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Abstract 
After fracture, mesenchymal stem cells (MSCs) and growth factors migrate into the fracture 

callus to exert their biological actions. Previous studies have indicated that dynamic loading 

induced tissue deformation and interstitial fluid flow could produce a biomechanical 

environment which significantly affects the healing outcomes. However, the fundamental 

relationship between the various loading regimes and different healing outcomes has not still 

been fully understood. In this study, we present an integrated computational model to 

investigate the effect of dynamic loading on early stage of bone fracture healing. The model 

takes into account cell and growth factor transport under dynamic loading, and mechanical 

stimuli mediated MSC differentiation and tissue production. The developed model was firstly 

validated by the available experimental data, and then implemented to identify the loading 

regimes that produce the optimal healing outcomes. Our results demonstrated that dynamic 

loading enhances MSC and growth factor transport in a spatially dependent manner. For 

example, compared to free diffusion, dynamic loading could significantly increase MSCs 

concentration in endosteal zone; and chondrogenic growth factors in both cortical and 

periosteal zones in callus. Furthermore, there could be an optimal dynamic loading regime (e.g. 

10% strain at 1Hz) which could potentially significant enhance endochondral ossification.  

Keywords: Bone fracture healing; Mesenchymal stem cells; Chondrogenic growth factors; 

Osteogenic growth factors; Dynamic loading; Solute transport. 
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Introduction  
Throughout the bone fracture healing process, tissue production and distribution depend on 

both the biochemical and biomechanical microenvironments of the fracture site (e.g. 

concentration of growth factors and interfragmentary movement)
10

. The fundamental 

understanding of the influence of both chemical and mechanical factors that govern the healing 

processes is critical for achieving an optimum healing outcome. 

During early stage of healing, cells and growth factors diffuse into the fracture site. The 

interstitial fluid transports nutrients, oxygen and wastes through callus during bone fracture 

healing. Dynamic loading is one of the physiological processes that induce fluid flow through 

callus, and fluid flow has been demonstrated to influence cell migration on tumour cells
59

, 

fibroblasts
53

 and endothelial cells
64

. The enhanced solute transport under cyclic loading has 

also been supported by experimental studies on articular cartilage
8
 and callus tissue

66
.  The role 

of dynamic loading on solute transport through interstitial fluid in early fracture callus has not 

been fully understood and studies in this area are limited. 

The cellular response in the callus is very sensitive to the mechanical microenvironment
41

. 

Several mechano-regulation theories
55, 58

 have been proposed and implemented in 

computational models to numerically predict tissue regeneration in fracture callus
15, 61

. 

Assuming that migration, proliferation and differentiation of MSCs, and tissue formation are 

governed by mechanical stimuli within the callus, these models predicted the sequence and 

pattern of healing
35, 42

. It is known that bone fracture healing is also influenced by biochemical 

stimuli like growth factors, but their effects on healing were not taken into account in these 

models.  

Bailon-Plaza et al.
3
 proposed a bioregulatory model treating biochemical stimuli as the 

governing factor for bone fracture healing, which was later extended to incorporate the effects 

of mechanical stimuli on cartilage and bone formation. Their results demonstrated the 

importance of mechanical stimuli during early stage of healing through a significant reduction 

in bone formation when mechanical stimuli were delayed until 6 weeks after fracture
4
. The 

PDE model was further developed by other researchers, and elaborated to simulate 

angiogenesis and describe revascularisation, which is a critical healing process during later 

stages of fracture healing
11, 23, 56

. However, the effects of dynamic loading on the transport of 

cells and growth factors were not explicitly investigated in these models.  

The combined effects of biochemical and biomechanical stimuli on bone healing, particularly 

the dynamic loading induced advective (convective) cell and growth factor transport, have not 

been fully investigated so far. Therefore, the focus of this study is to investigate the effect of 

dynamic loading on solute transport and tissue differentiation within fracture callus, 

particularly at early stage of healing. As shown in Fig. 1, the developed model takes into 

account the biomechanical stimuli mediated stem cell differentiation and tissue production, as 

well as advective (convective) transport of cells (i.e. MSCs, fibroblasts, chondrocytes and 

osteoblasts) and growth factors (i.e. osteogenic growth factors and chondrogenic growth 

factors) induced by interstitial fluid flow as a result of dynamic loading. Osteogenic growth 

factors (e.g. BMP -2, -4, -6,) and chondrogenic growth factors (e.g. TGF β -2, -3) are two 
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important types of growth factors, that regulate the differentiation of MSCs into osteoblasts and 

chondrocytes, respectively 
12, 13, 45, 62, 69

. The molecular weight (25KDa) of these growth factors 

was adopted from the reported value for TGF β -2 and BMP -2
3, 38, 44, 62

. Previous studies have 

suggested that dynamic loading enhances the advective transport of large molecules, like 

growth factors in biological tissues relative to free diffusion
46

. 

Model validation 

The developed model was firstly validated against the experimental data of Harrison et al.
29

. 

The callus section was divided into three zones (Refer to Fig. 2b), zone 1 or endosteal zone 

(callus formed inside cortical bone and under bone marrow), zone 2 or cortical zone (callus 

beneath the cortical bone) and zone 3 or periosteal zone (callus formed outside cortical bone).   

