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Abstract 24 

Bone disorders are common, and the implantation of biodegradable scaffold is considered 25 

as a promising method to treat the disorders, but the knowledge of the dynamic mechanical 26 

process of the scaffold-bone system is extremely limited. In this study, based on the 27 

representative volume cell (RVC) of a periodic scaffold, the influence of rehabilitation exercise 28 

duration per day on the bone repair was investigated by a computational framework. The 29 

framework coupled the polymer scaffold degradation and the bone remodeling. The scaffold 30 

degradation was described by a function of stochastic hydrolysis independent of the mechanical 31 

stimulation, and the bone formation was remodeled by a function of the mechanical stimulation, 32 

i.e., strain energy density (SED). Then, numerical simulations were performed to study the 33 

dynamic bone repair process. The results showed that the scaffold degradation and bone 34 

formation in the process were competitive. The longer the exercise duration per day was, the 35 

earlier the bone matured and the lower the final Young’s modulus, but all exercise durations 36 

promoted the bone maturation with a final Young's modulus around 1.9±0.3 GPa. This indicates 37 

that the longer exercise duration could accelerate the bone-repair process but not improve the 38 

bone stiffness. The present study is helpful to understand and monitor the bone repair process, 39 

and useful for the bone scaffold design in bone tissue engineering. 40 
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1. INTRODUCTION 45 

Bone scaffolds used to repair bone disorders are in increasing need, since the disorders are 46 

of great concern due to the increasing aging population. According to the statistics, millions of 47 

orthopaedic procedures are worldwide performed every year [1]. Successful bone tissue 48 

regeneration or repair requires a porous scaffold, which should possess suitable porous 49 

structure, mechanical property, biocompatibility, biodegradability, and osteoinduction ability, 50 

etc. From the biomechanical point of view, the mechanical properties of scaffolds should mimic 51 

those of natural bones. In particular, the degradation rate of scaffolds and the formation rate of 52 

bones should match each other in the repair process, and this is well-accepted as a gold 53 

standard in the bone tissue engineering [2-4]. Otherwise, a stiff scaffold induces the well-known 54 

"stress shielding" effect, and a soft scaffold cannot maintain a porous structure in the 55 

load-bearing tissue regeneration. Moreover, it is reported that physical exercise is beneficial to 56 

the bone repair [5], but to the best knowledge of authors, the effect of physical exercise 57 

durations on the bone repair has not been  quantified. Therefore, studying the 58 

scaffold-degradation/bone-formation dynamic coupling process and the influence of 59 

rehabilitation exercise durations on the process is very necessary. 60 

Biodegradable polymer scaffolds show promise because of their absorbable property, 61 

adequate mechanical property and controllable degradation rate [6], and the polymer 62 

degradation can create extra space allowing new bone in-growth to replace the scaffold 63 

eventually. Polymer degradation is due to the scission of long molecular chains caused by 64 

hydrolytic reactions and others, and it results in a low molecular weight and mass loss of the 65 

polymer. Finally, the polymer’s structure and physical properties change. At present, there are 66 

two erosion mechanisms to describe the polymer degradation. One is surface erosion, namely, 67 

http://www.baidu.com/link?url=6RZbIYZ0jomlRphCsQtsURU1IaH5jDVhlPxqY0vX0RDGm-aPvYYnVZvbkmnUo0b-4NGKKt4ZLmx2-Dep_KGpY4nmyMgW_GAYtFiGer0EOgIsjf4ZKsTyBW_XNoapMAwp


as the surface is eroded, the erosion front moves toward the material core [7]; the other is bulk 68 

erosion, namely, erosion simultaneously occurs throughout the material. Most numerical 69 

analyses of polymer degradation consider the bulk erosion. For example, Gopferich [8, 9] 70 

theoretically described bulk erosion by considering a stochastic hydrolysis process. Chen et al. 71 

[10] proposed a hybrid mathematical model that combined stochastic hydrolysis and 72 

diffusion-governed autocatalysis to simulate bulk-erosive biodegradable devices, which showed 73 

an excellent agreement with experimental data in literature. However, in reality, the surface and 74 

bulk erosion usually co-exist or compete [11,12]. 75 

Bone tissue growth is under constant and complex remodelling. The remodeling 76 

phenomenon can be generally described by the well-known Wolff's law, and it states that the 77 

mechanical stimulus plays an important role in the remodeling processes [13-16]. Based on the 78 

concept, researchers developed different bone remodeling theories by applying different 79 

mechanical parameters, such as strain, stress or strain energy density. For example, Cowin and 80 

