structural network of the articular 422 

cartilage and are the major constituent of the tissue solid matrix.   423 

Mechanical hysteresis has been recently proposed to be an overarching mechanobiological 424 

variable for mechanical cues in cartilage tissue.6 Therefore, if the level of ED close to the 425 

cartilage is the target recapitulating feature when applying a dynamic loading, hydrogels 426 

possessing non-destructive mechanisms of dissipation should be designed. Given different 427 

origins of energy dissipation in the two hydrogel groups, the seeded cells did not receive the 428 

same physical cues despite applying a similar external stimulus on them. In the hydrogel group 429 

deprived of reversible dissipation sources (8Cr-Coarse), the required physical cues cannot be 430 

kept at an appropriate level via a constant loading regime. Conversely, for the hydrogel 431 

presenting a preserved hysteresis loop (4Cr-Fine), the stimulation could be stabilized after a 432 

few preconditioning cycles as illustrated in Figure 7-c. This latter hydrogel could even sustain 433 

a 70% compressive strain without presenting a plastic deformation or defects unlike the 8Cr-434 

Coarse hydrogel (Figure S13).  435 

The energy dissipation capability of the cartilage tissue originates from intrinsic matrix 436 

viscoelasticity and interstitial fluid flow.6, 49 The influence of flow-dependent dissipation source 437 

is trivial on hysteretic behavior of highly permeable 8Cr-Coarse hydrogels with inferior 438 

mechanobiological performance. The effective contribution of the fluid frictional drag force to 439 

the dissipative behavior of 4Cr-Fine hydrogels is likely a key factor for the enhanced response 440 

of chondro-progenitor cells. Indeed, chondrocytes differentiation is favored by an artificial 441 

niche, which mimics more similarly the cartilage extracellular environment (low permeability 442 

and mobile matrix). An adequate frictional drag force in conjunction with a relatively high fluid 443 
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pressure and matrix deformation provide a chondro-inductive condition that probably stimulate 444 

cells mechanosensitive elements (nucleus, ion channels, primary cilium, and cytoskeleton). 5, 445 

47  446 

4 CONCLUSION 447 
Fatigue resistant hydrogels presenting comparable stiffness, water content, and dissipation 448 

level to cartilage were developed by controlling specific sources of dissipation. The preserved 449 

hysteresis and load support capability were obtained by a combination of reversible polymeric 450 

and fluid frictional drag dissipations. The hydrogel network was synthesized based on hybrid 451 

crosslinking approach to control flow-independent mechanism of dissipation. In parallel, a 452 

porous morphology with a controlled permeability was engineered to enhance flow-dependent 453 

source of dissipation in hydrogels with relatively high water fraction. It was shown that 454 

hydrogels with comparable morphology, stiffness, or dissipation level respond to fatigue 455 

loadings in a significant different way, depending on their sources of dissipation. Moreover, 456 

we demonstrated that the mechanism of dissipation could play an important role in the 457 

chondrogenic differentiation of cells following cyclic compression. While fundamentally 458 

different physical processes can generate similar dissipation level under loading, 459 

chondrogenesis is favored by a preserved dissipation with an active flow-dependent source. 460 

These findings indicate that not only the fluid frictional drag dissipation protects biomaterials 461 

under fatigue loading but also is a promoting mechanobiological regulator for chondrocytes. 462 

Collectively, major opportunities towards development of load-bearing biomaterials could be 463 

derived from control of dissipation sources. The proposed strategy in development of load-464 

bearing hydrogels, which combines fluidic with polymeric dissipation sources, can be widely 465 

used in functional tissue engineering.  466 
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Conventional hydrogels load support capability before and after fatigue loading 

Three sequential unconfined compressions and hold steps were applied on the hydrogels to 

evaluate their mechanical behavior before and after the fatigue load as illustrated in Figure S1.  

 
 

Figure S1. Conventional pHEMA based hydrogels load support capability. (a) Time dependent load support of 
7Cr-60W (purple) and 4Cr-55W (blue) in sequential stress relaxation (ramp and hold strain) tests before and after 
fatigue load of 3600 cycles (10% static strain + 15% dynamic strain at 1 Hz). (b) Equilibrium load support ratio 
(n=3 per group).  

