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Abstract 

Recent studies have shown that mechanical stimulation, in the form of fluid perfusion 

and mechanical compression, can enhance osteogenic differentiation of mesenchymal stem 

cells and bone cells within tissue engineering scaffolds in vitro. The precise nature of 

mechanical stimulation within tissue engineering (TE) scaffolds is not only dictated by the 

exogenously applied loading regime, but also depends on the geometric features of the 

scaffold, in particular architecture, pore size and porosity. However, the precise contribution 

of each geometric feature toward the resulting mechanical stimulation within a scaffold is 

difficult to characterise due to the wide range of interacting parameters. In this study, we have 

applied a fluid-structure interaction model to investigate the role of scaffold geometry 

(architecture, pore size and porosity) on pore wall shear stress under a range of different 

loading scenarios: fluid perfusion, mechanical compression and a combination of perfusion 

and compression. It is found that scaffold geometry (spherical and cubical pores), in particular 

the pore size, has a significant influence on the stimulation within scaffolds. Furthermore, we 

observed an amplified wall shear stress (WSS) within scaffolds under a combination of fluid 

perfusion and mechanical compression, which exceeded that caused by individual fluid 

perfusion or mechanical compression approximately 3-fold. By conducting this 

comprehensive parametric variation study, an expression was generated to allow the design 

and optimisation of 3D TE scaffolds and inform experimental loading regimes so that a 

desired level of mechanical stimulation (WSS) is generated within the scaffold. 
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Introduction 

The primary function of porous biomaterial scaffolds in tissue engineering (TE) 

applications is to enable cells to attach, migrate and proliferate, thereby providing a suitable 

environment to support tissue growth (Hutmacher 2000; Kim et al. 2010; Milan et al. 2010). 

This is facilitated through the use of highly porous scaffold architectures, which enable 

nutrient and metabolite diffusion throughout, while also contributing to the shape and 

mechanical integrity of the tissue defect. Mechanical stimulation, in the form of fluid 

perfusion and mechanical compression, have been shown to play an important role in 

enhancing tissue regeneration and also directing the cellular fate of mesenchymal stem cells 

(MSCs) (Angele et al. 2004; Delaine-Smith and Reilly 2012; Jaasma and O'Brien 2008; 

Keogh et al. 2011; Liu et al. 2012b; Miyashita et al. 2014; Thompson et al. 2010). For 

example, osteogenic differentiation of MSCs is prompted under mechanical stimulation, as 

indicated by the increase of Alkaline Phosphatase (ALP), Prostaglandin E2 (PGE2) expression 

and mineralisation (Bancroft et al. 2002; Grayson et al. 2008; Vance et al. 2005; Yu et al. 

2004).  

While the mechanical environment plays an important role in controlling the cellular fate 

of MSCs and enhancing tissue regeneration, the precise nature of mechanical stimulation (e.g. 

mechanical strain and fluid shear stress) within a scaffold is difficult to characterise. 

Nevertheless, recent studies have characterised the deformation of biomaterial scaffolds under 

compressive loading using experimental techniques (Bliss et al. 2007; Harley et al. 2007; 

Kerckhofs et al. 2010). However, direct measurement of fluid-induced shear stress within 

scaffolds is not feasible, which prevents researchers from correlating the levels of fluid shear 
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stress to biochemical responses, see in particular (Gomes et al. 2003; Jagodzinski et al. 2008; 

Liu et al. 2012a) and Table 1. Therefore, researchers are required to employ analytical 

predictions, based on idealised flow through a cylinder or two plates (Blecha et al. 2010; 

Goldstein et al. 2001), or estimate wall shear stress (WSS) magnitudes from existing 

computational models (Bancroft et al. 2002; Grayson et al. 2008; Vance et al. 2005; Yu et al. 

2004), see Table 1. However, fluid shear stresses are not only dictated by the exogenously 

applied loading regime (Kim et al. 2010; Tai et al. 2007; Widmer et al. 1998), but also depend 

on the geometric features of a particular scaffold (i.e. architecture, pore size and porosity) and 

the precise contribution of each toward resulting mechanical stimulation within a scaffold is 

difficult to characterise due to the range of interacting parameters. While previous studies 

have characterised WSS as a function of architecture, pore-size or porosity, the range of 

parameters considered in many of these studies is limited, with studies perhaps only 

considering a single pore-size (McCoy et al. 2012) or porosity (Melchels et al. 2011), for 

example. 

Several computational models have been developed that characterise mechanical 

stimulation within TE scaffolds under a range of experimental culture conditions (Hendrikson 

et al. 2014; Jungreuthmayer et al. 2009a; Jungreuthmayer et al. 2009b; Marin and Lacroix 

2015; McCoy et al. 2012; Porter et al. 2005; Tuan and Hutmacher 2005). For instance, a 

computational fluid dynamics (CFD) study showed that the wall shear stress (WSS) in 

collagen-glycosaminoglycan (GAG) scaffold (porosity= 99%) was almost three-fold greater 

than that of a calcium phosphate (CP) scaffold (porosity=60%) and this could be explained by 

the difference in scaffold geometries (collagen-GAG pore size d≈96µm, CP pore size 
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d≈350µm) (Jungreuthmayer et al. 2009a). To study the effect of scaffold pore size and applied 

loading on WSS at cellular level, McCoy et al. (McCoy et al. 2012) developed a fluid 

structure interaction (FSI) model for collagen-GAG scaffolds with pore sizes of 85µm, 

120µm or 325µm under applied fluid flow stimulation in the range of 0.05mL/min – 5mL/min. 

It was found that the applied flow rate dominated the mechanical stimulation when compared 

to the pore size. A computational study was carried out by Olivares et al. (Olivares et al. 