Hegedus [17] firstly proposed a dynamic theory of the cortical bone remodeling, which assumed 81 

that the remodeling rate was a linear function of the strain, and trabecula self-adaptably 82 

changed till an equilibrium strain state was reached. Carter et al. [18, 19] introduced a 83 

‘self-optimization’ algorithm based on the strain energy density (SED), which assumed that the 84 

mechanical stimulus was proportional to the effective stress field. Later, Huiskes et al. [15] 85 

simplified the algorithm by considering SED rate for the bone remodeling. Adachi et al. [20] used 86 

strain gradient and developed a theory that bone formed when the stress of an element was less 87 

than the contribution from its neighboring elements, instead, bone was absorbed.  88 

The above introduces the scaffold degradation and bone remodeling, respectively. 89 

Regarding the coupling model, Adachi et al [21] and Chen et al. [22] combined the 90 



hydrolysis-based scaffold degradation theories and bone remodeling theories, and developed 91 

two scaffold degradation/bone formation coupling models to optimize periodic scaffold 92 

architectures, and both showed that different structures had different influences on the coupling 93 

process. It is worth mentioning that Chen et al. [22] also introduced the auto-catalytic effect, the 94 

homogenization technique, and topology optimization into the finite element model to find an 95 

optimal scaffold structure. However, both degradation models were based on the bulk erosion, 96 

and did not consider how rehabilitation exercise durations affected the bone repair either. 97 

In the sense of experiments, it is hard to quantitatively investigate the coupling process. 98 

Finite element (FE) analysis as an effective method is often employed to study the relevant 99 

issues. It not only provides information about the changes of biomechanical environments after 100 

scaffold implantation, but also flexibly incorporates mathematical models for the coupling 101 

dynamic process, allowing pre-evaluation on how scaffold impacts on the bone repair and 102 

further optimal design of the scaffolds. 103 

This study aims to develop a theoretical method to study the influence of the rehabilitation 104 

exercise duration per day on the bone repair. First, the scaffold degradation including both bulk 105 

and surface erosions is modeled by a stochastic function, and thee degradation is unrelated to 106 

the mechanical stimulus. Different from the degradation, the bone remodeling involving bone 107 

resorption and formation is mathematically formulated in terms of SED. Then, by utilizing the FE 108 

method and considering different rehabilitation exercise durations per day, the two processes 109 

are coupled to study the bone-repair process within 200 days after scaffold implantation. 110 

2. METHODS 111 

2.1. Numerical implementation 112 



Geometry – A porous periodic scaffold was investigated, as seen in Figure 1a. Due to the 113 

scaffold periodicity, the coupling model of the scaffold degradation and bone formation was 114 

formulated based on the scaffold RVC, as seen in Figure 1b. The RVC was obtained by subtracting 115 

three orthotropic and concentric cuboids with identical size 1000μm × 600μm × 600μm from a 116 

cube with side length 1000μm. The porosity of the RVC (or scaffold) was calculated as 64.8%, 117 

which located in the range of the porosity of bones (5%-90% [23]).  118 

Materials – After scaffold implantation, the pores are usually occupied by a fluid. Interstitial 119 

fluid (ISF) was observed to mediate signal transduction in mechanical loading-induced 120 

remodeling [24], thus, the porous part of the RVC here was assumed to be initially occupied by 121 

the ISF. All materials (scaffold, bone and ISF) in the RVC, were assumed to be isotropic and 122 

linear-elastic solids, and the ISF was nearly incompressible. The scaffold and bone shared the 123 

same Poisson's ratio, which was a constant in the entire degradation-remodeling process. 124 

Boundary conditions – The RVC bottom surface was fixed, and a rigid plate was placed on 125 

the RVC top surface to ensure that the RVC was uniaxially and uniformly deformed in the 126 

z-direction. The loading history was a trapezoidal pulse with a period 1 day, and it included relax, 127 

ascending, holding, and descending stages. The relax stage trelax meant no exercise, while the 128 

rest three stages texercise described the exercise duration in a day. The cancellous bone is 129 

generally subjected to a compressive stress in a range of 0.5–10 MPa [22, 25], and as suggested 130 

by Shefelbine et al. [26], we here used 3 MPa, as seen in Figure 2a. It is worth mentioning that 131 

the ascending/descending stages in the loading history were set to be 0.05 day to avoid the 132 

abrupt change of the loading history between the relax and holding stages, which might result in 133 