Structural characteristics of conventional hydrogels 

By evaluating the polymer volume fraction immediately after polymerization (as prepared) in 

relaxed state (v!") and after swelling in water (v#$), the average molecular weight between 

crosslinks (M%) for hydrogel prepared in the presence of water can be determined using 

modified Flory–Rehner theory [1] by (S1): 
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where M& is the average chains length (considered here equal to 400 unit monomer of HEMA, 

Mn≈54000 g/mol) , ν$ is the specific volume of polymer, V' is the molar volume of water (18.03 

ml), and χ is the thermodynamics interaction parameter determined as: 

χ = 0.320 + 0.904υ$% (S2) 

The mesh size can then be calculated using equation (S3): 
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Where ξ is the mesh size, Mr is the molecular weight of HEMA unit monomer (134.12 g/mol), 

Cn is the Flory characteristic ratio (6.9 for HEMA) and l the length of the bond along the 

polymer backbone (1.54 Ȧ). 

Table S1. Conventional pHEMA based hydrogels characteristicsa 

Hydrogel 𝐐𝐯 𝛖𝐬𝐰 𝐯𝐚𝐩 𝛘 𝐌𝐜 (g/mol) 𝛏	(nm) Appearanceb 

3%Cr-50%W 
0.92 
±0.07 

0.55 
±0.01 

0.50 
±0.05 

0.82 
3842 
±861 

3.72 
±0.45 

	

7%Cr-60%W 
1.10 
±0.02 

0.37 
±0.02 

0.41 
±0.02 

0.65 
1931 
±354 

3.00 
±0.23 

3%Cr-55%W 
0.88 
±0.01 

0.52 
±0.01 

0.46 
±0.01 

0.79 
9210 
±948 

5.90 
±0.32 

4%Cr-55%W 
1.00 
±0.01 

0.50 
±0.01 

0.50 
±0.01 

0.77 
13120 
±176 

7.13 
±0.07 

7%Cr-55%W 
1.13 
±0.06 

0.39 
±0.01 

0.44 
±0.01 

0.67 
2492 
±151 

3.36 
±0.08 

a: All average molecular weights (Mc) were calculated by assuming Mn=54000 g/mol. 
b: The square has 10 mm length. 

 

 

Tensile properties of conventional hydrogels 

We prepared dumbbell shape hydrogels and extracted the tensile properties of the samples as 

shown in Figure S2. The tensile tests generally confirmed the results of compressive loading 

regime in different groups of hydrogels (e.g., similar trends for modulus, dissipative capacity 

and fatigue performance). In line with compressive results, the 4Cr-55W hydrogel showed 

fatigue resistance and full recoverability while presenting higher dissipative capacity and 

stiffness than 3Cr-55W and 3Cr-50W hydrogels. The 7Cr-55W hydrogel again showed highest 

stiffness but poor fatigue performance as it could not sustain 20 cycles of tensile loading 

without showing crack. The failure strain of 7Cr-60W hydrogels was very limited (~10%) and 

could not sustain any cyclic loading in tensile mode.  
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Figure S2. Tensile properties of pHEMA based hydrogels (N/A: not applicable). (a) Young modulus in different 
strain ranges at 250 µm/s loading rate. (b) Energy dissipation per unit volume by application of 5% pre-strain and 
10% cyclic strain. (c) The differential value of the energy dissipation (∆ED) during repeated loadings at 0.2 Hz 
for cycle 1 and 20 normalized with value of cycle 2 as reference (∆ED/EDref) where ∆ED was calculated by 
subtraction of the latter cycle from the former cycle. (d) Failure strain of different hydrogels following streching 
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at 250 µm/s loading rate. (e) Hysteresis loop evolution for 4Cr-55W hydrogel up to 50 cycles at 0.2 Hz. (f) Typical 
hysteresis loop area variation for 4Cr-55W hydrogel during cyclic loading.  (g) Recoverability of energy 
dissipation for 4Cr-55W hydrogel durring two consecutive tests with one hour recovery time in water between 
the tests. (h) Typical stress-strain curves durring tension tests of 4Cr-55W and 7Cr-60W hydrogels. 