Fig. 4 shows comparison of numerically predicted tissue distribution pattern of fibrous tissue, 

cartilage and bone at day 7 with experimental data in endosteal callus (Zone 1), cortical callus 

(Zone 2), and periosteal callus (Zone 3). It can be seen that the computational results fit the 

experimental data reasonably well. The model findings are also consistent with the 

histomorphometric measurements of bone (around 16%) and cartilage (around 8.3%) 

percentage in callus area at day 8 post fracture in diaphyseal fracture of mice tibia
22

. In 

addition, model predictions are in agreement with the histological study of Vetter et al.
63

 on 

diaphyseal healing of sheep tibia, which demonstrated a relatively high fibrous tissue content in 

the cortical and endosteal callus during early reparative phase compared to that in the periosteal 

callus. The simulation results show that cartilage tissue formation mainly happens in periosteal 

callus (Fig. 4c), while there is little cartilage and bone formation in cortical callus (Fig. 4b) as 

cells and growth factors need time to diffuse into this area. This is also supported by 

experimental findings which show that cartilage tissue formation is mainly on the outer 

periosteal callus of rat tibia after 8 days post fracture
31

. 

Materials and methods 
The theory of porous media has been applied in numerous studies to model biological soft 

tissues like fracture callus and articular cartilage
50, 71, 75

. Experimental study of Polacheck et 

al.
59

 demonstrated that the fluid flow velocity as well as gradient of cell density determines the 

direction of cell migration. Thus, it is reasonable to model cell migration within a fully 

saturated porous tissue by using diffusion-advection equation. In present study, fracture callus 

was treated as a poroelastic material consisting of a solid phase representing various callus 

tissues  (i.e. fibrous tissue, cartilage and bone), an interstitial fluid phase and a solute phase 

comprising of callus cells (i.e. MSCs, fibroblasts, chondrocytes and osteoblasts) and growth 

factors (i.e. chondrogenic and osteogenic growth factors). The present study proposes an 

integrated model which takes into account cell and growth factor transport under dynamic 

loading, and mechanical stimuli mediated MSC differentiation and tissue production. The 

developed model could potentially be implemented to identify the loading regimes that produce 

the optimal healing outcomes. 

Transport of cells and growth factors 
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The transport equations for cells and growth factors can be obtained based on conservation of 

mass of the solute in fluid phase
72

. 

Mesenchymal stem cells (  ) 

     

  
                          

     
  (1) 

where    
  and   

  are the production and degradation rate of MSCs, respectively.      is the 

medium volume based concentration of MSCs (see Appendix A.1 for detailed expression),    

is interstitial fluid velocity and    is the diffusion coefficient of MSCs with consideration of 

tortuosity factor for the callus matrix. (See Appendix A.2)  

As shown in Fig. 1, mechanical loading directly influences MSC differentiation through 

changing the mechanical microenvironment of MSCs (i.e. stimuli index S, refer to Fig. 3). On 

the other hand, mechanical loading induced interstitial fluid flow in callus enhances the 

transport of growth factors (i.e. osteogenic growth factor and chondrogenic growth factor) and 

therefore indirectly enhances chemical stimuli resulting in so called “synergistic effects” (Fig. 

1), which has been demonstrated in the previous experimental studies
30

. In present study, these 

synergistic effects have been explicitly incorporated in our computational model. 

As MSCs differentiate into fibroblast, chondrocyte and osteoblast in the callus domain, it leads 

to mass sink of MSCs (  
 ) given by: 

  
      

  
    

     
           

  
    

     
          (2) 

where   
  

,   
  and   

  are the chemical stimuli mediated differentiation rates of MSCs into 

fibroblast, chondrocyte and osteoblast, respectively (See Appendix A.2). Similarly,   
  

,   
  and 

  
  are the mechanical stimuli mediated differentiation rates of MSCs into fibroblasts, 

chondrocytes and osteoblasts, respectively. 

The transport equations for fibroblasts (   ), chondrocytes (  ), osteoblasts (  ), chondrogenic 

growth factor (  ) and osteogenic growth factor (  ) can be expressed similar to that of 

mesenchymal stem cells. (See appendix A.3).  

The differentiation rates of MSCs into fibroblasts, chondrocytes and osteoblasts regulated by 

local mechanical environment are assumed to be dependent on the magnitude of stimuli index 

(S) (See Appendix A.4), as follows: 

  
  

 
 

    
     

                 
     

                                            

   
     

                 
     

                                       

   
      

                  
     

                                            

  
(3) 

where    
  is the mechanical stimuli mediated production rate of α cells (Appendix A.3). 
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The value of stimuli index S is dependent on octahedral shear strain and fluid velocity (see 

Appendix A.4). The results of sensitivity analysis indicate that the value of S is much 

dependent on octahedral shear strain.  

Fibrous tissue (   ), cartilage (   ) and bone (   ) production 

The tissue production within the callus which depends on both chemical and mechanical 

stimuli
34, 56

 can be expressed as follows: 

     

  
    

    
 
 (4a) 

  
 
     

 
     

 
       

(4b) 

  
 
     

 
              

(4c) 

where      (fibrous tissue);      (cartilage tissue); and      (bone tissue).   
 
 is the 

production rate of the relevant tissue which is assumed to be the sum of chemical stimuli 

mediated production rate     
 
  and mechanical stimuli mediated production rate     

 
  (See 

Appendix A.5).   
 
 is the degradation rate of the tissue.  

The interstitial fluid motion within the callus is determined from the balance of linear 

momentum and mass conservation of solid and fluid phases (See Appendix A.6). 