2009), to investigate the influence of scaffold architecture (hexagon and gyroid), porosity (55% 

and 70%) and applied loading (inlet fluid velocity: 100µm/s and1000µm/s; compressive strain: 

0.5% and 5%) on the WSS and mechanical strain using CFD and finite element (FE) 

approaches. The results of this study predicted that the distribution of WSS induced by fluid 

perfusion was dependent on scaffold architecture. Furthermore, with the same porosity (55%) 

the WSS in the gyroid architecture was two-fold of that in the hexagonal architecture under a 

constant fluid velocity (1mm/s), and the WSS values were higher under fluid perfusion than 

mechanical compression. While these studies have provided an insight into the mechanical 

environment of TE scaffolds under external loading, the quantitative expressions of 

mechanical stimulation, in terms of WSS, with respect to scaffold geometry (i.e. architecture, 

pore size and porosity) are still unknown, which limits researchers to efficiently determine the 

resulting mechanical stimulation in their TE scaffolds.  

A recent experimental study showed that a combination of applied fluid perfusion and 

mechanical compression resulted in increased cell proliferation and osteogenic activity (i.e. 

Runx2, ALP activity, etc.) when compared to applied fluid perfusion only (Jagodzinski et al. 

2008; Liu et al. 2012a; Stops et al. 2010). Interestingly, recent computational studies showed 
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that a combination of fluid perfusion and mechanical compression led to more ubiquitous 

stimulation of bone cells within a TE scaffold (Hendrikson et al. 2014; Zhao et al. 2015), in 

particular to both cells that had an attached and bridged configuration. However, these studies 

only investigated a single loading regime and the nature of mechanical stimulation within 

scaffolds under different types of combined external loading (e.g. inlet fluid velocity and 

compressive strain) is still unknown. 

Therefore, in this study, we aim to characterise the nature of WSS in a number of 

idealised scaffold architectures with spherical and cubical pores by developing an efficient 

computational method. These scaffolds are commonly used in tissue engineering studies, as 

the scaffolds with spherical and cubical pores are easily fabricated and controlled in pore size 

and porosity by particle leaching and fibre matrix techniques (Smith and Ma 2010; Tang et al. 

2011). Furthermore, we carry out an extensive parameter variation study to characterise the 

combined effect of scaffold pore size, porosity and applied loading. This study strives to 

derive an analytical expression that can be applied to estimate magnitudes of WSS generated 

in bone TE scaffolds for a range of different scaffold geometries and experimental conditions.   
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Materials and Methods 

In this study, we develop computational fluid dynamics (CFD) and fluid-structure 

interaction (FSI) models to investigate the role of scaffold model geometry (i.e. architecture, 

pore size and porosity) on pore wall shear stress under a range of different loading scenarios. 

2.1 Variation of scaffold geometries 

This study investigated the influence of different scaffold architectures, pore sizes and 

porosities on predicted WSS within the scaffolds. The parameter variation study of pore size 

and porosity was carried out on scaffolds with two regular architectures (spherical and cubical) 

based on those commonly used is TE studies (see Fig. 1) (Bose et al. 2013; Gross and 

Rodriguez-Lorenzo 2004; Hollister 2005; Shin et al. 2012; Tai et al. 2007; Widmer et al. 

1998). The scaffolds had a uniform length and thickness of 8mm and 4mm respectively, and 

were built from repeating units with spherical and cubical pores as shown in Fig. 1. By 

geometric analysis, we obtained the following formulas showing the relationship between the 

porosity, pore size and the length of repeating unit, based on which the model geometries 

could be determined. 

For a spherical architecture: 
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For a cubical architecture: 
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where p was porosity, d was pore size (i.e. diameter of the spherical pore and the length of the 

cubical pore), and L was the length of repeating unit as shown in Fig. 1. 
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Due to the repeating nature of the scaffold architecture, central regions of 0.5-1.905mm 

and 0.5-2.116mm were modelled for spherical-architecture and cubical-architecture scaffolds, 

respectively (see Fig. 1), to ensure that every model had more than 3×3 repeating units in one 

cross section. It is important to note the pore size (d) and porosity (p) parameters were varied 

independently of one another, whereby these variables were defined as d=100-400µm and 

p=60%-90% in increments 50µm and 5%, respectively. According to Equations 1 and 2, the 

values of scaffold geometric parameters were obtained and formulated into ANSYS 

parametric design. For the porosity (p) variation, the pore size (d) was assumed as constant, 

and the length of repeating unit (L) was varied, as described in Equations 1 and 2. Similarly, 

for the pore size variation, the porosity was held constant, and the length of repeating unit was 

varied. 

2.2 Material and Fluid Properties 

The geometric variation study was based on scaffolds fabricated from poly(D,L-lactide) 

(PDLLA) material, which had a Young’s modulus and Poisson’s ratio of 3.3GPa and 0.3, 

respectively (Olivares et al. 2009). Due to the high Young’s modulus, the influence of fluid on 

the scaffold deformation was neglected for perfusion flow, meaning the effect of geometric 

parameters could be characterised using a CFD model. Therefore, the scaffold geometric 

variation under the fluid perfusion loading was conducted using a CFD model. The perfusion 

medium (Dulbecc’s Modified Eagle Medium: DMEM) was modelled as Newtonian fluid with 

dynamic viscosity of µ=1.45mPa·s and a density of ρ=1000kg/m
3 
(Olivares et al. 2009). 

2.3 Boundary and Loading Conditions of Computational Fluid Dynamics Model 
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    A constant uniform inlet fluid velocity profile was applied (v=100µm/s), and a zero 

pressure boundary condition was assumed at the outlet (Gomes et al. 2003; Zhao et al. 2015). 

A non-slip wall boundary condition was applied to the scaffold surfaces as shown in Fig. 2a, 

and four side faces were defined as symmetric boundaries, specifically: 

                         

0




j

i

j
x

v
v  (j=1, 2)                          (3) 

where, vi was the fluid velocity, vj the velocity components in Cartesian co-ordinates, and xj 

were on the symmetric boundaries Γs: xj ϵ Γs.  