Effect of initiator type on porous hydrogels mechanical properties 

By testing different initiator for the polymerization process, we realized that the mechanical 

properties of porous hydrogels could be improved with different initiator agents as shown in 

Figure S3. Since porous hydrogels do not initially contain high water amount, contrary to 

conventional hydrogels, we could employ heat polymerization without significant loss of water 

during the fabrication process instead of UV polymerization by DPAP (57 mg/ml of ethanol). 

We therefore utilized 40 µl ammonium persulfate (AP, 100 mg/ml of water) and 40 µl sodium 

metabisulfite (SM, 100 mg/mL of water) redox initiator solution (AP-SM, polymerization time: 

2 hours) instead of 40 µl photo initiator solution (DPAP, polymerization time: 15 minutes) for 

1 ml HEMA and compared the corresponding mechanical properties of porous 4Cr-Fine 

hydrogel.  

	
Figure S3. Equilibrium Young modulus (Eeq.) in range of 10 to 20% compressive strain and the level of energy 
dissipation (ED) by applying 10% dynamic strain over 10% static strain at 1 Hz on 4Cr-Fine porous hydrogels 
polymerized with different initiators. 

Porous hydrogels structural characteristics 

The salt particles were manually sieved in 7 different sizes from 100 to 500 µm. Then, different 

salt groups were combined with predefined ratio (Table S2) to modulate permeability (k) of 

the porous hydrogels. The salts were firstly put inside the mold and we then added precursor 

to the mold containing salts while maintaining salts to polymer ratio (2/1 Volumetric). In our 

study, we have a similar polymeric volume fraction (~30%) for all porous hydrogels while the 

crosslinker concentration is different varying from 4 to 8 percent molar ratio with respect to 

HEMA content. It is not possible to add a high volume of water in the precursor of porous 

hydrogels as it could dissolve the salts particles before polymerization. After polymerization 

of the precursor and during salt-leaching step in water, the polymer fraction of the porous 
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structure absorb water and swell while the salt particles are replaced by water. At the end of 

this process, porous hydrogels gain an equilibrium water content of around 70%. 

Table S2. Characteristics of porous pHEMA hydrogels prepared with heat polymerization. 

Hydrogel Type Salt Size (µm) EWC (%) k at 0% strain (m2) k at 20% strain (m2) 

8%Cr- 
Coarse Pores 

300-350: 60% 
400-500: 40% 

67±3 1.76E-12 ±5.04E-13 1.22E-12 ±3.72E-13 

6%Cr- 
Medium Pores 

250-300: 55% 
300-350: 45% 

68±2 5.10E-13 ±2.65E-13 2.08E-13 ±4.22E-14 

4%Cr- 
Fine Pores 

200-250: 80% 
150-200: 20% 

68±2 1.09E-14 ±1.55E-14 2.35E-15 ±3.07E-15 

4%Cr- 
Coarse Pores 

300-350: 60% 
400-500: 40% 

69±2 O(E-12)a O(E-12)a 

4%Cr- 
Extra Fine 100-150: 100% 69±1 < O(E-16)b < O(E-16)b 

a: we estimate the permeability (k) of the 4Cr-Coarse hydrogels to be in the same order of the 8Cr-Coarse 
hydrogels considering their similar pores distribution (Figure 4), EWC and morphology (the samples stiffness 
was not adequate for a reliable measurement based on a radial sealing (press fit) method [2]).  
b: it was difficult to precisely measure the permeability of the porous 4Cr-Ext. Fine hydrogels due to very slow 
flow rate and long required time for passing a detectable amount of water without evaporation. However, we can 
safely estimate based on our previous work [2] that the permeability of this group is lower than 10-16 m2. 