Problem Description 

The developed model was implemented to reproduce the experimental observations of Harrison 

et al.
29

 due to the availability of experimental details (i.e. time dependent healing progression 

through histological analysis) and then used to investigate the effect of different loading 

regimes on healing outcomes. A series of computational simulations were carried out to 

identify the optimal regime that enhances solute transport in fracture callus, stem cell 

differentiation and tissue formation at early stage of healing. The values of model parameters 

used this study are given in Table 1. 

Geometry 

Fig. 2a shows a transverse fracture on a mid-section of diaphyseal rat femur. The geometry and 

size of facture callus adopted in this study were defined based on the experiments of Harrison 

et al.
29

. The 2D axisymmetric model used in simulation is shown in Fig. 2b. The simplified 

geometry used by Geris et al.
22

 was adopted to compare our finite element model results. As 

our model formulation has been implemented in a finite element framework, it can be solved 

over any complex geometry without limiting to a 2D geometry. All the sharp edges of broken 

cortex and callus borders have been rounded through a filler of 0.01mm radius, to avoid stress 

concentration regions due to the shape of model geometry. In this study, a series of parametric 

studies were carried out to investigate the effect of filler radius of the edge of cortex bone on 

tissue development. Our results show that, while the change of filler radius leads to the change 

of spatially profile of fibrous tissue near the fracture corner zone, the change of filler radius has 

little impact on the total content of different tissues in callus. 



6 

 

Loading Protocol 

As shown in Fig. 2c, it was assumed that the fractured femur was subjected to a dynamic 

loading representing foot loading patterns (e.g. loading rise time, loading time and recovery 

time)
5, 74

. The loading strains and frequencies in the model were selected based on both 

previous animal experimental studies
2, 20, 59

 and physiological relevant loading regime
37, 49

. 

Assumptions 

To simplify the complicated healing problem, the following assumptions were made in present 

study:  

 The early stage of healing is mainly mediated by the biological actions of MSCs
36

. At this 

stage, the majority of MSCs are originated from periosteum, bone marrow and external 

boundary of callus
43

 and there is little local proliferation of MSCs within the callus.  

 The volume fraction of solid phase and fluid phase remains constant during early stage of 

healing
19

.  

 The degradation of cells and growth factors are ignored during early stage of healing.  

 There is little change in callus size and geometry during early stage of healing.  

 The total cell differentiation rate is the sum of chemical stimuli mediated differentiation 

rate and mechanical stimuli mediated differentiation rate.  

Boundary Conditions  

As shown in Fig. 2b, the following boundary conditions are assumed based on experimental 

evidences: 

 The MSCs (c
m0

) diffuse into fracture callus from periosteum, bone marrow and external 

boundary of callus
31

.  

 The fibroblasts (c
fb0

) diffuse into fracture callus from bone marrow and external boundary 

of callus
60

 active during the inflammation phase for up to 3 days. 

 The chondrogenic growth factors (g
c0

) diffuse into fracture callus from the cambium 

region of periosteum at the fracture end of the cortex
6
, with a peak around 5 – 7 days after 

fracture
13

. 

 The osteogenic growth factors (g
b0

) diffuse into fracture callus from both inner lining of 

cortex and periosteum
6
; and are active throughout the fracture healing, with a peak around 

21 days
13

.  

 No flux boundary condition for osteoblasts and chondrocytes at all boundaries, since they 

are observed to originate from mesenchymal stem cells in the callus
60

. All other cells and 

growth factors have no flux at the boundaries except mentioned above
23

.  

Initial conditions 

The initial callus is filled with loose fibrous granulation tissue at early stage of healing
48

. The 

initial conditions within callus can be assumed as 
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Cells: 

            ;             ;              ;               

Growth factors: 

            ;              

Tissues: 

                   56
 ;           ;            0 

Numerical solutions 

The governing equations (1), (A3), (A4), (A6) (See Appendix A) were solved numerically 

using commercial finite element software package COMSOL Multiphysics® v5.2
17

. Early 

fracture callus domain shown in Fig. 2b was modelled using a structured free triangular 

meshing with 1933 elements. The convergence analysis was performed to determine the mesh 

size with error of 1%. The time dependent simulation was carried out using the generalised 

alpha solver with 20745 degree of freedoms for a relative tolerance of 10
-3

.  

Results  

Free diffusion 

After fracture, the MSCs migrate into fracture callus and differentiate into fibroblasts, 

osteoblasts and chondrocytes regulated by the growth factor concentration. In order to compare 

the concentration of these cells and growth factors within different zones of callus as a result of 

free diffusion and differentiation, their normalised uptake (see Appendix for details) as a 

function of time in each zone is shown in Fig. 5. The concentration of MSCs (  ) and 

fibroblasts (  ) into callus are normalized to their respective boundary conditions 

(            ; while the concentrations of chondrocytes and osteoblasts are normalised to the 

boundary conditions of MSCs       as they are differentiated from MSCs. It can be seen from 

Fig. 5 that the uptake of all cells and growth factors in callus is spatially dependent. The model 

predicts a relatively high concentration of MSCs, osteogenic and chondrogenic growth factors 

in the periosteal callus due to the location of their sources at early stage of healing. The 

significance of chondrogenic and osteogenic growth factors is demonstrated by the relatively 

high uptake of chondrocytes and osteoblast in periosteal callus compared to other zones (Fig. 