    The flow regime was determined based on Reynolds number (Re), which was estimated 

by Equation (4): 

                             

vd
Re                               (4) 

The Reynolds numbers were obtained in the range of 0.0067 – 0.027, which was much 

smaller than the critical value of 2,000, indicating that the flow regime could be assumed to 

be laminar. Furthermore, a mesh refinement study was carried out for two cases of scaffold 

porosity (d=100µm, p=60% and d=400µm, p=90%), and it was determined that a global 

quadratic Tetrahedral element size of 50µm was suitable in the main volume regions, while 

the mesh size on scaffold surfaces was refined to an approximate element size of 10µm. 

Finally, the ANSYS CFX solver resolved the models using a finite volume method under the 

root-mean-square (RMS) residual convergence criteria of 1×10
-4

. 

2.4 Boundary and Loading Conditions of Fluid-Structure Interaction Model 

In the mechanical compression system, an FSI model was used to investigate the 

influence of scaffold geometry on resulting WSS imparted of scaffold surfaces. A 
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compressive strain of 5% was applied on the top surface of the scaffold at a frequency of 1Hz, 

as shown in Fig. 2b. The side and bottom faces of the scaffolds were as assigned a frictionless 

support, specifically the displacements in Cartesian co-ordinate were z=0 for the bottom face 

and x=y=0 for the side surfaces in Fig. 2b. The scaffold inner surfaces formed the 

fluid-structure interface. The deformation of scaffolds was computed by the ANSYS 

Structural solver under transient state. 

The model was based on a specific bioreactor design, in which the fluid could freely 

transport through the scaffold ends under mechanical loading, and the scaffold was laterally 

confined (Chowdhury et al. 2010; Schulz et al. 2008). Therefore, the inlet and outlet of the 

scaffold were assumed as opening boundaries with a pressure of 0 Pa, facilitating inward and 

outward flow. Furthermore, four side faces were set as symmetric boundaries. The inner 

surfaces of the fluid domain, which interacted with the scaffold, were defined as non-slip 

fluid-structure interface as expressed in Equation 5-6 (Hou et al. 2012). A two-way FSI 

analysis was carried out, which used a staggered iteration approach, whereby the pressure and 

velocity fields were resolved in the fluid domain. The fluid stress tensor was applied to the 

fluid-solid interface, and the deformation of scaffold was relayed back to the fluid domain 

(Hou et al. 2012). Therefore at the fluid-solid interface the following conditions apply, 

                       f
i

s
i vv                                  (5) 

                     i
f

iji
s
ij nn                                    (6) 

                       
f

i
s
i uu 

                                    (7)
 

where the superscripts s and f represented the solid (scaffold) and fluid domains; vi and ui 

were velocity components, respectively; σij·ni was the normal stress tensor. 
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The mesh was generated on the solid domain with a minimum length size of 9.5µm by a 

quadratic Tetrahedron method with a patch conforming algorithm. The CFD domain was 

meshed to the same resolution as those described above for the fluid perfusion CFD model. 

The model was resolved in transient state by the ANSYS CFX solver under the RMS residual 

convergence criteria of 1.0×10
-4

. 

2.5 Combined loading 

Finally, the applied loading conditions (i.e. inlet fluid velocity and compressive strain) 

were varied to determine their effect of WSS. This was carried out for a PDLLA scaffold that 

had a spherical architecture, with a pore size of 300µm and porosity of 90% (Blecha et al. 

2010; Bose et al. 2013; Georgiou et al. 2007; Karande et al. 2004; Silva et al. 2006; Tan et al. 

2011). Firstly, we investigated the influence of inlet fluid velocity on the WSS using the 

similar FSI model to that described in Section 2.4. The variation of inlet fluid velocity was 

achieved by applying three different fluid patterns (i.e. constant, pulsatile and cyclic) as 

shown in Fig. 2c. This was a transient analysis that used a coupling time step of 0.05s, and 

pressure and velocity fields were solved using the ANSYS CFX solver under the RMS 

residual convergence criteria of 1.0×10
-4

. 

 With a similar FSI model, a study of the combined loading (perfusion and compression) 

was carried out. As shown in Fig. 2c, three types of loading were applied to the scaffold, 

which were combinations of the pulsatile compression of magnitude 5% (1Hz) with: (i) the 

constant inlet fluid velocity of 100µm/s, (ii) the pulsatile inlet fluid velocity with a magnitude 

of 100µm/s (1Hz) and (iii) the cyclic inlet fluid velocity with a magnitude of 100µm/s 

(0.5Hz). 
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Results 

3.1 Fluid Perfusion 

The geometric variation study characterised the effect of pore size, porosity and scaffold 

architecture on WSS under both fluid perfusion and load-induced fluid flow due to 

mechanical compression. The resulting average WSS imparted on scaffold surfaces in the 

case of fluid perfusion was shown in Fig. 3. The average WSS was found to be proportional 

to the inlet fluid velocity, and the results shown in Fig. 3 were presented as a variable (λ), 

which defined the ratio between average WSS (τa) and inlet fluid velocity (v). It was found 

that all the investigated parameters, i.e. scaffold architecture, pore size and porosity, had an 

effect on the average WSS imparted on scaffold surfaces. The most influential parameter 

governing mechanical stimulation within a scaffold was its pore size (d), whereby the average 

WSS in smaller-pore scaffolds (i.e. d=100µm) was approximately 3.3-fold higher than that of 

the larger ones (i.e. d=400µm). For both spherical and cubical architectures, the average WSS 

decreased with increasing pore-size. In Fig. 3b and d, the results of the variable λ(τa/v) with 

respect to pore size (d) were fitted by the following power function as shown in Fig. 3: 

                          

  bdad                              (8) 

wherein the detailed mathematical expressions and values of coefficients ai, bi and ci were 

listed in Table 2. 