an inaccurate simulation. Seven exercise durations denoted by duty-cycles (i.e. 134 

texercise/(texercise+trelax)) from 0.2 to 0.8 with 0.1 interval, were studied. In the seven cases, 135 



degraded scaffold and formed bone were assumed not to fracture. 136 

RVC mesh and simulation – The RVC was meshed into 8000 (20 × 20 × 20) identical voxel 137 

finite elements with side length l=50μm, Figure 2b. The simulation of the scaffold degradation 138 

and bone formation was performed by coding the user subroutine (VUMAT) of the commercial 139 

software Abaqus/Explicit (DS SIMULIA, USA), and the element type was the reduced-integration 140 

element C3D8R. To display the states of materials assigned to each element during the process, 141 

we defined a "state field" χ, namely, if χ= 1, the element was scaffold, if χ= 2, the element was 142 

bone (including unmatured and matured), and the element was ISF when χ= 3.  143 

2.2. Polymer scaffold degradation 144 

Polylactic acid (PLA) was taken as the constituent material of the scaffold, which is a kind of 145 

saturated aliphatic polyesters. In the degradation model, two judgments were used to denote 146 

the complete degradation of the scaffold elements. One was based on the polymer molecular 147 

weight, which was influenced by both ‘bulk’ and ‘surface’ erosions; the other was based on a 148 

modified stochastic degradation algorithm, which was commonly used to describe the hydrolytic 149 

degradation of polymers. The two judgments are stated as follows: 150 

Polymer molecular weight: The number average molecular weight Mn of the scaffold 151 

element decreases in the degradation, and β(t) is used to describe the degree of degradation, 152 

which is the ratio of the number average molecular weight Mn(t) of scaffold elements at time t 153 

to the weight Mn-nd of the ideal non-degraded scaffold element, i.e., 154 
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                   (1) 
155 

When Mn(t) reduced to a threshold, the scaffold did not have mechanical properties any more. 156 



This corresponded to β(t) decreasing from 1 to a threshold, and indicated that the scaffold 157 

changed into the ISF. Moreover, because Mn(t) resulted from the random breakage of polymer 158 

chains in the hydrolytic and autocatalytic reactions, the exponential pseudo first-order kinetics 159 

was used to describe the bulk erosion as [10]: 160 
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t
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161 

where e is the base of the natural logarithm, κ1 is the bulk degradation rate constant with 162 

dimension of s-1, which is determined by material properties and scaffold morphology, etc. In 163 

the ideal case, the polymer at initial stage was non-degraded, and Mn(0)=Mn-nd held for all 164 

scaffold elements. However, in reality, randomly initial degradation by hydrolysis often occurs in 165 

all scaffold elements before implantation, thus, each element had a randomly assigned initial 166 

porosity α=1-β(0) [10], which resulted in a initial molecular weights Mn(0)=(1-α)Mn-nd. Regarding 167 

the initial porosity, it was often studied in the drug release kinetics of polymers, and varied from 168 

0.2 to 0.7 [27, 28]. Here, the upper limit 0.2 was used, i.e., 0≤α≤0.2. Thus, equation (2) including 169 

an additional hysteretic delay tadd was rewritten as: 170 
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171 

with 172 

1

1 ln(1 )addt      
173 

Equations (2) and (3) only deal with the bulk erosion. However, surface erosion also occurs 174 

in the exposed scaffold elements to the ISF. For the surface erosion, the larger contact area 175 

between a scaffold element and the ISF is, the faster the element degrades. Therefore, we 176 

introduced κ2 to include the surface erosion, and f(t) represents the number of ISF elements 177 
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around a scaffold element in a 3×3×3 zone at time t in the degradation. Based on equation (3), 178 

the modified degradation rate was written as: 179 
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            (4) 
180 

It is worth mentioning that the polymer degradation is commonly known to be accelerated 181 

by the local carboxylic acid products, and the products play an important role in the 182 

autocatalytic effect. The effect has been verified in the experiments of the local hydrolysis [29, 183 

30] and included in a theoretical model [10], however, we here would not take the auto-catalytic 184 

effect into consideration. Then, the judgment 1 arrives as: 185 

Judgment 1: The scaffold (χ = 1) is completely degraded when β(t) calculated from equation (4) 186 

is less than a threshold βthre, i.e. β(t)<βthre, and it is changed into the ISF, i.e., χ from 1 to 3.
 

