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CHAPTER 3 

Scaffold Reconstruction 

3.1. INTRODUCTION 

 

The aim of biomaterial scaffolds is to serve as a support structure for cells so that they 

can proliferate and differentiate. Therefore, from a morphological point of view, (1) 

the scaffolds should have sufficient surface area in order to give the cells enough 

space to proliferate and generate new tissue, (2) the pores should be well 

interconnected in order to allow the flow of culture medium with cells, nutrients and 

oxygen to achieve all regions of the scaffold and (3) the scaffold should support 

mechanical loads and translate them into appropriate mechanical stimuli so that cells 

can follow a specific differentiation pathway (Lanza et al. 2000, Ratner et al. 2004). 

CaP scaffolds do not have a regular structure because of the hand made process of 

fabrication. Since cells are attached to the scaffold surfaces and the stimuli 

transmitted to them are related to the scaffold morphology, a computational 

reconstruction that represents the real architecture of the construct is required in 

order to determine the specific mechanical stimuli at each point of the structure. The 

3D computational reconstruction of the real architecture of the CaP scaffolds can be 

obtained from µCT images. Using this technique, high resolution transversal images of 

the scaffolds are obtained and then superimposed to give a 3D reconstruction. 

Meshes for FE models can be built from the 3D computational reconstructions of the 

scaffolds. The most used method to obtain FE meshes from µCT images is the voxel 

method that consists on obtaining hexahedral elements from the voxels (Van 
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Rietbergen et al. 1996 Viceconti et al. 2004); these meshes can be smoothed to 

represent better irregular geometries using the marching cube method. Nevertheless, 

an irregular geometry, as in the CaP scaffolds case, is better represented by triangles 

or tetrahedrons than by squares or cubes since a less number of elements and nodes 

are necessary to obtain the same surface accuracy. Commercial software can be used 

to obtain not only the computational reconstruction from the µCT images but also to 

develop the tetrahedral FE meshes. 

The main objective of this chapter is to obtain a computational reconstruction of a CaP 

scaffold using the software Mimics (Materialise, Belgium), in order to: 

1) Analyze the most important structural properties i.e. porosity, pore size 

distribution, pore interconnectivity and specific surface area. 

2) Build tetrahedral-element meshes of the solid and the pore phase that represent 

the real architecture of the scaffold for FE studies.  

 

3.2. MATERIALS AND METHODS 

 

3.2.1. Materials 
 

Scaffolds of 6 mm diameter and 12 mm height of two biodegradable and porous 

materials: (1) cement based on CaP and (2) glass ceramic type Na2O-CaO-P2O5-TiO2, 

were used. These scaffolds were elaborated by the biomaterials group at the UPC. 

For the preparation of the CaP cement scaffolds, on the one hand a mix of CaHPO4 and 

CaCO3 is heated at 1400˚C, after it is quickly cooled in air, and then it is grounded 

until obtaining a powder of average grain size 6.21 µm. Then 2% in weight of rushed 

hydroxyapatite is added. On the other hand powder of albumen is dissolved in water 

generating a solution of 12% in weight. This solution is mixed to form a foam. Finally, 

the CaP powder is diluted in distilled water (0.35 mL/g) and it is mixed with the foam 

of albumen. This mix is introduced in moulds of Teflon that are immersed in a solution 

of Ringer at 37 ˚C during 7 days (Almirall et al. 2004). 

For the preparation of the glass ceramic scaffolds, particles of glass type Na2O–CaO–

P2O5–TiO2 are grounded until obtaining a grain size that varies between 0.1 and 100 

µm. Next this powder is mixed homogeneously with foamed egg white. This mix is 

introduced in moulds of Teflon and heated to remove the egg white and sintering the 

glass particles (Avila et al. 2005). 
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3.2.2. Micro Computer Tomography 
 

One scaffold of each material was scanned using a µCT X-Tek HMX225 (Digisens) with 

a resolution of 7.8 µm x 7.8 µm x 12.2 µm. 501 images of each scaffold were obtained 

(Fig 3.1) 

 
Fig 3.1. µCT images of the CaP cement and glass ceramic scaffolds. 6 mm diameter. 

 

3.2.3. 3D Reconstructions. 
 

Using the program Mimics (Materialise Software, Belgium), the µCT images were 

superimposed and the 3D geometries of the scaffolds were reconstructed (Fig 3.2). 

 

Fig 3.2. Schematic representation of scaffold 3D reconstruction µCT images 

In the studied materials, grey pixels corresponded to the solid phase, and white pixels 

corresponded to the pores. In Mimics pixels can be grouped by tones of grey, the 3D 

sets of pixels are called masks. Two masks were initially generated, one for the solid 

material phase and another for the pores (Fig 3.3). 

CaP cement Glass ceramic
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Fig 3.3. Masks built to separate the scaffold phases. Solid phase in green and pores in blue. 6 mm diameter. 

 

Then two new masks were built in order to separate closed or non interconnected from 

interconnected pores. In order to do that, first the connected region of the initial pore 

mask was selected, forming the interconnected pore mask; second the interconnected 

pore mask was subtracted from the pore mask, the resulting mask corresponds to the 

closed pores. 

 

3.2.4. Structural Characterization 
 

The porosity Φ was computed as the volume percentage of the pore volume over the 

scaffold apparent volume. 