5c and d), where there is relatively high concentration of chondrogenic and osteogenic growth 

factors and MSCs (see Fig. 5a, e and f). Consequently at day 7 post fracture, the model 

predicted a very low concentration of cartilage in the endosteal callus compared to that in 

periosteal callus (Fig. 4), which is also consistent with histological observation showing that 

little cartilage tissue is formed in the endosteal callus during early stage of healing
29, 63

. 

Sensitivity analyses have been carried out to investigate effect of initial conditions of 

mesenchymal stem cells (cm0), osteogenic growth factor (gb0) and chondrogenic growth factor 

(gc0) on tissue formation. The results show that the sensitivity of MSCs and growth factors in 
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cartilage formation is spatially dependent, for example, MSCs and chondrogenic growth factor 

enhances cartilage formation in both endosteal and periosteal callus, whereas the formation of 

cartilage in cortical cartilage is insensitive to chondrogenic growth factor. On the other hand, 

MSCs and osteogenic growth factor generally have a positive effect on bone generation across 

the callus, while chondrogenic growth factor is shown to inhibit the bone formation (Refer to 

Fig. 9). 

Advection (convection) 

To investigate the influence of mechanical loading on cells and growth factors transport, the 

normalised concentration of MSCs and growth factors under dynamic loading (i.e. advection/ 

convection) is compared with that under free diffusion (Fig. 6 and Fig. 7). Previous studies of 

advective (convective) transport of Insulin-like growth factor in cartilage have identified a 

strain magnitude of 10% and loading frequency of 1 Hz as the most effective dynamic loading 

parameters to enhance solute transport among a range of loading conditions
70, 71

. 

Correspondingly, a cyclic loading (Refer to Fig. 2c) corresponding to 10% strain at 1 Hz 

frequency for 6 hours was adopted in this study. 

The temporal as well as spatial effect of dynamic loading on the transport of MSCs is 

illustrated in Fig. 6. It can be seen from Fig. 6a that, in comparison to free diffusion, dynamic 

loading leads to a significant increase of MSCs at early stage of loading (e.g. 20% increase 

during the first hour of loading) and gradually goes down with the increase of loading time 

(e.g. down to 10% increase after 5 hour of loading). The simulation results are consistent with 

previous studies on dynamic loading induced advective (convective) solute transport in 

biological tissues (e.g. cartilage)
70-72

. In addition, the enhancement of MSC uptake as a result 

of dynamic loading could be four times higher in endosteal callus than that in periosteal callus, 

while dynamic loading has little effect on MSC uptake in cortical callus due to the fact that 

much less MSCs concentration would have reached this zone over 5 hours. Furthermore, the 

spatial increase of MSC uptake in Fig. 6b also suggests that the increase in MSC uptake is 

mainly in boundary zone of the endosteal callus, and the increment gradually moves further 

into the callus with the increase of loading time. 

The effects of dynamic loading on transport of growth factors in different zones of callus are 

shown in Fig. 7. In comparison to free diffusion, dynamic loading is seen to significantly 

enhance the uptake of chondrogenic growth factor by around 100% and 60% in cortical and 

periosteal callus, respectively, during the first 5 hour of loading. Among two growth factors, 

chondrogenic growth factor is predicted to experience a higher percent increase in its 

concentration compared to that of osteogenic growth factor, due to the fact that the source of 

chondrogenic growth factor being directly under the loading where there is a relatively higher 

fluid velocity at fracture gap specifically adjacent to the tip of the bone fragments
25

. On the 

other hand, the influence of dynamic loading in the uptake of osteogenic growth factor in both 

endosteal and periosteal callus is limited as the source of osteogenic growth factor is on the 

periosteal and endosteal layer of cortical bone where the fluid velocity is low.  
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Mechanical stimuli mediated cell differentiation and tissue regeneration 

The percent change in fibrous, cartilage and bone tissue concentration under different loading 

conditions relative to free diffusion is presented in Fig. 8. The inset diagrams show spatial 

distribution of actual tissue concentration under corresponding loading conditions. The 

comparison of the results from Fig. 8(a-f) shows that a relatively high loading strain (i.e. 15%) 

results in fibrous tissue formation (Fig. 8a), while a relatively low loading strain (i.e. 5%) or 

frequency (i.e. 0.01Hz) suppresses the cartilage formation and thereby the endochondral 

ossification. The model predictions are consistent with the previous computational predictions 

which showed that low frequencies fail to promote endochondral ossification
25

. Previous  

experimental studies have also demonstrated that moderate levels of loading (e.g. 10% strain) 

improve cell differentiation and accelerate bone healing
32

.  

The sensitivity analysis regarding different loading regimes with various strain and frequency 

combinations (Fig. 8) shows that the change of frequency has little influence on fibrous tissue 

formation and an increase in frequency by from 1Hz to 10Hz decreases cartilage formation by 

around 5%. In addition, the increase in strain by from 10% to 15% increased fibrous and 

cartilage tissue formation by around 5% and 15% relative to control, respectively.  

 

Discussion 
This study investigates the cellular activities including migration, differentiation and tissue 

formation mediated by both biochemical stimuli (i.e. growth factors) and mechanical stimuli 

(i.e. strain and fluid velocity) during bone healing. The developed model takes into account the 

direct contribution of dynamic loading induced mechanical stimuli as well as its indirect 

contribution through the advective (convective) transport of cells and growth factors within the 

fracture callus. To our best knowledge, this is the first study that incorporates all the above 

mentioned healing mechanism into a computational model which could potentially be 

implemented in identifying optimal loading regimes for better healing outcomes. 