187 

Stochastic degradation: Equation (4) corresponds to a first order Erlang stochastic process 188 

[8], and it was used to define the hydrolytic probability density function p(t) of scaffold element: 189 
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            (5) 190 

with 191 

   ln lnN n m  192 

where n is the element number per unit volume in the present work, m is the reference element 193 

number per unit volume in literature [10], which influences the degradation rate constant κ1, 194 

and N represents the relationship between the present element number n and the reference 195 

element number m. According to Gopferich’s theory [9], the degradation probability (5) was 196 



related to the element number per unit volume, namely, the complete degradation of a scaffold 197 

with a smaller element number in a unit volume needs a longer time than that with a larger 198 

element number. Then, the second judgment reads as: 199 

Judgment 2: The scaffold element completely degrades when a randomly generated number 200 

between 0 and 1 is less than p(t), and it is changed into the ISF, i.e., χ from 1 to 3. 201 

The scaffold completely degrades when either of the judgments is satisfied. Typically, the 202 

mechanical properties of polymers were exponentially related to its molecular weight; for the 203 

present model, the Young's modulus Es(t) of the scaffold element was also exponentially related 204 

to β(t). Although the experimental result does not show strictly exponential variation, the 205 

exponential decrease of Young's modulus is similar to the numerical result [29] and experimental 206 

result [30], i.e.: 207 
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            (6) 208 

where Es and EISF are the ideal Young's moduli of the non-degraded scaffold and ISF, respectively. 209 

As stated before, for ideal scaffold element without initial degradation (i.e., t=0, tadd=0), we have 210 

β(0)=1, Es(0)=Es. When the scaffold is completely degraded at time t, we have β(t)=0, and the 211 

scaffold element is changed into the ISF, Es(t)=EISF. 212 

2.3. Bone remodeling 213 

Bone remodeling under mechanical stimulus is complex, but generally, it consists of bone 214 

resorption and formation. It is reported that only the osteoclasts and osteoblasts adhering on 215 

the surface of the scaffold or bone can sense the mechanical signal [31], and further resorb and 216 

form bone tissue. Therefore, the bone resorption and formation is considered to only occur on 217 

the surface of the scaffold or newly-formed bone. In addition, osteoblasts on the surfaces of the 218 



extravascular bone matrix [32] and osteocytes residing in the lacunae [33] were directly 219 

stimulated by the fluid shear stress, or hydrostatic pressure. However, the structural strain or 220 

strain-related instead of the shear stress or hydrostatic pressure were widely used to regulate 221 

the bone remodeling process, actually the strain or strain-related stimulus indirectly influences 222 

the cell activities because it causes the changes of the ISF flow and the hydrostatic pressure. 223 

Moreover, there is an indication that immature bone is more responsive to alterations of cyclic 224 

strains than mature bone [34]. Thus, the local nonuniform strain energy density (SED) ψ was 225 

here used as the mechanical stimulus. Based on the Husikes theory [15] and Schulte’s work [35], 226 

the bone remodeling rate u(ψ), indicating the thickness variation of formed/resorbed bone in a 227 

unit time, is depicted in Figure 3, and mathematically expressed as: 228 
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          (7) 229 

where c is a constant denoting how fast bone formation and resorption rates reach the 230 

maximum growth rate umax, ψupper and ψlower are bone formation and resorption thresholds, 231 

respectively. Between the two thresholds is the ‘lazy zone’, which represents equilibrium 232 

between the resorption rate and the formation rate. The local SED ψ of element i is influenced 233 

by its neighboring element j within a sensitive distance D, and the closer the jth element to the 234 

ith element is, the greater it contributes, and the local SED is expressed as [35]: 235 
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where q is the number of the contributive elements. SED(xj) is the strain energy density of the 237 



jth element, and d(xj-xi) is the distance between element i and j. According to the remodeling 238 

rate u(ψ), the bone volume fraction αb(t) of a bone element in the dynamic process increases or 239 

decreases, and its rate is defined as: 240 
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t 
                   (9) 241 

Here, unmatured bone elements are cellular and share a constituent material (matured bone), 242 

then, the bone volume fraction αb(t) equals the ratio of the density ( )b t  of the unmatured 243 

bone to the density ρb of the matured bone, i.e.,   ( ) ( ) /b b b bt t t     . The relative density 244 

( )b t  is a primary parameter to determine the Young’s modulus Eb(t) of the cellular bone. 245 