Shown in Fig. 4 are the WSS and fluid velocity distributions within the unit scaffolds for 

pore-sizes 250µm-350µm (each has a porosity of 90%), which are from the centre of the 

global scaffolds. The scaffold with a pore size of 250µm experienced greater WSS 

magnitudes compared to either the 300µm or 350µm pore sized scaffold, and this high WSS 

was concentrated in the intermediate region between two adjacent pores. Furthermore, as 
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shown in Fig. 4d-f, the fluid velocity was higher in the scaffold with a pore size d=250µm 

(v=266µm/s) than the scaffolds with pore sizes of d=250µm and 300µm (v≈258µm/s). Within 

these three scaffolds, high fluid velocity was concentrated at the pore connections along the 

longitudinal direction, whereas in the transverse direction the rate of fluid perfusion was not 

substantial.       

For the cubical-architecture scaffold, the threshold pore size occurred at around 250µm 

as shown in Fig. 3c-d. It was observed that the WSS also concentrated at the connections 

between each two pores, however, the magnitude was higher in the scaffold with pore size of 

200µm than that in the 250µm and 300µm ones (see Fig. 5a-c). Similar to the spherical 

architecture, the fluid velocity in cubical-architecture scaffolds also concentrated at the pore 

connections in the longitudinal direction, and was of a similar magnitude (i.e. about 260µm/s), 

whereas lower perfusion was observed in the transverse direction (Fig. 5d-f). The magnitude 

of WSS was not different between cubical and spherical-architecture scaffolds.  

The WSS distribution within cubical and spherical scaffolds of pore-sizes 200µm-350µm 

(each has a porosity of 90%) is shown in Fig. 6. The WSS was more equally distributed 

within spherical architecture scaffolds than within cubical architectures. For example, for a 

scaffold with a pore size d=300µm, approximately 84.7% of the cubical surface area was 

exposed to a WSS range of 0-8mPa, whereas 94.5% of the spherical scaffold surface area was 

within a narrower range of WSS (i.e. 2-8mPa). More interestingly, it was found that a larger 

pore size could lead to a more equally distributed WSS for both spherical and cubical 

architectures. For instance, for scaffolds with a pore size of 300µm, 99.3% (spherical 

architecture) and 99.1% (cubical architecture) of the surface area had WSS in the ranges of 
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2-10mPa and 0-10mPa, respectively. For the scaffolds with a pore size of 250µm, a smaller 

surface area (i.e. 88.4% of spherical architecture and 92.2% of cubical architecture) was 

exposed to similar WSS ranges.   

3.2 Load-induced fluid flow under mechanical compression 

In this parameter variation study, the influence of load-induced fluid flow, which resulted 

from externally applied mechanical compression, on WSS imparted on scaffold surfaces was 

investigated using a two-way FSI model. Here, the resulting average WSS was found to be 

proportional to the magnitude of compressive strain under the loading frequency of 1Hz. We 

therefore implemented another variable (β) to represent the ratio between average scaffold 

WSS (τa) and applied compressive strain (εapp). Under mechanical compression, the average 

WSS in the spherical scaffold was approximately 1.5-fold higher than the cubical scaffold 

(Fig. 7a,c). A variable β(τa/εapp) with respect to pore size (d) was derived for each porosity, as 

described by mathematical expressions in Table 3. In this case, it was found that the pore size 

was the most critical parameter for determining the average WSS imparted on the scaffold 

surfaces, with smaller pore sizes leading to higher average WSS values, as shown in Fig. 7. 

The effect of porosity on resulting WSS in both scaffold architectures was found to be 

relatively small, as shown in Fig. 7.  

Shown in Fig. 8 are the WSS and fluid velocity distributions (at time=1.25s) within the 

spherical architecture scaffolds that had pore-sizes of 200µm-300µm, each having a porosity 

of 90%. The scaffold with a pore size (d) of 200µm showed higher WSS magnitude than 

those with d=250 and 300µm. Moreover, it was observed that the WSS in the centre of the 

scaffold reduced to zero and increased to a maximum level toward the opening boundaries at 
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each end of each scaffold. Similar to the fluid perfusion case, the local WSS elevations were 

concentrated in the intermediate regions between two adjacent pores, as shown in Fig. 8a-c. 

Furthermore, at the time of 1.25s, when the WSS researched its maximum level, the fluid 

velocity concentrated in the area close to the scaffold end, which had a frictionless support 

boundary (see Fig. 8d-f). Moreover, the magnitude of fluid velocity was higher in the scaffold 

with a pore size of 200µm compared to those with larger pore sizes (i.e. d=250µm and 

300µm). 

Shown in Fig. 9a-c are the WSS distributions within the cubical-architecture scaffolds 

that had pore-sizes of 200µm-300µm, each having a porosity of 90%. Similar to the spherical 

architecture, the WSS also concentrated in the intermediate regions between two adjacent 

pores (see Fig. 9a-c), moreover, the higher WSS magnitude was also observed in the scaffold 

with a pore size of 200µm. In addition, similar fluid velocity distributions, as those in the 

spherical architecture, were found in the cubical-architecture scaffolds (Fig. 9d-f), wherein the 

fluid velocity concentrated in the area close to the end (frictionless support boundary), and it 

was minimised within the scaffold with a large pore size (i.e. d=300µm). However, the 

magnitude of fluid velocity in cubical-architecture scaffold was lower than that in the 

spherical architecture.   

3.3 External Loading Variation 

For the fluid perfusion system, the average WSS within the spherical-architecture 

scaffold (pore size: d=300µm, porosity: p=90%) was 4.96mPa under a constant inlet fluid 

velocity of 100µm/s. When pulsatile fluid velocity profiles were considered, the resulting 

average WSS showed the same patterns with the inlet flow, and had a magnitude of 4.96mPa 
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(at peak flow). The magnitude of average WSS within the scaffolds was found to be 

proportional to the applied inlet fluid velocity (λ=49.6mPa/mm s
-1

). Under mechanical 

compression, the resulting average WSS (τa) as shown in Fig. 10a had two peaks within one 

period (1sec – 2sec), which could be described by a Fourier series as shown in Equation 9. 