� �
Pore volume

Aparent volume
� 100 % 

The interconnectivity I was computed as the volume percentage of the interconnected 

pore volume over the scaffold apparent volume. 

I �
Interconnected pore volume

Aparent volume
� 100 % 

The specific surface area SA was computed as the ratio between the pore surface area 

and the scaffold apparent volume. 

SA �
Surface area

Aparent volume
 

CaP cement Glass ceramic
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The pore shape and the pore size distribution were visually investigated since in 

Mimics (Materialise Software, Belgium) there is not a developed tool to quantify them. 

 

3.2.5. Meshing 
 

Surface meshes of triangles that enclose the masks can be built in Mimics (Materialise 

Software, Belgium). The quality of these meshes, which in the scaffold case 

corresponds to its precision in representing the real surface of the material, is related 

to the total number of triangles. A higher number of triangles is translated into a 

higher precision but also into a higher computational cost. The mesh quality is 

controlled with the number of pixels accounted to build the surface mesh and the 

number of iterations carried out in the process of automatic meshing.  

In order to determine the parameters to obtain an optimal surface mesh (best possible 

surface representation using a minimal possible number of triangles), surface meshes 

of the solid phase were performed using the three qualities predetermined by the 

program (low, medium and high). The total volume enclosed by each mesh was 

computed and compared to the total volume of the mask in order to quantify the 

error. The CaP cement scaffold was used. 

Volume meshes of tetrahedral-elements built from the surface meshes can be built in 

Patran (MSC. Software, CA-USA). The meshes of the solid faces were made directly 

meshing the domains closed by the surface meshes. The meshes of the interconnected 

pores were made creating cylindrical surface meshes that surround the scaffold 

surface meshes (without touching them) and meshing the domains enclosed between 

the scaffold and the cylindrical surface meshes. 

 

3.3. RESULTS 

 

A total porosity of 18% was computed for the CaP cement scaffold, of which 16% 

corresponded to interconnected pores and 2% to closed pores. For the glass ceramic 

scaffold a total porosity of 23% was computed, corresponding to 21% of 

interconnected pores and 2% of closed pores. Specific surface areas of 4.87 mm2/mm3 

and 6.85 mm2/mm3 were computed for the CaP cement and the glass ceramic, 

respectively (Table 3.1). 
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Table 3.1. Scaffold structural properties measured from µCT reconstructions 

Property CaP cement Glass ceramic 

Porosity 18 % 23 % 

Interconnectivity 16 % 21 % 

Specific Surface Area 4.87 mm2/mm3 6.85 mm2/mm3 

 

The distribution of the pores and the pore interconnectivity throughout the scaffold 

was more uniform within the glass ceramic scaffold than within the CaP cement one. 

In the glass ceramic scaffold, interconnected pores were found through all the 

structure. On the contrary, regions without pores and regions with high concentration 

of closed pores were observed in the CaP cement scaffold (Fig 3.4). 

 

 

Fig 3.4. 3D reconstruction of the scaffolds. 6 mm diameter and 12 mm height. 

Interconnected pores are shown in dark blue, closed pores in light blue and the solid phase in green. 

 

The irregular distribution of the pores was confirmed studying transversal sections of 

the scaffolds. Extensive regions without pores were observed at the upper and lower 

extremes of the CaP cement scaffold, and the pores seemed to be concentrated at the 

center of the scaffold. There was not well interconnectivity between the pores and the 

exterior of the scaffold. In the glass ceramic scaffold, a large quantity of 

interconnected pores was observed throughout the whole structure (Fig 3.5). 

CaP cement Glass ceramic
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Fig 3.5. Pore distribution and interconnectivity observed through the scaffolds. 

Interconnected pores are shown in blue, closed pores in white and the solid phase in green. 

The pore shape seemed to be spherical when observing the transversal sections of 

both scaffolds; however, in the longitudinal sections  stretched shapes were observed 

being more similar to ellipses that to spheres. The distribution of the pore size was not 

uniform in any case (Fig 3.6). In the CaP cement scaffold, significant variations on the 

pore size were observed from one region to another; larger pores were found in the 

lower than in the upper half of the scaffold. Due to the irregular pore size distribution, 

it is difficult to estimate visually an average pore size; pores between 15 µm and 

1.37 mm of length approximately were observed. In the glass ceramic scaffold, pores 

between 22.5 µm and 2.33 mm of length were found; most pores had an 

approximated size between 184 and 533 µm (Fig 3.6). 

 
Fig 3.6. Pore size and form observed through the scaffolds. 

Interconnected pores are shown in blue and close pores in white. 

Measurements in µm

CaP cement Glass ceramic
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Generating surface meshes, when the total number of triangles was decreased, the 

mesh separated from the scaffold surface and the total volume within the mesh 

increases, information about small pores and thin walls as well as pore 

interconnectivity was lost (Fig 3.7). The higher quality mesh had more than three 

times the number of triangles than the medium quality mesh; nevertheless the 

difference in volume between them was only 3%. The medium quality mesh had 3.5 

times the number of triangles than the low quality mesh with a difference of 7% in 

volume (Table 3.2). 

 

Fig 3.7. Comparison between surface mesh qualities. Outline of the meshes of the solid phase  are shown in 

a transversal section of the CaP cement scaffold (high quality in green, medium in blue and low in red). 

 

Table 3.2. Comparison between surface mesh qualities in terms of mesh size and % of error. 