According to the Gibson's work [25], the density-modulus relationship ( ) ( )B

b bE t A t  is often 246 

employed to describe the Young's modulus of porous bones [36]. Meanwhile, considering two 247 

extreme cases, Eb(0)=EISF (i.e., (0) 0b  ) and Eb(t)=Eb (i.e., ( ) 1b t  ), a modified 248 

density-modulus relationship is developed as: 249 

         
3 3

b b ISF b ISF b ISF b ISFE t E E t E E E t E              (10) 250 

It is worth mentioning that the empirical equations (6) and (10) satisfy the extreme cases, but 251 

rigorous solutions can be obtained by employing complex micromechanical models for the 252 

mechanical properties of the scaffold degradation [37] and bone formation [38, 39]. 253 

Like the scaffold degradation judged by molecular weight, the relative density ( )b t  or 254 

bone volume fraction αb(t) is used to judge the bone remodeling, since it denotes the degree of 255 

bone maturation and determines the mechanical properties of bone. Plus, when αb(t) is small, 256 

an element does not contribute to mechanical properties of the scaffold-bone system. Then, the 257 

judgment goes as follows: 258 



When the bone volume fraction αb(t) of an element is less than a threshold αthre, the 259 

element is changed into ISF, i.e., χ from 2 to 3. On contrary, when αb(t) of an element is greater 260 

than αthre, the element is changed into bone, i.e., χ from 3 to 2. 261 

3. RESULTS 262 

3.1. Input parameters 263 

The scaffold here is constituted by PLA. The element number per unit volume m in the 264 

literature [10] is 1003, and the counterpart in this work is 23, thus, N in equation (5) was 265 

calculated as N=ln(23)/ln(1003)=0.15. For the bone remodeling, the maximum resorption or 266 

formation rate is 2 mm3/mm2/yr [40], which corresponds to umax=0.005 mm/day in the present 267 

simulations. The thresholds ψlower and ψupper were modified from literature [35]. Besides, as 268 

stated in Section 2.1, the rehabilitation exercise level was 3 MPa. All inputting parameters used 269 

in the simulation are listed in Table 1. 270 

Table 1 Input parameters of the simulations. 271 

Parameters Value Unit 

Bulk degradation rate constant κ1 0.0185[10] day-1 

Surface degradation rate constant κ2 6 - 

Ratio N 0.15 - 

Constant c 0.5[35] mm·MPa-1·day-1 

Maximal formation/resorption velocity umax 0.005[40] mm·day-1 

Resorption threshold ψlower 0.01[35] MPa 

Formation threshold ψupper 0.02[35] MPa 

Influence distance D 52[35] μm 

Young's modulus of mature bone Eb 20[41] GPa 

Ideal Young's modulus of undegraded PLA Es 5[42] GPa 

Poisson's ratio of scaffold and bone υ 0.3 - 



Young’s modulus of ISF EISF 0.01 GPa 

Poisson's ratio of ISF ΥISF 0.49 - 

State change threshold 
αthre 0.01 - 

βthre 0.01 
 

3.2. Simulation results 272 

In this part, the seven exercise durations and the non-exercise case were simulated. 273 

3.2.1. The scaffold degradation and bone formation. 274 

The volumes of the degraded scaffold and the formed bone normalized by the RVC volume 275 

are plotted in Figure 4. Generally, it shows that the conflict of the trends of the scaffold 276 

degradation and bone formation, and the scaffold completely degrades and bone formation 277 

reaches a stable state after 140 days. In their respective process, different exercise cases share a 278 

similar trend. For the scaffold, the degradation described by equations (4) and (5) is not 279 

influenced by the mechanical stimulus, thus, the degradation for all cases is close to the 280 

non-exercise case (OSD in Figure 4a). Whereas, the degradation difference for all cases after 20 281 

days exists, and this is induced by the coupling of the bone formation, which is remodeled by the 282 

stimulus. For the newly-formed bone, bone rarely forms in initial 20 days and reaches a 283 

temporary balance before 50 days; afterwards, bone keeps forming until 140 days (Figure 4b). 284 

Moreover, the bone forms faster in a larger exercise durations than that in smaller durations 285 

before 50th day, while the final bone formation in all cases is similar except for the case of 0.2. 286 