Furthermore, the average WSS (τa) is proportional to the loading rate of compressive strain 

(εapp). 

                 
   




N

i
iia

tibtia
0

sincos                      (9) 

where the value of N and coefficients ω, ai and bi were listed in Table 4. 

In addition, a combined loading of fluid perfusion and mechanical compression was 

applied to the scaffold as shown in Fig. 10b-d. The resulting average WSS also could be fitted 

by a Fourier series described by Equation 9 with the coefficient ai, bi and ω listed in Table 4. 

When the resulting average WSS in combined loading system was compared to the average 

WSS for either fluid perfusion or compression, it was found that the applied fluid flow played 

a more significant role in dictating the magnitude of resulting WSS, while compression 

determined the patterns of resulted WSS in a combined loading system. More interestingly, 

the WSS was amplified under the combined loading, instead of a simple superposition of the 

WSS results from the isolated fluid perfusion and mechanical compression systems.  
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Discussion 

In this study, the influence of scaffold geometry and the applied loading regime on 

mechanical stimulation within two distinct TE scaffold architectures was investigated using 

CFD and two-way coupled FSI approaches. Our results showed that (i) the geometry of 

scaffold dominated the levels of mechanical stimulation within the scaffold and (ii) a 

combined loading regime (fluid perfusion and mechanical compression) would cause an 

amplified WSS, rather than a simple superposition from the isolated fluid perfusion and 

mechanical compression systems. 

One limitation of this study was that due to computational limitations, the combined 

loading variation was based on one scaffold geometry for each of the spherical and cubical 

architectures, rather than a global parametric variation study including all of the geometries. 

However, the information predicted through these studies enable an enhanced understanding 

of the change of WSS under different types of combined loadings. Secondly, as the 

measurement of fluid-induced shear stress within scaffolds was still impossible using 

experiment techniques, this study focused on predicting the change in WSS as a function of 

scaffold geometry and the applied loading regime, to allow researchers to easily estimate the 

WSS generated within scaffolds. Therefore, the strain imparting a direct stimulus to cells 

adhered on the scaffold surface from the mechanical loading was not considered in this study. 

And thirdly, the parametric variation was implemented with cell-free scaffolds, so the WSS 

presented in this study were at the scaffold level. However, our previous study found that the 

WSS was amplified on cell surfaces, compared to the scaffold surfaces (i.e. the maximum: 

five-fold) (Zhao et al. 2015). Moreover, cells with different attachment types (attached on the 
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struts and bridged across the pores) were found to receive different levels of strain under 

mechanical compression (Zhao et al. 2015). Furthermore, the modelling approach did not 

incorporate the effect of cell contraction, which was dictated by the mechanical properties of 

the biomaterial scaffold and influenced osteogenic differentiation (Harley et al. 2008; Keogh 

et al. 2010; Murphy et al. 2012; Murphy et al. 2013). Cell contraction of biomaterial 

substrates has been modelled using computational approaches for individual cells (Dowling 

and McGarry 2014; Mullen et al. 2015; Mullen et al. 2014), but it has not yet been achieved at 

the level of a three dimensional scaffold due to the computational complexity of this problem. 

Finally, although this study considers regular architectures, Marin and Lacroix (2015) have 

recently shown that when these regular scaffolds are fabricated using rapid prototyping 

techniques, small variations in geometry post-fabrication can have a significant effect on 

generated mechanical stimulation due to flow perfusion. Based on the findings in (Marin and 

Lacroix 2015), it may be the case that local variations in WSS may actually be much higher 

due to manufacturing inconsistencies. Therefore, in future work, an investigation of the 

cellular-level mechanical stimulation within a realistic scaffold with attached cells could be 

carried out using an FSI approach to compare to the stimulation predicted here. 

The key contribution of this study is the provision of a convenient mathematical 

expression that can be applied by experimental researchers to estimate shear stress generated 

within their own scaffolds, based on experimental variables such as porosity, pore-size and 

architecture, and thereby allow them to tailor their mechanical stimulation approach to 

optimise the likelihood of achieving the desired tissue differentiation. While other studies 

have characterised WSS as a function of architecture, pore-size or porosity, the range of 
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parameters considered in many of these studies is limited, with studies only considering a 

single pore size (McCoy et al. 2012) or porosity (Melchels et al. 2011), for example. Our 

study is the first to consider the combined effects of each of these parameters by 

independently varying each one over quite a wide range (similar to what has been used 

experimentally). This has important implications as there is an ever-increasing focus within 

the tissue engineering community to understand the role of mechanical loading for directing 

differentiation of mesenchymal stem cells and promoting cellular activity, in the form of 

proliferation, migration and ECM deposition (Altman et al. 2002; Karamichos et al. 2008; 

Subramony et al. 2013; Wang and Chen 2013). For example, mechanical stimulation in the 

form of WSS that was in the range of 0.1mPa – 10mPa was suggested for promoting 

osteogenic differentiation of mesenchymal stem cells, while WSS between 10mPa – 30mPa 

enhanced chondrogenesis (Olivares et al. 2009). Considering these stimulation thresholds and 

our model predictions, we propose that the inlet fluid velocity applied to spherical and 

cubical-architecture scaffolds (d=300μm, p=90%) should not exceed 0.20mm/s and 0.28mm/s, 

respectively, in order to achieve a WSS that would give rise to osteogenic differentiation (0.1 

– 10mPa). Similarly, an inlet fluid velocity within the range of 0.20-0.60mm/s (spherical 

architecture) and 0.28-0.84mm/s (cubical architecture) might be preferable for cartilage 

differentiation, and in excess of these, would likely lead to fibrous-tissue differentiation 

within either scaffold. This would have important practical implications for design of 

bioreactor experiments as such high velocities could result in the detachment of the cells 

(McCoy et al. 2012). For instance, it was observed that approximately 11.26% and 29.19% of 

cells in a Collagen-GAG scaffold (pore size d=120μm) would be detached under the flow rate 
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of 0.05mL/min and 1mL/min, respectively (McCoy et al. 2012). To achieve an average WSS 

of 5mPa in scaffolds (d=120µm), the applied inlet fluid velocity should be higher than 

0.033mm/s (flow rate=0.127mL/min) and 0.05mm/s (flow rate=0.192mL/min) for spherical 

and cubical architectures, respectively. However, approximately 11.26% of cells would be 

detached under such fluid velocities.  