 

The micro CT scans of porous hydrogels confirmed that the pores distribution is quite 

homogenous within different groups. As shown in Figure S4 fabricated samples with different 

salt groups (coarse, fine and extra fine) have similar pores distribution in all directions with a 

random pores orientation while their pore sizes are different.  

   

Figure S4. Micro-CT scans of freeze-dried scaffolds from different views. (a) Coarse pores. (b) Fine pores. (c) 

Extra Fine pores. 

Porous hydrogels mechanical characterization 

All samples were preconditioned firstly to consider the effect of cell seeding loading step on 

the mechanical properties of porous hydrogels. For this purpose, samples were submitted to a 

(a) (b) (c) 
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predefined loading regime (30-35% compressive strain for 5 times) according to the 

compression-induced suction (CRIS) seeding method [3] and then rested inside water overnight 

before all characterization tests. Sequential stress relaxation tests (Figure S5) were carried out 

as described for the conventional hydrogels. However, to measure the energy dissipation, we 

applied 10% cyclic compression for porous hydrogels over 10% pre-strain at 1 Hz. A custom-

written MATLAB script (The MathWorks, Natick, MA, USA) was used to extract the enclosed 

hysteresis area from the load-displacement graphs (Figure S5). 

	 	

	 	

	 	
Figure S5. Mechanical behavior of porous pHEMA based hydrogels prepared with heat polymerization. (a,c & 
e) Representative hysteresis loop evolution for 8Cr-Coarse (purple), 4Cr-Fine (blue) and 4Cr-Extra Fine (black) 
during cyclic loading. (b,d & f) Representative time dependent load support of 8Cr-Coarse (purple), 4Cr-Fine 
(blue) and 4Cr-Extra Fine (black) in sequential stress relaxation (ramp and hold strain) tests before and after 
fatigue load of 3600 cycles  (10% static strain+10% dynamic strain at 1Hz). 
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Effect of the fluidic phase viscosity on energy dissipation 

To validate the inverse correlation of the flow-dependent dissipation source to the permeability, 

we increased the viscosity of the fluidic phase of the hydrogel by using glycerol instead of 

water for the ED evaluation. As shown in Figure S6, the ED level was further amplified with 

glycerol compared to water for the 4Cr-Fine hydrogel having a lower permeability (k~10-14) 

than 8Cr-Coarse hydrogel (k~10-12). This increase is much more significant in early cycles 

when the pores still contain considerable amount of glycerol. Due to lower permeability of 

4Cr-Fine hydrogels, the glycerol with higher viscosity cannot refill the pores during unloading 

time following an applied compression, which enforces fluid seepage. Therefore, the ED is 

being decreased during cyclic loading.  

	
	

Figure S6. Effect of the fluidic phase viscosity on dissipative behavior of different porous hydrogels. (a) Typical 
trends of ED level with different fluid viscosities over the applied loading cycles for 4Cr-Fine and 8Cr-Coarse 
hydrogels. (b) Comparison of ED ratio in cycles 1, 10 and 100 in two groups (mean and SD, n=4).  

Separation of solid and fluid phases contribution to load support  

We combined experimental characterization and computational optimization to separate the 

flow-dependent and the flow-independent part of the load support by developing a poro-

viscoelastic (PVE) model [4-5]. In the model, the 2D axisymmetric cross section of cylindrical 

samples having 2.5 mm thickness and 4 mm radius was divided to finite elements (Figure S7-

a). Different material properties for a poro-viscoelastic model are required including 

equilibrium Young modulus (Eeq), strain dependent permeability (k(ε)), porosity (φ), Poisson 

ratio (ν) and relaxation function (G(t)) which is usually approximated by a Prony Series (e.g., 

G(t)= G + ∑Gi e-t/τi). Having measured Eeq, k(ε), ν and φ by relevant experiments, relaxation 

moduli (Gi) and times (𝜏i) were estimated by an iterative process using particle swarm 

optimization (PSO) [6] to obtain the same trend of stress relaxation for the model and the 

experimental data (Figure S7-b). The objective function (OF) for PSO was defined according 
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to equation S4, in which we considered peak and equilibrium stresses (𝜎) along with stress 

decay rates (()
*+

) at critical time points of relaxation curve.  