3.2.2. The case of rehabilitation exercise duration 0.5. 287 

To observe the coupling process, we exemplified the case of 0.5, and states at nine time 288 

points were snapshot in Figure 5. For the sake of the clarity, Figure 5 only displays the 289 

maturation degree of formed bone by gray values, and the degradation degree of scaffold is 290 

shown in the Appendix. Before day 10, scaffold changes weakly (Figure 5a), and there is almost 291 



no newly formed bone tissue (the black line in Figure 5b), but the system's Young's modulus in 292 

the loading direction decreases quickly and monotonously (the blue line in Figure 5b). This is 293 

because only a portion of PLA molecular chains in the scaffold element breaks (equation (4)), 294 

which results in a decrease in the molecular weight and a further decrease in Young's modulus of 295 

the element. However, this does not mean that the element is completely degraded, thus the 296 

volume of the scaffold element is not reduced significantly (the red line in Figure 5b). From day 297 

10 to day 60, scaffold degrades much faster than before, and more scaffold elements are 298 

degraded (Figure 5a). This is because more and more voids forming in the degraded scaffold 299 

facilitate the degradation as the process proceeds. The bone firstly forms on the surface of the 300 

four pillars along the loading direction, especially at the eight corners of the RVC because of the 301 

high mechanical stimulus. Meanwhile, the Young's modulus of the coupling structure stays 302 

constantly around 480 MPa and forms a plateau (Figure 5b), which roughly corresponds to the 303 

temporary balance in Figure 4b. From day 60 to day 150, the scaffold keeps degrading and 304 

almost fully disappears at day 120 (Figure 5a), and the fast scaffold degradation promotes the 305 

bone formation till day 120. Moreover, the Young's modulus increases greatly because of the 306 

formed bone. After 150 days, the scaffold completely degrades, and the bone remodeling 307 

reaches a balance except few unmatured bone elements, which represents the successful bone 308 

tissue regeneration. 309 

3.2.3. The comparison of Young's modulus between all cases. 310 

For all the exercise cases, their Young's moduli of the scaffold-bone system are reported in 311 

Figure 6, and they share a similar variation. According to the specific case in Section 3.2.2, we 312 

divide the process into four stages. At stage I (0-15 days), there is almost no difference in the 313 

Young's moduli between all cases. This is because there is not much polymer scaffold 314 



degradation and new bone formation, and the scaffold degradation is unrelated to the 315 

mechanical stimulus. At stage II (15-80 days), bone starts to form. Different from the degraded 316 

scaffold, bone formation is influenced by the stimulus, which results in the disparity between 317 

different cases as the process proceeds. At the beginning of this stage, the modulus of the 318 

system continues decreasing till 50th day, after that it increases slightly due to newly-formed 319 

bone, and the modulus reaches a minimum of the entire process. At stage III (80-140 days), the 320 

Young's modulus increases dramatically due to the degraded scaffold, which leads to a fast bone 321 

formation. At stage IV (after 140 days), the Young's modulus becomes stable due to the 322 

completely formed bone. It is worth mentioning that at stages II, the longer the exercise 323 

duration per day is, the greater the modulus attains, as shown in Figure 4b; whereas, at stage III, 324 

the system's modulus reverses at 100th day, i.e., the less exercise duration produces a greater 325 

modulus. Regarding the reversal at stage III, it may be caused by the fast bone formation with 326 

greater exercise durations at stage II, which results in a bone coat around the scaffold, and the 327 

coat mitigates the scaffold degradation. Thus, the formed bone under a greater duration is less 328 

than that under a smaller duration at stage III, but the scaffold-bone system in a greater duration 329 

matures early than those in a smaller duration. Interestingly, at stage IV, the case of 0.3 has an 330 

optimal final modulus, and this indicates that the excessive physical exercise may be not 331 

beneficial for the bone regeneration. 332 

4. Discussions 333 

The dynamic bone repair process under different exercise durations were investigated and 334 

modeled by coupling the scaffold degradation and bone remodeling. Basic materials were 335 

assumed to be isotropic and linear-elastic, but the real bone tissue is anisotropic also due to the 336 



hierarchical arrangement (from nano- to macro-scale) of its components, and the multilevel 337 

structure plays a critical role in determining the mechanical properties of the bone [43, 44]. 338 