In the case of load-induced fluid flow resulting from mechanical compression, it was 

found that the scaffold WSS above certain loading cases would be higher than the threshold 

for bone cell differentiation. Typically, WSS resulting from load-induced fluid flow is not 

considered to be the main driver of scaffold stimulation under compressive loading regimes 

(Sandino et al. 2008; Zhao et al. 2015). However, our model predicts that under a compressive 

strain of 5% (1Hz) in 400μm pore-size scaffolds, which has been experimentally shown to 

achieve enhanced osteogenic differentiation (i.e. higher ALP, osteopontin expression and 

calcium content) of human bone marrow-derived MSCs (Sittichokechaiwut et al. 2010), the 

resulting WSS would be between 4.12-7.18mPa and thus well within the range to stimulate an 

osteogenic response. In addition, an in vivo study by Duty et al. (2007), it was found that 

bone tissue formation and mineralisation were enhanced within a porous PLA scaffold 

(p=71%, d=397µm) under dynamic compression with a compressive strain of 1.8% and 

frequency of 1Hz. According to our prediction, an average WSS around 2.0mPa would result 

within the scaffold, which was within the range for stimulating the osteogenic response. 

These results suggest an important contribution of load-induced fluid shear stress within 

tissue engineering scaffolds under mechanical compression regimes. 
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Large pore sizes and scaffold porosities have been found to significantly enhance cell 

attachment, differentiation, proliferation and migration (Haugh et al. 2009; Kim et al. 2010; 

Murphy et al. 2010; Murphy et al. 2013). According to our study, a larger pore size (i.e. 

d≥300µm) would result in a lower WSS, in particular for the highly porous scaffold (i.e. 

p=90%). For example, a dynamic cell culture study, in which bone cells seeded in a 

collagen-GAG scaffold were exposed to fluid perfusion (1mL/min), suggested that larger pore 

sizes (d=325µm) were preferable for mechanical stimulation for a better cell attachment, and 

an average WSS of 17.6mPa resulted in the scaffold (McCoy et al. 2012). If the scaffolds 

were fabricated by rapid prototyping with spherical or cubical pores of 325µm, an average 

WSS of 12.7mPa and 8.2mPa would result for spherical and cubical architectures (p=90%) 

under a similar flow rate (1mL/min). So, the WSS of the spherical scaffold (p=90%, 

d=325µm) was within 28% of the WSS of the irregular-pore scaffold, which was preferable 

for cell attachment under mechanical stimulation (McCoy et al. 2012), and might be used 

under similar conditions to achieve a similar cell attachment with the irregular collagen-GAG 

scaffold. However, some other studies found that cells also could be stimulated to an 

osteogenic response in scaffolds with a smaller pore size. For instance, Gomes et al. used a 

scaffold with a small pore size (d=181µm, p=75%) to stimulate bone marrow cells to an 

osteogenic response and observed increased ALP activity and calcium deposition under a flow 

rate of 0.3mL/min (Gomes et al. 2003). According to the predictions of our models, the 

resulting average WSS would be 8.5mPa (spherical architecture) and 6.0mPa (cubical 

architecture), which are within the WSS range (0.1-10mPa) for promoting osteogenesis. 

However, the findings in this study indicated that a larger pore size would result in more 
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equally distributed WSS, especially in the spherical architecture. Therefore, considering all 

the factors mentioned above, a spherical-architecture scaffold with a large pore size (i.e. 

d≥300µm) is suggested to be more preferable for bone tissue engineering experiments. 

Finally, the parametric variation study in this paper showed that under the compressive 

strain of 5% (1Hz), the resulting WSS was comparable to that in the fluid perfusion system 

(inlet fluid velocity=0.1mm/s) (see Fig. 4 vs. 8, Fig. 5 vs. 9). However, from the perspective 

of cellular strain caused by mechanical compression of scaffold, a recent computational study 

discussed the limitation of mechanical compression that the bridged cells within scaffolds 

were less stimulated than the attached cells (Zhao et al. 2015). But under fluid perfusion, the 

bridged cells received higher stimulation than attached cells (Zhao et al. 2015). Our 

predictions for the combined loading condition revealed that the WSS varied from that in 

either fluid perfusion or mechanical compression system, moreover, it was amplified. Thus, 

combined loading could enhance stimulation on both bridged and attached cells. To some 

extent, this was supported by tissue engineering experimental phenomena. For example, an 

experimental study showed that a combination of fluid perfusion (inlet flow rate: 10mL/min) 

and mechanical compression (compressive strain: 10%) could stimulate the bone cells 

resulting in larger amount of osteocalcin and higher Runx2 expression than those under fluid 

perfusion after 2-3 weeks culture (Jagodzinski et al. 2008).  
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Conclusion 

In this study, we investigated the influence of scaffold geometry (i.e. architecture, pore 

size and porosity) and external loading on the mechanical stimulation within scaffolds using a 

computational approach. The study of geometric variation was conducted for both fluid 

perfusion and mechanical compression loading, which were modelled by CFD and FSI 

methods, respectively. It was found that the pore size had a greater influence on mechanical 

stimulation within the scaffold than the architecture and porosity. A combination of fluid 

perfusion and mechanical compression with different profiles was also investigated using an 

FSI approach. Interestingly, the mechanical stimulation was amplified within the scaffold 

under combined loading, which indicated a better suitability for cell stimulation within a bone 