OF	 =Hw4  (σ56( − σ7)& +Hu4 	(
dσ56(

dt −
dσ7

dt )
& (S4)	

In equation S4, σ,-"is the nominal stress obtained from our experiment (σ,-"(𝑡) = .(0)
2898:8;<

), σ3 

is the total stress obtained from the PVE model which consists of solid phase stress and fluid 

pressure (σ3 = σ4567( + 𝑝8796(). Additionally, wi and ui are weighting coefficients and 

assigned based on the importance of the employed time points [7].  

	

	

	
Figure S7. Emplyed method to separate flow-dependent and flow-independent load support via a poro-
viscoelastic model. (a) Schematic of experimental setup and corresponding finie element model in COMSOL. (b) 
Flowchart of the combined experimental and computational methods for estimation of relaxation function 
parameters. The routine employes particle swarm optimization in MATLAB, and runs the finie element model 
iteratively to find the optimum set. 

Table S3. Optimized  relaxation time (τ4	) and modulus (G4) of the PVE model relaxation function for the 
representative porous pHEMA hydrogels. 

Porous hydrogel 𝐆𝟏 (kPa) 𝛕𝟏 (s) 𝐆𝟐 (kPa) 𝛕𝟐	 (s) 𝐆𝟑 
(kPa) 

𝛕𝟑	 (s) 𝐆𝟒 
(kPa) 

𝛕𝟒	 (s) 

8%Cr-Coarse 295e4 0.002 100 0.1 105 7.26 335 225 

4%Cr-Fine 200 0.42 58 5.82 215 1600 -a -a 
a: It was not necessary to employ the fourth viscoelastic branch in Maxwell–Wiechert model (G! and τ!	) for the 4Cr-
Fine hydrogel as we obtained good enough precision with n=3 on Prony Series for the relaxation function. 

 

As can be observed in Figure S8-a and b, the optimized poro-viscoelastic model properly 

predicts experimental data and separates solid and fluid phases contribution (Figure S8-c and 

d). The obtained values to estimate the relaxation function by using the experiments, performed 

(a) (b) 
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at a 500 µm/s loading rate, were validated by comparing the model predication for another 

loading rate (e.g., 50 µm/s) with corresponding experimental data (Figure S8-e and f).  

	 	

	 	

	 	

Figure S8. Separating flow-dependent and flow-independent load support by an optimized poro-viscoelastic 
(PVE) model. (a, c) 4Cr-Fine hydrogel experimental and simulation results for 500 µm/s loading rate. (b, d) 8Cr-
Coarse hydrogel experimental and simulation results for 500 µm/s loading rates. (e, f) Validation of the developed 
poro-viscoelastic model in 50 µm/s loading for 4Cr-Fine (left) and 8Cr-Coarse (right) hydrogels. 

Our simulation results revealed that the relaxation moduli (Gi) are directly correlated to the 

crosslinking density of the hydrogels, while there is an inverse correlation between relaxation 

times (τi) and crosslinking density of the polymeric network (Table S3). Moreover, the release 

of compression-induced fluid pressure takes a longer time in hydrogels with lower permeability 
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contrary to the instantaneous relief in highly permeable hydrogels. In this latter case, the total 

stress is sustained by the solid matrix (Figure S8-d) and this can be destructive for sample at 

maximum stress. On the other hand, the load is partly carried by the solid matrix at the 

maximum stress in the 4Cr-Fine hydrogel (Figure S8-c) owing to fluid pressurization as a result 

of its lower permeability. 

Recoverability of hysteresis loop in porous hydrogels  

The destructive and non-destructive processes contribution to the evolution of the porous 

hydrogels hysteresis loop was evaluated. In this regard, the level of energy dissipation over 100 

cycles was compared between two loading sessions (10% static strain+10% dynamic strain at 

1 Hz) performed with an overnight interval between them.  

	
Figure S9. Typical hysteresis loop area (ED) variation for 8Cr-Coarse (purple), 4Cr-Fine (blue) and 4Cr-Extra 
Fine (black) during two cyclic loading tests performed with an overnight recovery time (the dissipation source in 
8Cr-Coarse hydrogel is not recoverable indicating a destructive process). 