 

 

Selecting the medium quality surface mesh, a volume mesh larger than 137 million 

tetrahedrons for the solid phase and 26 million for the fluid phase would be generated. 

Because computer resources were not sufficient to obtain meshes and to model the 

whole scaffolds, smaller samples of 1 mm diameter and 2 mm height were used for 

the FE models presented in next chapters. These samples were selected arbitrarily, 

close to the center of the scaffolds, trying to obtain sections where the pores were well 

interconnected (Fig 3.8). The section of the CaP cement scaffold had 32.9% of pore 

interconnectivity and the one of the glass ceramic scaffold had 27.5%. 

Mesh 

quality 

Number of triangles 

x 106 

Volume 

(mm3) 

(Mesh vol-mask vol)/ 

mask volume 

Mask  278.45 0% 

High 25.99 292.63 5.09 % 

Medium 8.22 301.30 8.20 % 

Low 2.32 321.33 15.40 % 
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Fig 3.8. Reduced sections of the scaffolds used to build the meshes for the FE models. 

 

Meshes for the solid and the fluid phase for the reduced samples were built in Patran 

(MSC software, CA-USA). The meshes of the fluid phase were made using external 

cylinders, top and bottom sides of these cylinders represented the tubes of a perfusion 

chamber when the scaffold is subjected to perfusion fluid flow. The lateral elements 

were deleted by hand in Mentat (MSC software, CA-USA) (Table 3.3, Fig 3.9). 

Table 3.3. Number of tetrahedral elements of the reduced section FE meshes. 

Material 
Solid  

tetrahedrons x103 

Fluid  

tetrahedrons x103 

CaP cement 636.18 174.71 

Glass ceramic 711.35 124.10 

CaP cement

Glass ceramic
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Fig 3.9. Tetrahedral element meshes for the CaP cement scaffold. The solid phase is shown in green and 

fluid phase in blue. 

 

3.4. DISCUSSION 

 

Computational reconstructions allowed calculating the porosity, the pore 

interconnectivity, and specific surface area of the scaffolds in addition to examine the 

distribution, the interconnectivity and the shape of the pores within the scaffold in a 

non destructive manner. The computed macroporosity of the scaffolds were 18% for 

the CaP cement and 23% for the glass ceramic. Since the resolution of µCT was 

7.8 x 7.8 x 12.2 µm3, pores smaller than these dimensions cannot be detected; 

however, taking into account that the main objective of this thesis is to simulate tissue 

differentiation and that the mean size of a MSCs cell is 10 µm and the minimum pore 

diameter required for osteoinduction is 100 µm (Karageorgiou and Kaplan 2005), the 

porosity error generated by non detected closed pores does not affect the prediction of 

tissue differentiation. 

The specific surface areas computed were 4.87 mm2/mm3 for the CaP cement scaffold 

and 6.85 mm2/mm3 for the glass ceramic scaffold. These values were similar to values 

found by Van Cleynenbreugel and co-workers (2006) for scaffolds of hydroxyapatite 

(7.02 mm2/mm3) and titanium (4.25 mm2/mm3). However the specific surface area of 
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trabecular bone varies between 13.12 and 23.73 mm2/mm3 (Hildebrand et al. 1999). 

This suggests that the values computed for the scaffolds can be too low for cell 

adhesion, proliferation and differentiation. 

Carrying out a visual evaluation of the pores within the scaffold it was possible to 

capture differences that were not captured only measuring the porosity. For instance, 

the difference between the computed CaP cement and glass ceramic porosities was 

only 2%; however, there was a significant difference in the pore distribution within 

these scaffolds. In the glass ceramic scaffold, pores were homogeneously distributed 

within the whole scaffold, as opposed to the CaP cement scaffold, where both large 

areas without porosity and regions with large pores were observed. 

From a morphological point of view, the glass ceramic scaffold seemed to be more 

appropriate than the CaP cement scaffold for tissue engineering, because it had higher 

porosity, interconnectivity and specific surface area than the CaP cement scaffold. The 

flow of medium could be more homogeneous and hence cells, oxygen and nutrients 

could result better distributed within the scaffold, additionally there was more space 

for cells to seed, migrate, proliferate and synthesize new tissue.  

Different quality surface meshes that simulate the real morphology of the scaffolds 

were obtained. Because the difference in volume between the high and the medium 

quality meshes was only 3% respect to the mask volume, and three times the number 

of elements was needed to build a high quality mesh than a medium quality mesh, the 

medium quality meshes were used to build volume meshes. Meshes generated in low 

quality are not recommended since information about small pores and pore 

interconnectivity can be lost. 

The main difficulty when building the meshes of tetrahedral elements were the cross 

triangles and free edges generated on the thin walls. These mistakes in the automatic 

meshing process had to be fixed manually. However, despite of the tedious process of 

fixing the meshes, the obtained meshes of tetrahedral element represent better 

amorphous structures than hexahedral element meshes using a smaller number of 

elements and nodes.  

Computer limitations still hinder the use of automatic and large sample mesh analysis 

and this is certainly a challenge in the future (Viceconti et al. 2004). Computer 

resources are not sufficient to obtain meshes of the whole scaffolds, so smaller 

samples of material were used for the models. The studied volume corresponded to 

1/63 th of the total scaffold volume; therefore meshes larger than 137 million elements 

for the solid models and 26 million elements for fluid models would have been 
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necessary to analyze the complete scaffold, assuming constant number of elements 

per unit of volume through the scaffolds. Moreover only one sample of each material 

was modeled. In spite of these limitations, the sections modeled are sufficient to 

observe the relation between the distribution of the mechanical state and the 

architecture of the studied scaffolds. 