TE scaffold. Importantly, the results of this parametric study not only shed light on the 

mechanism of mechanical stimulation (in terms of WSS) within tissue engineered (TE) 

scaffolds, but also derived an expression that can be applied by researchers in the design and 

optimisation of 3D TE scaffolds and experimental loading regimes so that a desired level of 

mechanical stimulation (WSS) is generated within the scaffold.  
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Fig. 1 Geometries of the scaffolds with a spherical architecture and b cubical architecture 

 

Fig. 2 Boundary and loading conditions of a computational fluid dynamics model for fluid perfusion 

system; b fluid structure interaction model for mechanical compression system; c combined applied 

loading profiles: a pulsatile compression with the strain (εapp) magnitude of 5% (1Hz) is combined with 

a constant inlet fluid velocity (v) of 100µm/s, a pulsatile fluid velocity with the magnitude of 100µm/s 

(1Hz) and a cyclic fluid velocity with the magnitude of 100µm/s (0.5Hz) 
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Fig. 3 a Ratio (λ) between average wall shear stress and inlet fluid velocity (τa/v) with respect to pore 

size (d) and porosity (p) of spherical-architecture scaffold under fluid perfusion; b computational 

results of λ that is fitted by power functions; c ratio (τa/v) with respect to pore size (d) and porosity (p) 

of cubical-architecture scaffold under fluid perfusion; d computational results of λ= τa/v that is fitted by 

power functions 
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Fig. 4 In fluid perfusion system (inlet fluid velocity=0.1mm/s), wall shear stress (WSS) distribution 

within the scaffold units with spherical architecture, porosity of 90% and pore size of a 250μm, b 

300μm and c 350μm; d-f fluid velocity distribution within the respective unit scaffolds 

 

 

Fig. 5 In fluid perfusion system (inlet fluid velocity=0.1mm/s), wall shear stress (WSS) distribution 

within the scaffold units with cubical architecture, porosity of 90% and pore size of a 200μm, b 250μm 

and c 300μm; d-f fluid velocity distribution within the respective unit scaffolds 
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Fig. 6 Wall shear stress distribution in spherical and cubical-architecture scaffolds with the porosity of 

90% and pore sizes of 200-350µm 

 

 

Fig. 7 a Ratio (β) between average wall shear stress and compressive strain (τa/εapp) (frequency =1Hz) 

with respect to pore size (d) and porosity (p) of spherical-architecture scaffold under mechanical 

compression; b computational results of β=τa/εapp that is fitted by power functions; c ratio (β) between 

average wall shear stress and compressive strain (τa/εapp) (frequency =1Hz) with respect to pore size (d) 
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and porosity (p) of cubical-architecture scaffold under mechanical compression; d computational 

results of β=τa/εapp that is fitted by power functions 

 

 

Fig. 8 At the time point (t=1.25s) with peaked wall shear stress (WSS) in mechanical compression 

system (compressive strain=5%, frequency=1Hz), WSS distribution within the spherical-architecture 

scaffolds with porosity of 90% and pore size of a 200μm, b 250μm and c 300μm; d-f fluid velocity 

distribution within the respective scaffolds 
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Fig. 9 At the time point (t=1.25s) with peaked wall shear stress (WSS) in mechanical compression 

system (compressive strain=5%, frequency=1Hz), WSS distribution within the cubical-architecture 

scaffold with porosity of 90% and pore size of a 200μm, b 250μm and c 300μm; d-f fluid velocity 

distribution within the respective scaffolds 
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Fig. 10 Average wall shear stress within the spherical-architecture scaffold with the pore size of 300μm 

and porosity of 90% under a pulsatile compression only, b constant flow and pulsatile compression, c 

pulsatile flow and pulsatile compression, d cyclic flow and pulsatile compression 
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Table 1 Literature review of the mechanical stimulation in bone tissue engineering experiments 

Scaffold Cells 

 

Loading Results Refer-

ences Materials Archite-ct

ure 

Pore 

Size 

Porosit-

y 

Inlet Fluid 

Velocity 

(Flow Rate) 

Compre-s

sive Strain 

Wall 

Shear  

Cell Responses 

 

 

Native 

trabecular 

bovine 

bone 

 

 

Irregular 

 

 

600-100

0µm 

 

 

70%-80

% 

 

Human 

mesench-y

mal stem 

cells 

(hMSCs) 

 

 

 

100-400µm/s 

 

 

 

- 

 

 

 

 

0.7-10mPa 

Higher DNA value of 

cells under higher flow 

rate; 

Improved mineralisation 

under higher flow rate 

after 5-week culture 

 

 

 

 

1 

 

 

Titanium 

fiber mesh 

 

 

 

Irregular 

 

 

 

250µm 

 

 

 

86% 

 

 

marrow 

stromal 

osteoblast 

 

 

 

 

0.3-3mL/min 

 

 

 

- 

 

 

 

<100mPa 

Higher ALP activity under 

fluid perfusion than static 

culture; 

Highest mineralisation on 

16-day culture under flow 

rate of 3mL/min 

 

 

 

2 

 

 

 

Calcium 

Phosphate 

 

 

 

Irregular 

 

 

 

350µm 

 

 

 

67.5% 

 

 

MC3T3 

osteoblas-t

ic cells 

 

0.025mL/min 

for 4 hrs; 

Oscillating 

flow: 

40mL/min 

1Hz for 30 

min 

 

 

 

- 

 

0.7mPa 

 

 

1.2Pa 

 

Greater increase of PEG2 

under constant flow than 

static culture; 

Greatest increase of PEG2 

is under the oscillating 

flow after 24hr and 48hr 

culture 

 

 

 

 

3 

 

Poly 

(lactideco-

glycolide) 

(PLGA) 

 

 

Spherical 

 

 

425-500

µm 

 

 

- 

 

Rat 

calvarialo-

steoblastic 

cells 

 

 

48.9-103.1m

m/s 

 

 

- 

 