The spatio-temporal distributions of MSCs and growth factors across all three regions: 

periosteal callus, cortical callus and endosteal callus is described from Fig. 5 to Fig. 8. Our 

simulation results show that tissue formation (Fig. 8 insets) advances progressively from the 

callus regions where both MSCs and growth factors are abundant. Externally supplied growth 

factors have also shown to accelerate fracture healing
39

, highlighting the importance of cells 

and growth factor transport into callus. It is known that dynamic loading generally enhances 

the transport of solutes through interstitial fluid flow
8, 70

. Our simulation results show that the 

enhanced transport of MSCs and growth factors in the callus due to advection (convection) is 

more obvious during the first hour of loading. In addition, the increased cell and growth factor 

concentration under the influence of dynamic loading is spatially dependent due to the spatial 

profiles of interstitial fluid velocity. Fig. 7 shows that the percent increase of chondrogenic 

growth factors in the periosteal zone of callus due to dynamic loading is more than 3-fold than 

that of osteogenic growth factors because the interstitial fluid velocity in the region near the 

source of chondrogenic growth factors is much higher than that of osteogenic growth factors
25
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(Refer to Fig. 2b). While previous studies have suggested that cell differentiation and tissue 

distribution pattern
43

 are directly regulated by fluid velocity within the callus, our 

computational results suggest that interstitial fluid flow in callus also plays an important role in 

the transport of MSCs and growth factors, and thereby indirectly influences healing outcome. 

These findings are consistent with previous experimental studies on cell migration
59,

 
53

 and 

solute transport
66, 8

.  

In addition, the model predicted a detrimental effect of dynamic loading immediately post 

fracture (i.e. inhibit the MSC differentiation into chondrocytes and osteoblasts). Our results 

show that, at Day 1 post-fracture, tissue formation under dynamic loading is less than that 

under free diffusion without loading. The application of mechanical loading at fracture site 

immediately after fracture is perceived to inhibit MSC differentiation into chondrocytes and 

osteoblasts completely
4
 (i.e. both chemical and mechanical differentiation rate, refer to Fig. 3) 

as high level of mechanical stimuli is unfavourable for a callus tissue
18

 composed of loosely 

formed granulation tissue, thereby decreasing the tissue concentration of cartilage and bone 

tissue relative to that under free diffusion. The model predictions are consistent with the 

experimental observation which showed that mechanical loading may impair cellular response 

at Day 1
20, 52

. Early loading of fracture site could also result in cell death and further tissue 

damage
21

, ultimately a delayed healing
67

. Our simulation results indicate the time of loading 

has to be carefully chosen to prevent possible negative effects on healing. 

It is well known that adequate interfragmentary movement resulting from partial weight 

bearing exercise during healing encourages endochondral ossification
67

. Our model predicts a 

significant enhancement in cartilage tissue formation within the callus specifically in the 

cortical and endosteal regions following the application of dynamic loading (e.g. 10% strain @ 

1 Hz as shown in Fig. 8b). Although a large strain (e.g. 15% strain and frequency of 1 Hz) 

could also increase cartilage tissue formation (Fig. 8a), it may lead to excessive fibrous tissue 

formation specifically in the cortical callus and thereby cause delay fracture gap bridging. The 

stress concentration in the inner corner of periosteal borders (Refer to Fig. 8a) due to the shape 

adopted doesn’t influence the numerical results
24

. There are numerous evidences demonstrating 

that formation of cartilage tissue in the fracture gap during the early stage of healing is 

favourable as it results in indirect fracture healing through endochondral ossification which is a 

much better healing process compared to direct bone healing
48, 57

. Further, the simulation 

results suggest there could be an optimal loading regime (e.g. 10% strain @ 1 Hz as shown in 

Fig. 8b) which encourages cartilage tissue formation but inhibits fibrous tissue production at 

the same time, and thereby enhances endochondral ossification. The loading strains and 

frequencies in the model used in this study are based on previous experimental studies
2, 16, 26, 68

 

with consideration of physiological relevant loading regime
37, 49

. For example, Augat et al.
1
 and 

Bishop et al.
7
 applied a strain of 26% and 25% on transverse osteotomy of sheep, respectively. 

Another experiment by Wolf et al.
3
 involving transverse osteotomy of 3 mm gap ovine tibial 

fracture demonstrated that a strain of 16% enhances the bone healing. In addition, by applying 

33% strain on tibial fracture of sheep Goodship et al.
7
 observed enhanced bridging callus and 

increased bone stiffness compared to rigid fixation after a healing period of 12 weeks. While 

there is lack of substantial data on interfragmentary strain in clinical cases
40

, clinical studies on 
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tibial fractures showed relatively large interfragmentary movement at initial stage of healing is 

tolerated
14, 65

, and very stiff fixation has been shown to inhibit callus formation and lead to 

non-unions in clinical cases
9
. Furthermore, in-vitro experiments on mesenchymal stem cells 

(MSCs) have demonstrated that a strain of 10% can enhance chondrogenic and osteogenic 

differentiation
37, 49

.  