Materials’ anisotropy influences the inter-level or intra-level cracking behavior in the 339 

biomaterials-bone system [44], and the elastic constants or the strain distribution in an organ 340 

after implantation [45]. However, here, due to the only existence of the polymer in the scaffold, 341 

the polymer was considered as an isotropic linear elastic material. The scaffold structure's 342 

anisotropy can be achieved by differentiating the side sizes of the scaffold in its three orthotropic 343 

directions, and this could be used to tailor a suitable scaffold to match the anisotropic natural 344 

bone.  345 

The scaffold degradation is caused by hydrolysis. By adding an extra term f(t)/κ2, the surface 346 

erosion was incorporated into the model due to surface contact with ISF, which accelerated the 347 

degradation. We compared the number average molecular weight (Mn) in the present simulation 348 

with its counterparts in experiments in literature in Figure 7. Generally, the present degradation 349 

exhibits an exponential decay, and is comparable to the literatures [46-50]. In particular, at the 350 

early stage of degradation, from 0 to 20 days, the number average molecular weight (Mn) of the 351 

scaffold linearly decreased by 40%, while the volume percentage of scaffold in the RVC (SV/TV) 352 

only decreased by 10% (Figure 4a). This is similar to the literature [46, 47], which reported that 353 

the PLA scaffold weight slowly reduced before 20 days (5% and 15% respectively), but Mn was 354 

lost almost 50% in in vitro experiments. After 20 days, both Mn and SV/TV decreased until a 355 

compete degradation at around 150th day. Scaffold’s size as well as shape also influence the 356 

polymer degradation, thus they are always optimized from the sense of the physical (mechanics, 357 

permeability) and biochemical properties (cell migration, tissue formation). When the size of the 358 

PLA matrix is smaller than a critical size, the surface erosion prevails in the degradation process. 359 



This is because a larger specific surface area allows a greater contact with water-contained ISF, 360 

which facilitates the hydrolytic reaction of the matrix. The scaffold shape seems to have a weak 361 

influence on the bone-repair dynamic process [51]. However, Adachi et al [21] and Chen et al. 362 

[22] studied two kinds of scaffold RVC with different shapes, And reported that the neo-tissue 363 

firstly forms at the corner in the former work and on the inner surface in the latter work. this is 364 

beneficial for the design of scaffold architectures, for instance, on basis of the optimized size and 365 

shape, the distribution of the polymer mass can be tailored to balance the scaffold degradation 366 

and new bone formation [21,22,52]. Besides, temperature and pH of the hydrolytic environment 367 

have an effect on the degradation rate, and molecular weight also determines the degradation 368 

time [53]. Thus, the totally PLA degradation time differs from six months to two years [54], and 369 

the degradation parameters in the present simulation could be modified to address different 370 

situations. 371 

The bone remodeling is on basis of a SED-regulated mechanosensory function. At the final 372 

stage, the volume percentage of formed bone in the RVC (BV/TV) of all exercise cases, except 0.2, 373 

is 15 % ± 1 %, corresponding to an approximate constant porosity of 85% (Figure 4b). The 374 

constant porosity is determined by the geometry (or pillar thickness) of the RVC, and this verifies 375 

that the final trabeculae thickness is closely associated with the magnitude of the mechanical 376 

stimulus [55], and here the applied load is kept to be 3 MPa. The peak strain of the final 377 

scaffold-bone system is 1625 ± 254 με (Figure 8). According to the “mechanostat” model 378 

proposed by Frost [56], the bone remodeling reaches homeostasis, and the remodeled bone 379 

mass and strength keep constants when the peak strain is between 1000 με and 1500 με 380 

(Modeling Region, MESm), which is close to the present mean value 1625με. 381 

For the coupling model, from Figure 5a, we can see that there is no formed bone tissue 382 

http://www.baidu.com/link?url=luVYnUyG4vlJHxu-lGIYbXZ6fp8NcFvXI9LKbJkeBB--bJBeafbh8QcKXPPFbNNaKutGvITdg_acYPvC7DbE_dUpO3_sFevoAq7PecVd75W


along the horizontal pillars. This is due to the weak mechanical stimulus at the pillars, which is 383 

not able to promote bone formation. This phenomenon is consistent with the numerical 384 

simulation by van Oers et al. [57], in which it has been shown that the strain-induced osteocyte 385 

signal only directed the bone remodeling in the loading direction. Moreover, this also explains 386 

that trabecula in cancellous bone always orientates along the loading direction. From Figure 6, it 387 

is seen that under the same exercise pressure 3 MPa, the system reaches a minimum state 388 

around 50 days and a balance state around 140 day regardless of the exercise durations. This is 389 

also comparable to the work by Adachi et al. [21], who reported that the optimal scaffold with 390 

was completely degraded after 120 days, and the system’s strain energy was the weakest at day 391 

40. However, it is worth mentioning that they used the strain energy instead of the Young's 392 

modulus as the optimal index of the scaffold. In order to monitor the system's Young's modulus 393 

in the entire process, the smallest Young's modulus and the final Young's modulus are plotted in 394 