The possibility of generating FE models that simulate the real morphology of the 

scaffolds, allows analyzing its mechanical properties in addition to determine the 

specific mechanical stimuli that cells would perceive in each point of the material. 

Given that the µCT method does not destroy the scaffolds, comparison of results 

obtained in in vivo or in vitro studies with computations obtained in in silico studies 

using specific samples can be possible. 

 

3.5. CONCLUSION 

 

3D computational reconstructions using µCT images, allow examining carefully the 

internal structure of the scaffolds. Information of the total porosity, the pore 

interconnectivity, the pore size, the pore distribution within the material, and the 

specific surface area was obtained by a non destructive manner. This information can 

contribute to the biomaterials development for tissue engineering, where the 

structural and mechanical properties are of great importance. 

 

 



37 

CHAPTER 4 

Micro FE Study of a Tissue 

Engineering Scaffold 

4.1. INTRODUCTION 

 

Mechanical loads are applied to scaffolds in order to transmit mechanical stimuli to the 

cells attached to the surface walls. When compressive loads are applied, stress and 

strain are generated on the scaffold solid phase. When a perfusion fluid is applied, the 

fluid medium flows through the interconnected pores generating hydrostatic pressure 

and fluid shear stress at the material surface. The distribution of these mechanical 

stimuli depends on the morphology of the scaffolds. 

The main goal of this chapter is to build µCT based FE models of CaP cement and glass 

ceramic scaffolds in order to achieve detailed information of  

1) the stress and strain in the solid phase caused by a compression load, and  

2) the interstitial fluid velocity, pressure and surface shear stress within the pores at 

the initial stage of a bioreactor cell culture. 

It is hypothesized that the non uniformity of the scaffolds architecture creates areas 

with high strain, stress and fluid flow distribution relevant to explain the influence of 

mechanical stimuli on cells at a microscopic level. Separated model were developed. 

Linear elastic solid formulation was used to model the compressive load and 
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Newtonian fluid formulation to model the perfusion fluid flow. Because tissues formed 

within scaffolds have been simulated as poroelastic materials, in addition to the 

models described above, a poroelastic formulation was used to model the perfusion 

fluid flow in order to compare results with the Newtonian fluid formulation. 

 

4.2. SOLID MODEL 

 

4.2.1. Model Definition 

 

For the simulation of an unconfined compressive load, a constant displacement 

equivalent to an uniaxial strain of 0.5% was applied on the nodes of the upper side of 

the meshes fixing the nodes of the lower side (Fig 4.1). Linear isotropic materials were 

used due to the linear elastic behavior of the materials for this strain level (Lacroix et 

al. 2006), see Table 4.1. Major principal stress, major principal strain and octahedral 

shear strain were computed. Meshes of the solid phase built in Chapter 3 were used. 

FE models were developed in Marc–Mentat (MSC Software, CA-USA). The analyses 

were solved using MSC Marc 2005. For constitutive equations see Appendix A. 

 

Fig 4.1. Compressive strain model definition. Boundary conditions and FE mesh. 

 

Table 4.1. Material properties used in the compressive load FE model 

Sample Young’s modulus (MPa) Poisson’s ratio 

CaP cement 147 0.3 

Glass ceramic 455 0.3 
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4.2.2. Results 

 

The distributions of major principal stress 

principal strain due to the 

ceramic (Fig 4.2). None of these stimuli distribution was homogeneous. 

more elements under compression (values of stress and strain lower than zero) than 

under tension (values of stres
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Fig 4.2. Stimuli distribution within the scaffold walls 

 

The maximal value of stimuli under compression (

glass ceramic respectively) were higher than maximal value of the stimuli under 

tension (1 and 3 MPa for 

of the stress was in general three times higher for the glass

cement, because of the higher Young’s modulus of the material. The magnitude of the 
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of major principal stress were similar to the distribution

due to the isotropic properties of both materials CaP cement and glass 

. None of these stimuli distribution was homogeneous. 

more elements under compression (values of stress and strain lower than zero) than 

under tension (values of stress and strain higher than zero). 

Major Principal 
Stress (MPa) 

Major Principal 
Elastic Strain (%) 

Octahedral Shear 
Strain (%)

  

  

within the scaffold walls under compressive strain. Views of the scaffolds.

The maximal value of stimuli under compression (-4 and -12 MPa for 

respectively) were higher than maximal value of the stimuli under 

MPa for CaP cement and glass ceramic respectively)

of the stress was in general three times higher for the glass ceramic

cement, because of the higher Young’s modulus of the material. The magnitude of the 
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similar to the distributions of major 

both materials CaP cement and glass 

. None of these stimuli distribution was homogeneous. There were 

more elements under compression (values of stress and strain lower than zero) than 

Octahedral Shear 
Strain (%) 

 

 

. Views of the scaffolds. 

MPa for CaP cement and 

respectively) were higher than maximal value of the stimuli under 

respectively). The magnitude 

ceramic than for the CaP 

cement, because of the higher Young’s modulus of the material. The magnitude of the 

                     1.3 

                     1.3 
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major principal strain ranged between 

shear strain ranged between 0 and 1.3% for both materials (Fig 4.2).