The present study has some limitations. For simplicity and without sacrificing the fundamental 

healing processes under dynamic loading, a 2-D axisymmetric geometry was adopted in this 

study. However, if the fracture geometry and loading conditions are too complicated, a 

comprehensive 3D model should be developed. It mainly focused on the early stage of bone 

healing (i.e. first week after fracture) during which both the chemical and mechanical 

conditions are of critical importance for the entire healing process
41

. The boundary conditions 

adopted in the study are only valid in this stage. In addition, it is assumed that the mechanical 

properties of callus remain unchanged at this stage. However, as healing progresses (e.g. 

second week post-fracture), the mechanical properties of fracture callus should be updated in 

the model with the increase of time. Furthermore, our future study should incorporate 

angiogenesis which plays a key role in second stage of bone healing. The current model mainly 

focuses on studying the effects of dynamic loading on advective (convective) transport of cells 

and growth factors without considering the advective (convective) transport of nutrients, 

oxygen and wastes in callus. 

Conclusion 
In this study, we have developed an experimentally validated computational model to 

investigate the effect of dynamic loading on the early stage of bone healing. The model is 

based on porous media theory and incorporates processes such as the advective (convective) 

transport of cells and growth factors, and mechanical stimuli resulting from tissue deformation 

and interstitial fluid flow induced by the dynamic loading. The followings are some major 

findings: 

1.  During the first week after the fracture, the major component of callus is fibrous tissue 

and the distribution of various tissues is spatial dependent. For example, the amount of 

fibrous tissue in cortical zone and periosteal zone is 95% and 65%, respectively. In 

addition, the content of cartilage tissue is highest in periosteal zone of callus, which is 

close to the source of MSCs and chondrogenic growth factors. As for the bone content, 

it is a similar in periosteal and endosteal zones of callus (i.e. 18%), whereas there is 

little bone and cartilage formation in cortical zone. 

2. A physiologically relevant dynamic loading could enhance the transport of MSCs 

further into the endosteal callus (around 20% during the first hour of loading), but has 

limited influence in MSC uptake in periosteal and cortical callus. In addition, the 

dynamic loading enhances the uptake of chondrogenic growth factor uptake by around 

100% and 60% in cortical and periosteal callus, respectively, but has little effect on the 

transport of osteogenic growth factor.  
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3. An optimal dynamic loading regime (i.e. 10% strain @ 1Hz) produces the best healing 

outcomes through encouraging endochondral ossification by enhancing cartilage tissue 

formation and suppressing fibrous tissue content.  
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Parameters Expression 

Coefficient of stem cell diffusion     )  0.1715 mm
2
/day56 

Coefficient of stem cell diffusion     )  0.025 g/ml56 

Diffusion coefficient of fibroblast       0.245 mm
2
/day56 

Diffusion coefficient of osteogenic growth factor       0.06125 mm
2
/day56 

Diffusion coefficient of chondrogenic growth gactor       0.06125 mm
2
/day56 

Differentiation of stem cells into fibroblasts due to chemical stimuli 

(  
  

) 

0.01/day56 

Differentiation of stem cells into fibroblasts due to mechanical 

stimuli (  
  

) 

0.01/day1 
 

Coefficient of chondrocyte differentiation due to chemical stimuli 

     
40/day3 

Coefficient of chondrocyte differentiation due to chemical stimuli 

     
10 ng/ml56 

Differentiation of stem cells into chondrocytes due to mechanical 

stimuli (  
 ) 

0.3/day1 

Coefficient of osteoblast differentiation due to chemical stimuli 

     
3/day3 

Coefficient of osteoblast differentiation due to chemical stimuli 

     
10 ng/ml56 

Differentiation of stem cells into osteoblasts due to mechanical 

stimuli (  
 ) 

(0.005 + 0.145xS)/day1 

Synthesis of fibrous tissue due to chemical stimuli     
  

  0.2/day56 

Synthesis of fibrous tissue due to mechanical stimuli    
  
  0.06/day1 

Synthesis of cartilage due to chemical stimuli     
    0.2/day56 

Synthesis of cartilage due to mechanical stimuli    
    0.2/day1 

Synthesis of bone due to chemical stimuli     
    2/day56 

Synthesis of bone due to mechanical stimuli    
    0.05/day1 

Degradation of fibrous tissue       10 g/ml 56 

Degradation of cartilage       10 g/ml 56 

Degradation of bone       10 g/ml 56 

Boundary condition of stem cells              cells/ml* (first 7 
days after fracture) 

56 

Boundary condition of fibroblasts             cells/ml (first 3 

days after fracture) 
56 

Boundary condition of chondrogenic growth factor              (first 5 days after 
fracture) 56 

Boundary condition of osteogenic growth factor              (first 10 days after 
fracture) 56 

Young’s Modulus of callus  0.05 (MPa)
47

 

Young’s Modulus of cortical bone  20000(MPa)
42

 

Poisson’s ratio of callus  0.1
42

 

Poisson’s ratio of cortical bone  0.3
42

 

Permeability of cortical bone  10
-17

 (m
4
/Ns) 

42
 

Permeability of callus  10
-14

 (m
4
/Ns) 

42
 

Fluid compression modulus of callus  2300 (MPa) 
42
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Fluid compression modulus of cortical bone  2300 (MPa) 
42

 

Solid compression modulus of callus  2300 (MPa) 
42

 

Solid compression modulus of cortical bone  13920 (MPa) 
42

 

Table 1 Parameters used throughout this study. The typical values for time (1 day), length 

(3.5mm), cell density (10
6
 cells/ml), tissue (0.1 g/ml) and growth factor 

concentration (100 ng/ml) used to non-dimensionalise above coefficients are 

adapted from Peiffer et al. (2011)
56

. For computational purpose, molecular weight 

of cartilage (0.4MDa)
28

 and growth factors (25 KDa)
39

 resulted in the parameter 

values of Table 1. *Adjusted to account for the added boundary of MSCs at 

periosteum. 
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List of Figures 