The dramatic drop of ED in highly crosslinked sample (8Cr-Coarse) over loading cycles is 

partly due to the destructive sources of the energy dissipation (e.g., chains fracture or bond 

rupture during loading). After overnight resting, there is a partial recovery and the ED level 

(first cycle) for day 2, starts from a higher value than last cycle of the ED for day 1 as shown 

in Figure S9. However, this ED value is still lower than the first cycle of ED for day 1 (intact 

condition). In contrast, the combination of reversible solid intrinsic and frictional drag 

dissipations is fully recoverable in hybridly crosslinked and poorly permeable hydrogels (4Cr-

Fine and Ext. Fine).  

Cells distribution and viability in porous hydrogels 

Human epiphyseal chondro-progenitor cells [8] were grown in standard incubator (37 °C and 

5% CO2) to 90% confluence, trypsinized and redistributed again in T75 culture flasks up to 
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passaged 5. The culture medium for cells during proliferation step was DMEM containing L-

Glutamine, 4,5 g/l D-Glucose and Sodium pyruvate, (Life Technologies) which was 

supplemented with 10% FBS (Sigma) and 1% L-Glutamine and Penicillin (Life Technologies).  

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) cell proliferation 

Kit I (Roche Corporation, Indianapolis, USA) was used to observe ECP cells distribution inside 

porous hydrogels. Knowing that permeability has a remarkable effect on cell seeding efficiency 

[3] and to balance initial population of cells in two groups, we used 1 and 1.3 million cells for 

seeding of 8Cr-Coarse and 4Cr-Fine hydrogels, respectively. After cell seeding, infiltration and 

distribution of cells were evaluated at day 2 by using a Stereomicroscope (LEICA MZ 16 1FA) 

following MTT staining as shown in Figure S10. Briefly, the cell-seeded hydrogels were cut 

in half and immersed in 300 ml DMEM medium (without phenol red) inside a 48 well plate. 

Then, 30 µl of MTT dye was added to each well and samples were incubated (37 °C and 5% 

CO2) for 4 hours to let formazan formation. The insoluble purple formazan is produced due to 

cells metabolic activity and therefore demonstrates viable cells distribution within the 

hydrogels.  

 

 

 

  
Figure S10. MTT stained cells distribution on surface and cross section of the porous hydrogels after 2 days. (a,c) 
8Cr-Coarse porous hydrogel. (b,d) 4Cr-Fine porous hydrogel. The cells distribution and penetration are fairly 
uniform inside the hydrogels by employing customized CRIS seeding method we previously developed [3] (scale 
bar: 1 mm). 

We also assessed the viability of the cells inside porous hydrogels (Figure S11) at different 

time points (day 5 & 10) by performing live and dead staining using Viability/Cytotoxicity 

Assay Kit (Biotium, Fremont, CA) following the manufacturer protocol. Before staining, the 

cell-hydrogel constructs were incubated in 1 ml DMEM medium without phenol red for 3 hours 

to diminish background color of the hydrogels due to phenol red in the proliferation medium. 

Then, the samples were stained by 500 µl of the mixed live/dead working solution (1 µl Calcein 

(a) (b) 

(c) (d) 
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and 2 µl Eht in 5 ml PBS) for 30 min at room temperature in dark. The samples were rinsed 

twice with PBS, and the images were taken by an invert LSM 700 confocal microscope (Carl 

Zeiss, Jena, Germany) using a 10X objective and subsequently processed with open source FIJI 

platform.  

Day 5 Day 10 

  
  

  
Figure S11. Live/dead staining of cells seeded porous hydrogels at different time points showing a stable cells 
viability up to 10 days of culture (scale bar: 100 µm). (a, b) 8Cr-Coarse. (c, d) 4Cr-Fine. Green stain illustrates 
live cells and red stain shows dead cells.  