The maximal values of tensile strain within the material matrix were located at the 

thinner walls (Fig 4.3). The thicknesses of the inner walls depended 

between the pores or the proximity between them and the external surface of the 

scaffold. The irregular distribution of pore location and pore size generate

irregular distribution of strain. Therefore, 

deformation while another side had high values of deformation. 

side can be under compression while another side can be under tension. 

each pore of the samples had different values and different distribution of sur

strain.  
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Fig 4.3. Stimuli distribution within the scaffold walls 

 

At the surface nodes, the major principal strain and the octahedral shear strain 

followed a Gaussian distribution with val

the major principal strain and between 0 and 1% for the octahedral shear strain

4.4). The frequency of nodes under compression 
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-2.4                    

 

strain ranged between -2.4 and 0.6%. The magnitude of octahedral 

shear strain ranged between 0 and 1.3% for both materials (Fig 4.2). 

The maximal values of tensile strain within the material matrix were located at the 

. The thicknesses of the inner walls depended on the proximity 

between the pores or the proximity between them and the external surface of the 

scaffold. The irregular distribution of pore location and pore size generate

irregular distribution of strain. Therefore, in a same pore one side had low v

deformation while another side had high values of deformation. In the same way one 

side can be under compression while another side can be under tension. 

each pore of the samples had different values and different distribution of sur
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At the surface nodes, the major principal strain and the octahedral shear strain 

a Gaussian distribution with values of deformation between -1.6

the major principal strain and between 0 and 1% for the octahedral shear strain

. The frequency of nodes under compression was higher for the glass
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0.6%. The magnitude of octahedral 

The maximal values of tensile strain within the material matrix were located at the 

on the proximity 

between the pores or the proximity between them and the external surface of the 

scaffold. The irregular distribution of pore location and pore size generated an 

in a same pore one side had low values of 

In the same way one 

side can be under compression while another side can be under tension. Additionally, 

each pore of the samples had different values and different distribution of surface 

Octahedral Shear Strain (%) 

 

 

ransversal sections. 

At the surface nodes, the major principal strain and the octahedral shear strain 

1.6 and 0.6% for 

the major principal strain and between 0 and 1% for the octahedral shear strain (Fig 

higher for the glass ceramic 

   1.3 

   1.3 
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sample than for the CaP cement one which had more regions under tension. The 

octahedral shear strain was lower for the CaP cement than for the glass ceramic. 

 

Fig 4.4. Histograms of stimuli under compressive strain. Only nodes at the scaffold walls were reported. 

 

4.3. FLUID MODEL 

 

4.3.1. Model Definition 

 

For the simulation of the interstitial fluid flow, inlet fluid velocity was fixed on the 

nodes of the entrance side of the meshes (side A), nil fluid velocity was fixed on the 

nodes of the walls simulating a confined perfusion system, and the outlet fluid 

pressure was set as zero on the nodes of the exit side (side B) (Fig 4.5). Steady state 

Newtonian fluid analyses were performed. Fluid density and viscosity were similar to 

the cell culture medium (DMEM) at 37°C (Bacabac 2005), see Table 4.2. Fluid flow, 

fluid pressure and fluid shear stress were computed. Meshes for the fluid phase 

obtained as described in Chapter 3 were used. FE models were built in Marc–Mentat 

(MSC Software, CA-USA). The analyses were solved using Marc (MSC Software, CA-

USA). For constitutive equations see Appendix B. An inlet fluid velocity of 10 µm/s was 

set by trial and error in order to obtain results of fluid shear stress that can be 

correlated with cell activity (Porter et al. 2005). 

Table 4.2. Fluid properties used in the perfusion fluid FE model. 

Sample Viscosity (mPa·s) Density(Kg/m3) 

CaP Cement 1.45 1 x 103 

Glass 1.45 1 x 103 
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Fig 4.5. Perfusion fluid model definition. Boundary conditions and FE mesh. 

A parametric study was performed on the fluid models to study the influence of fluid 

viscosity as cell proliferation and differentiation progress, the influence of inlet fluid 

velocity and, the influence of fluid flow direction. Three levels of fluid viscosity, three 

levels of inlet fluid velocity and two levels of inlet fluid flow directions were used to 

make up 18 different models for each material, see Table 4.3. Wilcoxon tests with 

significant level of 0.001 were used to verify statistical differences between variables 

when the fluid models conditions were changed. 

Table 4.3. Levels of fluid viscosity and inlet velocity used for the parametric study of the perfusion fluid. 

Material Viscosity (mPa·s) Inlet Velocity (µm/s) Inlet Side 

CaP cement 

Glass ceramic 

0.7 

1.45 

2.1 

1  

10  

100  

A 

B 

 

 

4.3.2. Results 

 

The fluid velocity distribution into the pores showed that the fluid flow did not reach all 

interconnected pores of the samples. Moreover, high changes of fluid velocity were 

observed; there were regions where the fluid velocity was almost nil, and zones where 

the fluid velocity increased up to 100 times the inlet velocity (Fig 4.6). Maximal values 
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were around 1000 times the inlet fluid velocity (12

cement and the glass 

Table 4.4. 