Fig. 1 A schematic overview of the model proposed in this study 

Fig. 2 (a) Schematic diagram of coronal section of a fractured femur; (b) Fracture callus 

domain of rodent femur, with dimensions adopted from Geris et al.
23

. c
m0

, c
fb0

, g
c0

 and g
b0

 

are the boundary conditions of MSCs (c
m
), fibroblasts (c

fb
), chondrogenic growth factor 

(g
c
), and osteogenic growth factor (g

b
) respectively. The inset diagram A shows rounded 

corner geometry adopted along broken edges of cortex and callus borders with a filler of 

radius (R) 0.01mm; and (c) Loading protocol used in this study 
5, 74

. Each loading cycle 

consists of loading phase (tL) and recovery phase (tR) (i.e. time period T = tL + tR) and a 

peak load (F) 

Fig. 3 Representative cell differentiation rate due to chemical stimuli and mechanical 

stimuli based on mechanical stimuli index (S) 
1, 51

. This is based on the concept that if the 

level of mechanical stimuli is unfavourable, the differentiation rate of MSCs into that cell 

type is completely inhibited 
4
 

Fig. 4 Comparison of model prediction of callus tissue differentiation with experimental 

results of Harrison, Cunningham, Strömberg and Goodship 29. (a) Endosteal callus; (b) 

Cortical callus; and (c) Periosteal callus  

Fig. 5 Normalised time dependent cell uptake in fracture callus under free diffusion across 

different callus regions (a) MSCs (c
m
); (b) Fibroblasts (c

fb
); (c) Chondrocytes (c

c
); (d) 

Osteoblasts (c
b
); (e) Osteogenic growth factor (g

b
); and (f) Chondrogenic growth factor 

(g
c
). MSCs and fibroblasts are normalised to their boundary values (i.e. c

m0
 and c

fb0
) 

respectively, while chondrocytes and osteoblasts are normalised to the boundary conditions 

of stem cells (i.e. c
m0

). Growth factors g
b 

and g
c
 are normalised to their boundary conditions 

(i.e. g
b0

 and g
c0

), respectively. 

Fig. 6 Percent increase in normalised mesenchymal stem cell concentration under dynamic 

loading in comparison to free diffusion. (a) Time dependent stem cell concentration; and (b) 

spatial dependent stem cell concentration at Section X-X 

Fig. 7 Percent increase in normalised growth factor concentration under dynamic loading 

in comparison to free diffusion across different callus regions. (a) Osteogenic growth factor 

(g
b
); and (b) Chondrogenic growth factor (g

c
) 

Fig. 8 Percent change in fibrous tissue, cartilage and bone concentration in callus under 

different loading conditions relative to control (i.e. free diffusion). Each inset diagram 

shows spatial distribution of actual tissue concentration under corresponding loading 

conditions.  

Fig. 9 Sensitivity analyses of the initial boundary conditions of mesenchymal stem cells 

(c
m0

), osteogenic growth factor (gb0) and chondrogenic growth factor (gc0) on tissue 

formation. 
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Appendix A 

1. Volume fraction of solid, fluid and solute 

The volume fraction of solid, fluid and solute phase of the porous callus domain can be 

represented by         and   , respectively. As the volume of cells, growth factors and 

other nutrients are ignorable at tissue level compared to the volume of solid and fluid phase 

of the callus 
27

, we obtain: 

          (A1.a) 

The relationship between the medium volume based solute concentration (    ) and solvent 

volume based solute concentration (  ) can be expressed as: 

           (A1.b) 

Similarly, the medium volume based tissue concentration (    ) can be expressed as: 

              

where    is solvent volume based tissue concentration. 

(A1.c) 

2. MSC diffusion and differentiation 

The diffusion coefficient of MSCs for the callus matrix 
23

 as follows: 

    
    

          
 

(A2.a) 
 

where     and     are coefficients of cell migration depending on the total matrix density 

(m) of the callus. 

The chemical stimuli mediated differentiation rates of MSCs into chondrocyte (  
 ) and 

osteoblast (  
 ) can be expressed by using Hill function 

3
 as follows: 

  
   

   
 

      
 (A2.b) 

  
   

   
 

     
 (A2.c) 

Where H1, H2, Y1 and Y2 are parameters representing growth factor mediated MSC 

differentiation.   
  

 is assumed to be constant 
54

. 

3. Transport equation for cells and growth factors 

The transport equations of fibroblasts (   ), chondrocytes (  ), osteoblasts (  ) can be 

expressed as: 
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                          

     
  (A3.a) 

  
     

    
      

(A3.b) 

where, α = fb (fibroblasts), α = c (chondrocytes) and α = b (osteoblasts).   
  is the 

production rate of α cells which is assumed to be the sum of chemical stimuli mediated 

production rate (  
   and mechanical stimuli mediated production rate (  

 ).   
  is the 

degradation rate of α cells and    is the diffusion coefficient of α cells in fracture callus. 

Chondrogenic growth factors (  ) and osteogenic growth factors (  ) 

The mass balance equation for chondrogenic (  ) and osteogenic growth factor (  ) is 

given by 

     

  
                           

 
    

 
 (A3.c) 

where β = c (chondrogenic growth factors) and β = b (osteogenic growth factors).   
 
 and   

 
 

are the production rate and degradation rate of growth factors, respectively.    is the 

diffusion coefficient of the growth factors  in fracture callus. 