Mechanical stimulation of cell-laden hydrogels in cyclic compression mode 

With the developed dissipative porous hydrogels, we studied the cells response to cyclic 

compression in a standard loading regime (10% cyclic strain over 10% static strain at 1 Hz). In 

the beginning of the 3D culture, the seeded hydrogels were pre-cultured for 3 days in 

proliferation medium inside a standard incubator (37°C, 5% CO2). After this step, a 

differentiation medium was used and the mechanical stimulation was applied on the different 

groups of dissipative hydrogels (Figure S12-a). Differentiation medium was proliferation 

medium without FBS but having 10% ITS IV (Life Technologies) and 1% Vitamin C. We 

compared the expression of chondrogenic genes between the stimulated and non-stimulated 

groups of cell-seeded hydrogels.  

(a) (b) 

(c) (d) 
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Figure S12. Performed in vitro mechanobiological experiment. (a) Schematic plan of the study. (b) Aggrecan 
(ACAN) gene expression shown as mean value with minimum and maximum ranges. Relative ACAN expressions 
are shown for two groups of dissipative hydrogel in free-swelling (control group) and mechanical stimulation 
(treatment group). 

RNA extraction and gene expression 

After the last period of stimulation in the mechanobiological experiment, each sample was put 

in a 2 ml Eppendorf tube containing 300 µl Trizol. Total RNA was extracted using the 

NucleoSpin® RNA (Macherey-Nagel) after a few steps of preparation [9]. Briefly, hydrogels 

were smashed by the polytron (Kinematica AG, Switzerland), while keeping the tube cold on 

dried ice. Then, 100 µl chloroform was added and centrifuged for 4 minutes at 12000 rpm at 

4°C. The aqueous phase was transferred to 2 ml phase lock tubes and centrifuged for an 

additional 6 minutes at 12000 rpm. The aqueous phase was carefully transferred to 1.5 ml 

Eppendorf tubes and the extraction was completed by adding 5 µl RNA carrier and following 

the XS kit protocol. The RNA was quantified using the Nanodrop Lite Spectrophotometer 

(Thermo Scientific) and reverse transcription of 500 ng RNA was carried out for real time PCR 

analysis. Taqman® Reverse Transcription Reagents (Applied Biosystems) were utilized for 

cDNA synthesis in reaction volume of 50 µl containing master mix, random hexamer and RNA 

template. 

Fast SYBR® Green Master Mix (Applied Biosystems) was used for PCR amplification in a 

final volume of 20 μl containing 1 µl of synthesized cDNA. Primers were synthesized by 

Microsynth (Balgach, Switzerland) according to reported sequences in Table S4. Different 

annealing temperature and concentration were used for primers to optimize the process 

resulting in efficiency range of 91 to 110%. The PCR amplification was carried out in duplicate 

for each sample by StepOnePlus Real-Time PCR platform (Applied Biosystems). The thermal 

cycling condition was defined as an initial 95°C step for 2 min followed by 40 cycles of 95°C 
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for 5s and corresponding annealing-extension temperature of gene (60 to 65°C, Table S4) for 

30s. Gene expression data were analyzed using the comparative ΔΔCt method [10] with B2M 

as the reference gene. Corresponding free swelling hydrogels in each group were used as the 

biological reference for the stimulated hydrogels (n=4). 

Table S4. Primers data used for qRT-PCR. 

Mechanical robustness of porous hydrogels subjected to large deformation 

The structural stability of 4Cr-Fine versus 8Cr-Coarse porous hydrogels in large deformation 

was compared following the application of 70% compressive strain (twice) as shown in Figure 

S13.  

 

 

 
Figure S13. Structural stability of the 4Cr-Fine versus the 8Cr-Coarse porous hydrogels in large deformation. A 
plastic deformation and defects were observed in the 8Cr-Coarse hydrogel after 70% compressive strain, while 
the 4Cr-Fine hydrogel appropriately sustained the large deformation. 
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