The fluid shear stress distribution was consistent with the fluid velocity distribution, 

since the shear stress is a function of

magnitude of fluid shear stress was high corresponded to regions where the 

magnitude of fluid velocity was high. Most values of fluid shear stress were around 

0.05 mPa and maximal values were around 
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Fig 4.6. Stimuli distribution within the scaffold pores under perfusion fluid flow.

 

The maximum fluid pressure was higher for the 

ceramic; however, the maximum fluid shear stress was higher for the glass

sample than for the CaP cement. The maximal fluid velocities were around the same 

magnitude (Table 4.4). 
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were around 1000 times the inlet fluid velocity (12.76 and 14.89 

 ceramic respectively for 10 µm/s of inlet velocity), see 

The fluid shear stress distribution was consistent with the fluid velocity distribution, 

is a function of the velocity gradient. Regions where the 

magnitude of fluid shear stress was high corresponded to regions where the 

agnitude of fluid velocity was high. Most values of fluid shear stress were around 

Pa and maximal values were around 40 mPa (Fig 4.6). 
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Stimuli distribution within the scaffold pores under perfusion fluid flow.
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Table 4.4. Maximum values of fluid velocity, fluid pressure and fluid shear stress. 

Sample Inlet side 
Fluid Velocity 

(mm/s) 

Fluid Pressure 

(Pa) 

Fluid Shear Stress 

(mPa) 

CaP 

cement 

A 12.76 54.00 37.58 

B 12.56 53.17 37.01 

Glass 

ceramic 

A 14.89 37.64 46.55 

B 14.51 36.67 45.05 

 

The fluid pressure drop from the inlet to the outlet of the pores of both samples was 

not gradual, abrupt changes of fluid pressure were present between regions. Those 

sudden changes of fluid pressure were due to the low interconnectivity between some 

porous regions. If the fluid flowed between two pores through an area with small 

transversal section, the fluid velocity and the shear stress increased quickly and the 

fluid pressure fell rapidly (Fig 4.7). Each pore of the samples had different values of 

fluid velocity, fluid pressure and fluid shear stress, depending mainly on its position 

within the scaffold, its size and its interconnectivity with other pores.  

 

 

 

 

 

 

Fig 4.7. Detailed view of the fluid flow within the CaP cement sample. 

 

Minor differences between the fluid velocity and fluid shear stress distributions in a 

cross section at the center of the CaP cement and the glass ceramic scaffolds were 

detected. However, the magnitude of the pressure was much lower for the glass 

ceramic than for the CaP cement (Fig 4.8). This difference was caused because of the 

abrupt changes of pressure which in the CaP cement case occurred close to the exit 

side and in the glass ceramic case occurred close to the inlet side (Fig 4.6). 

 

Fluid Velocity (mm/s) 

0         3          6          9        12       15 

Fluid Pressure (Pa) 

0        11       22        32        43       54 

Shear Stress (mPa) 

0          3          6          9         12       15 



Micro Finite Element Study of a Tissue Engineering Scaffold 45 

 

 

 
Fig 4.8. Histograms of stimuli under perfusion fluid flow. Only nodes in a transversal section in the center of 

the scaffolds were reported. 

 

Parametrical study 

There was hardly any difference in the fluid penetration for different levels of inlet fluid 

velocity, fluid viscosity or inlet side of the mesh. When the fluid flow inlet side was 

changed (from side A to side B), for constant inlet velocity and constant fluid viscosity, 

statistically significant differences in the magnitudes of the fluid velocity, fluid 

pressure and fluid shear stress at each specific node were found. 

When the inlet fluid velocity was changed (from 1 to 100 µm/s), for constant fluid 

viscosity and constant inlet fluid side, the magnitude of fluid velocity, fluid pressure 

and fluid shear stress at each node of the mesh changed proportionally to the inlet 

fluid velocity. For instance, in the case of the CaP cement scaffold using a viscosity of 

1.45 mPa�s, an increase of the inlet fluid velocity from 10 to 100 µm/s, increased 

10.04, 10.01 and 9.98 times the maximum values of fluid velocity, pressure and shear 

stress, respectively (Table 4.5). 

When the fluid viscosity was changed (from 0.7 to 2.21 mPa·s), for constant inlet fluid 

velocity and inlet fluid flow direction, statistically non significant differences in the 

magnitudes of the fluid velocity were found for the cases of low inlet fluid velocity 

(1 and 10 µm/s). However, statistically significant differences were found when the 
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inlet fluid velocity was 100 µm/s. The variation of the fluid pressure and fluid shear 

stress was proportional to the change of fluid viscosity. For instance, in the case of the 

CaP cement scaffold, when using an inlet velocity of 10 µm/s, an increase of the fluid 

viscosity from 1.45 to 2.1 mPa�s, caused no change in the maximum value of fluid 

velocity and increased 1.45 times the maximal values of fluid pressure and fluid shear 

stress (Table 4.5). 

The interaction between inlet fluid velocity and fluid viscosity did not affect the results. 

When they were changed at the same time, the magnitude of fluid velocity, fluid 

pressure and fluid shear stress at each node changed proportionally to the product of 

inlet fluid velocity and fluid viscosity (Table 4.5). 

Table 4.5. Effect of fluid viscosity and inlet fluid velocity on the maximum values of fluid velocity, fluid 

pressure and fluid shear stress. 