4. Stimuli Index (S) 

Stimuli Index S is obtained from interstitial fluid phase velocity      and octahedral shear 

strain     within the callus 
33

. 

  
 

      
 

  

              
 

(A4) 

It is assumed that, during early stage of healing, low magnitude of stimuli index (S < 1) 

results in differentiation of osteoblast, moderate magnitude of stimuli index (1 < S < 3) 

favours differentiation of chondrocytes while high magnitude of stimuli index (S < 1) leads 

to fibroblast differentiation 
51

 . 

5. Production of tissues due to mechanical stimuli 

Similar to the cell differentiation pattern shown in Fig. 3, the production rate of fibrous 

tissue, cartilage and bone due to mechanical stimuli also depends on dynamic loading as 

follows:  

   
  

 
 

    
      

                  
      

                                                 

   
      

                  
      

                                             

   
      

                   
      

                                                

  
(A5) 

 

6. Balance of linear momentum 
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Assuming callus as homogeneous, isotropic and linear elastic mixture having no body and 

inertial forces, for an infinitesimal strain, the balance of linear momentum can be expressed 

as 
73

: 

                      
       (A6.a) 

where   is the interstitial fluid pressure; λs and μs are Lame’s constants; and    is the solid 

phase displacement vector. 

Conservation of mass of solid and fluid phases 

From the mass balance equation for solid and fluid phase and Darcy’s law, the interstitial 

fluid motion within the callus 
71, 74

 can be expressed as 

 

             (A6.b) 

where    is the solid phase velocity,   is the hydraulic permeability tensor and   is the 

interstitial fluid pressure. 

 

7. Cell and growth factor uptake ratio 

The average normalised uptake ratio for cells and growth factors in each zone is computed 

as follows 
70

: 

     
   

      
  
 

  
   

 

 
(A7) 

     
   

      
  
 

  
   

 

 

where                     for MSCs, fibroblasts, chondrocytes and osteoblasts 

concentration,              for osteogenic and chondrogenic growth factor 

concentration, respectively.   
  is the saturated concentration of particular cell over callus 

volume   . The uptake of osteogenic and chondrogenic growth factors are normalised to 

their respective boundary conditions (  
               . 
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Fig. 10 A schematic overview of the model proposed in this study 

 



25 

 

 

 



26 

 

 



27 

 

 

Fig. 2 (a) Schematic diagram of coronal section of a fractured femur; (b) Fracture callus 
domain of rodent femur, with dimensions adopted from  Geris, Gerisch, Sloten, 
Weiner and Oosterwyck 16. cm0, cfb0, gc0 and gb0 are the boundary conditions of 
MSCs (cm), fibroblasts (cfb), chondrogenic growth factor (gc), and osteogenic 
growth factor (gb) respectively. The inset diagram ‘A’ shows rounded corner 
geometry adopted along broken edges of cortex and callus borders with a filler of 
radius (R) 0.01mm; and (c) Loading protocol used in this study 5, 55. Each loading 
cycle consists of loading phase (tL) and recovery phase (tR) (i.e. time period T = tL + 
tR) and a peak load (F) 
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Fig. 3 Representative cell differentiation rate due to chemical stimuli and mechanical 
stimuli based on mechanical stimuli index (S) 1, 36. This is based on the concept that 
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if the level of mechanical stimuli is unfavourable, the differentiation rate of MSCs 
into that cell type is completely inhibited 4 
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Fig. 4 Comparison of model prediction of callus tissue differentiation with experimental 
results of Harrison, Cunningham, Strömberg and Goodship 22. (a) Endosteal callus; 
(b) Cortical callus; and (c) Periosteal callus  
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Fig. 5 Normalised time dependent cell uptake in fracture callus under free diffusion across 

different callus regions (a) MSCs (c
m
); (b) Fibroblasts (c

fb
); (c) Chondrocytes (c

c
); (d) 

Osteoblasts (c
b
); (e) Osteogenic growth factor (g

b
); and (f) Chondrogenic growth 

factor (g
c
). MSCs and fibroblasts are normalised to their boundary values (i.e. c

m0
 and 

c
fb0

) respectively, while chondrocytes and osteoblasts are normalised to the boundary 
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conditions of stem cells (i.e. c
m0

). Growth factors g
b 

and g
c
 are normalised to their 

boundary conditions (i.e. g
b0

 and g
c0

), respectively. 
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Fig. 6 Percent increase in normalised mesenchymal stem cell concentration under dynamic 

loading in comparison to free diffusion. (a) Time dependent stem cell concentration; 

and (b) spatial dependent stem cell concentration at Section X-X 
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Fig. 7 Percent increase in normalised growth factor concentration under dynamic loading 

in comparison to free diffusion across different callus regions. (a) Osteogenic growth 

factor (g
b
); and (b) Chondrogenic growth factor (g

c
) 
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Fig. 8 Percent change in fibrous tissue, cartilage and bone concentration in callus under 

different loading conditions relative to control (i.e. free diffusion). Each inset diagram 

shows spatial distribution of actual tissue concentration under corresponding loading 

conditions.  
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Fig. 9 Sensitivity analyses of the initial boundary conditions of mesenchymal stem cells 

(c
m0

), osteogenic growth factor (gb0) and chondrogenic growth factor (gc0) on tissue 

formation. 
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