Figure 9, and they are 280 ± 150 MPa and 1900 ± 300 MPa, respectively.  395 

Clinically, the presented coupled results suggest that rehabilitation exercise is unnecessary 396 

in the first two weeks as it has slight effect on bone remodeling process. After this period, 397 

because a longer exercise time produces a smaller final modulus of the scaffold-bone system, 398 

moderating exercise time per day is recommended to obtain a final optimal structural modulus. 399 

Here, 0.3 is the best choice for the optimal bone repair. 400 

Indeed, due to simplifications of the scaffold degradation and bone remodeling, there are 401 

several limitations. First, in reality, the polymer degradation is also influenced by the mechanical 402 

stimulus [58,59], composition, molecular weight, shape [60] and pH value [61] etc., but the 403 

present degradation model did not consider these factors. Meanwhile, the polymer degradation 404 

here only influences the stress redistribution of the scaffold-bone system, and the effect of the 405 



degradation on biological and molecular responses was not taken into account either. Second, 406 

the real walking frequency was generally treated as the mean loading history every day. Thirdly, 407 

the mechanical stimulus (SED) was considered as the only factor controlling the bone 408 

remodeling. The growth rate c as an empirical constant in equation (7) was selected, whereas 409 

actually, the growth rate is related to the biochemical and molecular signals etc., which regulate 410 

the activities of osteoclasts and osteoblasts [32,62]. Fourth, ISF was considered as 411 

incompressible solid instead of fluid, and this neglects the important role of the fluid shear stress 412 

(FSS) between ISF and bone tissue [63]. Despite these limitations, the novel framework still 413 

provides insight into the interplay between degraded scaffold and formed bone under different 414 

rehabilitation exercise durations, and helps to establish a sustainable link between the modelling 415 

and simulation and the tissue engineering communities. 416 

 417 

5. CONCLUSIONS 418 

This work investigated the influence of rehabilitation exercise durations on the bone repair 419 

by coupling the scaffold degradation and bone remodeling, which exhibit an opposite variation. 420 

The degraded scaffold dominates the stiffness of the scaffold-bone system at the initial stage, 421 

and the newly-formed bone dominates at the final stage. Under a cycled mechanical stimulus, a 422 

longer exercise duration leads to an earlier maturation of bone but a lower final Young's 423 

modulus. The final Young's modulus is approximate 1.9 GPa, which is comparable to that of the 424 

trabecular bone. Although the theory is based on the simplified mathematical model, it still 425 

improves our understanding of the dynamic bone remodeling process, and suggests that 426 

moderate exercise duration is beneficial for the bone repair. Furthermore, it can be used to 427 

guide the design of polymer scaffolds for future clinical applications. 428 



 429 

Appendix: 430 

 431 

Figure A. Snapshots of the evolving process of the degraded scaffold at different time points 432 
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Figure Captions: 569 

Figure 1. Periodic scaffold. (a) Scaffold architecture; (b) Representative volume cell (RVC). 570 

Figure 2. Exercise duration per day and mesh of the RVC. (a) Exercise duration exercise described 571 

by trapezoidal loading pulse in a day; (b) Initial computation domain including 8000 elements, in 572 

which the scaffold and ISF elements are red and white, respectively. 573 

Figure 3. Bone remodeling velocity u(ψ) vs. strain energy density ψ. 574 

Figure 4. The change of SV/TV (a) and BV/TV(b) with time after scaffold implantation for seven 575 

exercise durations and non-exercise case (only scaffold degradation, OSD). (BV: Bone Volume, SV: 576 

Scaffold Volume, TV: Total Volume) 577 

Figure 5. The dynamic process of scaffold-bone system with exercise duration 0.5. (a) Snapshots 578 

of the scaffold-bone system at different time points, note that the blue elements are scaffold 579 

and others are bone. To observe the maturation degree of formed bone, the bone element is 580 

displayed from light grey to dark grey; (b) Variation of the Young’s modulus, BV/TV and SV/TV. 581 

Figure 6. Young’s modulus of the scaffold-bone system under different exercise durations. 582 

Figure 7. The comparison between our simulations and other measurements: In vitro 583 

degradation 1 (Tsuji et al. [46]), In vitro degradation 2 (Helder et al. [47]), in vivo degradation 1 584 

(Pitt et al. [49]) and in vivo degradation 2 (Pistner et al. [50]). 585 

Figure 8. The final strain of the seven exercise durations. 586 

Figure 9. The final and lowest Young’s modulus of the seven exercise durations during the 587 

bone-repair process. 588 
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