   
Fluid Velocity  

ratio 

Fluid Pressure 

 Ratio 

Fluid Shear Stress 

ratio 

Material 

Viscosity 

(mPa�s) 
Inlet velocity (µm/s) 
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Even though solid and fluid analyses were performed separately, it was possible to 

observe the distribution of these stimuli at the surface nodes of the scaffolds since the 

meshes were congruent and the nodes were consistent. Each point at the surface of 

the scaffold had a different combination of solid shear strain and fluid shear stress 

(Fig 4.9). 
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Fig 4.9. Fluid shear stress and octahedral shear strain at the scaffold walls. Only nodes in a transversal 

section in the center of the scaffolds were reported. 

 

4.4. POROELASTIC MODEL 

 

4.4.1. Model Definition 

 

A fluid flow within the interconnected pores of the CaP cement scaffold was simulated 

using a poroelastic formulation. Because it is not possible to apply a constant inlet 

velocity, a gradient of pressure between side A and side B was simulated. Therefore, a 

fluid pressure of 57 Pa was fixed on the nodes of the entrance side of the meshes and 

a fluid pressure of zero on the nodes of the exit side of the meshes, consistently to the 

results obtained for the simulation using the Newtonian fluid formulation. For material 

properties see Table 4.6. Fluid velocity and fluid pressure were computed. Analysis 

was performed in Abaqus (Simulia, RI-USA). For constitutive equations see 

Appendix C. 

 

Table 4.6. Material Properties used in the fluid flow FE model. Poroelastic formulation. 

Material Properties Culture Medium 

Young´s modulus (MPa) 0.2 

Poisson´s ratio 0.167 

Permeability (m4/Ns) 10-7 

Bulk modulus grain (MPa) 2300 

Bulk modulus fluid (MPa) 2300 
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4.4.2. Results 

 

Consistent to the results obtained using the Newtonian fluid 

velocity were predicted in regions with low pore interconnectivity, while 

velocity and abrupt drops of pressure were predicted in 

around 3 mm/s were predicted in some regions.
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Fig 4.10. Stimuli distribution within the scaffold pores under fluid flow

 

4.5. DISCUSION 

 

Stress and strain distributions within the solid phase, and fluid velocity, pressure and 

shear stress distributions within the pores were heterogeneous because of the 

morphology of the studied scaffolds. 

are not uniform, and the pores are not totally interconnected. Therefore mechanical 

stimuli will be different according to the sample used and the specific point observed 

within the scaffold. 

Uncoupled mechanical stud

performed for the same samples of material. This simplified approximation does not 

consider the influence of forces generated by the fluid flow on the solid phase and vice 

versa. Nevertheless, since the major principal strain, the fluid pressure and the f

shear stress were less than 2%, 54

solid fluid interaction can be neglected. Moreover, fluid surface tension forces 

neglected in the fluid models causing an error of 4% in the fluid pressure (calcula

using the surface tension of the medium and the measured contact angle). However, 

 

Consistent to the results obtained using the Newtonian fluid formulation

velocity were predicted in regions with low pore interconnectivity, while 

velocity and abrupt drops of pressure were predicted in other zones. High velocitie

mm/s were predicted in some regions. 
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Stimuli distribution within the scaffold pores under fluid flow. Poroelastic 

Stress and strain distributions within the solid phase, and fluid velocity, pressure and 

within the pores were heterogeneous because of the 

of the studied scaffolds. The wall thickness, pore size, and the pore 
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ncoupled mechanical studies of both solid material phase and fluid flow 
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consider the influence of forces generated by the fluid flow on the solid phase and vice 

versa. Nevertheless, since the major principal strain, the fluid pressure and the f

less than 2%, 54 Pa, 40 mPa respectively, it is assumed that the 

solid fluid interaction can be neglected. Moreover, fluid surface tension forces 

neglected in the fluid models causing an error of 4% in the fluid pressure (calcula

using the surface tension of the medium and the measured contact angle). However, 
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formulation, nil fluid 

velocity were predicted in regions with low pore interconnectivity, while peaks of fluid 

High velocities of 

c formulation. 

Stress and strain distributions within the solid phase, and fluid velocity, pressure and 

within the pores were heterogeneous because of the 

and the pore shape 

, and the pores are not totally interconnected. Therefore mechanical 

erent according to the sample used and the specific point observed 

of both solid material phase and fluid flow were 

performed for the same samples of material. This simplified approximation does not 

consider the influence of forces generated by the fluid flow on the solid phase and vice 

versa. Nevertheless, since the major principal strain, the fluid pressure and the fluid 

Pa respectively, it is assumed that the 

solid fluid interaction can be neglected. Moreover, fluid surface tension forces are 

neglected in the fluid models causing an error of 4% in the fluid pressure (calculated 

using the surface tension of the medium and the measured contact angle). However, 
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fluid velocity and fluid shear stress are not influenced because the inlet velocity is 

imposed as a boundary condition. 