160-320m

Pa 

Increased ALP activity, 

osteocalcin expression 

and mineralisation after 

both 4-day and 7-day 

culture 

 

 

 

4 

 

 

 

SEVA-C 

based 

polymer 

scaffolds; 

SPCL 

fibre mesh 

scaffold 

 

 

 

 

 

 

Irregular 

 

 

 

 

 

 

181µm 

 

 

 

 

 

75%; 

 

 

60% 

 

 

 

 

 

 

Rat bone 

marrow 

cells 

 

 

 

 

 

 

 

0.3mL/min 

 

 

 

 

 

 

 

- 

 

 

 

 

 

 

 

- 

No significant difference 

of ALP activity between 

perfusion and static 

culture in SPCL fibre 

mesh after 15 days; 

Higher AP activity in 

SEVA-C scaffold under 

perfusion than static 

culture after 15 days; 

A dramatic increase of 

calcium deposition in 

 

 

 

 

 

 

 

5 
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both scaffold under 

perfusion than static 

culture after 15 days 

 

 

 

Polyureth

a-ne 

(PU)-base

d 1, 

4-butanedi

isocyanate 

(BDI) 

 

 

 

 

 

Spherical 

 

 

 

 

80-400µ

m 

(226µm 

in 

average) 

 

 

 

 

 

 

81% 

 

 

 

 

Human 

bone 

marrow 

stromal 

cells 

(hBMSC) 

 

 

 

 

 

 

10mL/min 

 

10% 

0.5Hz 

Stimulati-o

n I: 1 

time/day, 

8hr/time; 

Stimulati-o

n II: 4 

times/day, 

2hr/time, 

4-hr rest 

 

 

 

 

 

 

- 

After 2-week culture by 

Stimulation I: 1.85-fold 

increase in equilibrium 

modulus, 3.25-fold 

increase in procollagen 

produced by MSCs 

After 2-week culture by 

Stimulation II: 2.02-fold 

increase in tensile 

modulus, 2.24-fold 

increase in procollagen 

produced by MSCs 

 

 

 

 

 

 

 

6 

 

 

 

Bovine 

spongiosa 

disc 

 

 

 

 

Irregular 

 

 

 

 

- 

 

 

 

 

- 

 

 

 

 

hBMSC 

 

 

Group A: 

10mL/min 

Group B: 

10mL/min 

 

 

Group A: - 

Group B: 

10%, 

0.5Hz 

 

 

 

- 

Upregulated Runx2 

mRNA in both Group A 

and B after 1, 2, and 3 

weeks compared to static 

culture; 

Higher amount of 

osteocalcin in Group B 

 

 

 

7 

 

1: (Grayson et al. 2008); 2(Bancroft et al. 2002); 3: (Vance et al. 2005); 4: (Yu et al. 2004); 5: (Gomes 

et al. 2003); 6: (Liu et al. 2012a); 7: (Jagodzinski et al. 2008)   
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Table 2 Coefficients of power functions of λ (ratio between average wall shear and inlet fluid velocity) 

with respect to pore size (d) under fluid perfusion 

 

λ(d)=a·d
b
 

 

 

 

Architecture 

        

   Porosity 

 

 

Coefficient 

 

 

60% 

 

 

65% 

 

 

70% 

 

 

75% 

 

 

80% 

 

 

85% 

 

 

90% 

 

Spherical 

Pore 

a 9302 9335 8437 9669 14160 5754 7086 

b -0.8629 -0.8835 -0.8744 -0.9117 -0.9829 -0.8204 -0.8607 

 

Cubical 

Pore 

a 9857 9308 8397 5963 6177 4839 3372 

b -0.9325 -0.9409 -0.9291 -0.8826 -0.8969 -0.8617 -0.8077 

 

Table 3 Coefficients of power functions of β (ratio between average wall shear and compressive strain) 

with respect to pore size (d) under mechanical compression 

 

β(d)=a·d
b
 

 

 

 

Architecture 

       

   Porosity 

 

 

Coefficient 

 

 

60% 

 

 

65% 

 

 

70% 

 

 

75% 

 

 

80% 

 

 

85% 

 

 

90% 

 

Spherical 

Pore 

a 37370 55430 45610 27630 25200 20820 14370 

b -0.9211 -1.020 -0.9884 -0.8953 -0.8831 -0.8488 -0.7797 

 

Cubical 

Pore 

a 20700 22550 22920 19800 11060 12980 12340 

b -0.8812 -0.9080 -0.9233 -0.9142 -0.8023 -0.8498 -0.8499 
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Table 4 Coefficients of Fourier series expressions of average wall shear stress (τa) under four types of 

loads 

 

 

Coefficients 

   



N

0i

tωisin
i

btωicos
i

a
a
τ  

Pulsatile 

compression 

only 

Pulsatile 

compression and 

 Constant fluid flow 

Pulsatile 

compression and 

Pulsatile fluid flow 

Pulsatile 

compression and 

cyclic fluid flow 

N 2 6 6 8 

ω 12.5 5.733 6.286 3.129 

a0 5.089 10.07 10.04 10.290 

a1 -3.268 -4.589 -0.3393 -2.712 

a2 -0.5637 -0.868 -6.101 -0.771 

a3 0 -1.134 -0.0494 2.814 

a4 0 0.6294 -1.028 -5.920 

a5 0 -0.1197 0.02893 -0.712 

a6 0 -0.2175 -0.3458 -0.3515 

a7 0 0 0 0.6797 

a8 0 0 0 -0.8477 

b1 -0.7018 -3.027 -2.823 -0.3428 

b2 -0.250 5.971 0.06703 -0.0446 

b3 0 0.0176 -0.7583 0.1997 

b4 0 -0.1871 -0.04379 -1.228 

b5 0 0.3102 -0.3647 -0.2638 

b6 0 -0.2625 -0.04111 -0.09039 

b7 0 0 0 0.1661 

b8 0 0 0 -0.3657 

 