Biological conditions were not included in the models and cell migration, proliferation 

and differentiation were not simulated. Nonetheless conclusions about mechanical 

stimuli on cells at the initial cell stimulation can be done based on the mechanical 

analysis of the scaffolds. Solid models showed that different values of principal stress 

and strain can be present in a specific pore. Obtained values of compressive and 

tensile strains are of the same order of magnitude of values associated with cell 

proliferation and differentiation by Meyer et al. (2006) (2x10-3 strain). This suggests 

that some regions of these scaffolds are viable for cell activity. As shown by the fluid 

analysis, pore interconnectivity is not sufficient to guarantee that fluid flow will reach 

all internal walls of the scaffold. Besides each region in the pores will have a different 

combination of fluid pressure, fluid velocity, and fluid shear stress. Cells will be 

transported into the scaffolds by means of the interstitial fluid flow; therefore they 

may not reach the pores where the fluid flow does not penetrate. Abrupt changes of 

fluid velocity, fluid pressure, and fluid shear stress will be perceived by cells during the 

migration process. Once cells are seeded in the scaffold, they could attach to specific 

areas of a pore, according to the mechanical stimuli of each point. When simulating a 

physiological fluid flow within the scaffold it was found that the fluid flow could 

increase between 100 and 1000 times. This clearly could not have been predicted 

using a continuum model that does not account for the discretized pore structure. This 

result therefore shows that the mechanical stimuli through fluid flow sensed by the 

cells can be much higher than the one applied macroscopically on the scaffold. Cowin 

(2002) proposed the bone paradox to explain that strains applied to whole bone are 

much smaller than the strains that are necessary to cause bone signaling. A similar 

result is obtained in this study applied on direct fluid flow stimuli. This study shows 

that the gradient of pressure is small compared to the gradient of fluid flow. Thus, 

cells may be more sensitive to fluid flow than to fluid pressure. This corroborates some 

of the in vitro experiments on the effect of fluid flow (Fassina et al. 2005). Finally, it is 

difficult to make comparisons of in vitro and in silico results when sample specific 

models are not used. 

The parametric study of the fluid showed that the mechanical stimuli increase linearly 

and independently with increments of the fluid inlet velocity and fluid viscosity for low 

levels of fluid velocity. Nevertheless those increments are not linear for high levels of 

fluid velocity. As a result, the inlet fluid velocity necessary to stimulate cells properly 

can be interpolated from the parametric study, but not extrapolated. For higher levels 

of fluid flow, new analyses should be done. A Newtonian fluid in steady state has been 
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simulated in this study, however when cells start being stimulated by fluid shear 

stress, they start producing nitric oxide and prostaglandin E2. These substances 

increase the viscosity of the fluid and consequently the magnitude of fluid shear 

stress. Therefore, for a constant inlet velocity for a long period of time, the magnitude 

of shear stress will increase over time. This aspect should be considered when 

simulating tissue differentiation. Finally, according to the levels of fluid shear stress 

correlated with cell proliferation and differentiation by Cartmell et al. (2003) and 

Porter et al. (2005) an inlet fluid velocity of 10 µm/s is appropriate for cell 

proliferation and differentiation in some regions of the studied scaffolds. However 

maximum values of fluid shear stress could be associated with cell death in other 

regions. 

Using a poroelastic formulation it is possible to model a perfusion fluid flow. 

Qualitatively, similar results were obtained when a Newtonian formulation was used; 

abrupt drops of pressure and peaks of fluid velocity were predicted because of the 

irregular morphology of the pores. However the magnitudes of the velocity were 

different. High values of fluid velocity were around 1.2 mm/s in the simulation using a 

Newtonian formulation while they were around 3 mm/s in the simulation using the 

poroelastic formulation. These magnitudes depends on the parameter used, 

specifically the value of permeability. The appropriate magnitude of permeability 

necessary to model a perfusion fluid flow depends on the microstructure of the pore 

domain. Using the correct value of permeability equivalent results can be obtained 

using a poroelastic of a Newtonian fluid formulation; however, using the poroelastic 

formulation an inlet fluid velocity cannot be simulated and fluid shear stress at the 

scaffold walls cannot be computed. 

 

4.6. CONCLUSION 

 

This study provides detailed information about mechanical stimuli within the internal 

walls of two biomaterial scaffolds with different morphology caused by mechanical 

loading on the extra cellular matrix and interstitial fluid flow. This information was 

obtained by µFE models of the real shape of the solid material phase and the pores. 

Different conditions of stress, strain, and fluid flow were found within the scaffolds 

according to the architecture of the samples suggesting that cells would be exposed to 

different stimulations. In particular velocities of around 100-1000 times the inlet 

velocity were found in some regions of the samples. Such kind of studies combined 

with in vitro studies should contribute in the future to the understanding of cell 

mechanotransduction and therefore to the process of tissue differentiation.  
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CHAPTER 5 

Study of Cell Seeding 

5.1. INTRODUCTION 

 

In vitro perfusion studies have shown that by dynamically seeding cells into scaffolds, 

an even cell distribution and high cell density throughout those porous constructs can 

be achieved (Cartmell et al. 2003, Wendt et al. 2003). These studies investigated 

different medium inlet velocities and correlated them with cell distribution and density 

at a macroscopic level. Specifically, they demonstrated that under low fluid flow cells 

seed mainly on the bioreactor tubes and they do not penetrate the scaffolds. However 

in vitro it is difficult to determine the specific mechanical stimuli transmitted to the 

cells during the seeding process taking into account the scaffold morphology. 

Models developed in Chapter 4 predicted different levels of fluid velocity and fluid 

shear stress within the scaffold according to the inlet fluid velocity and the pore 

interconnectivity. The objective of this chapter is to study the possible relation 

between cell seeding and the mechanical stimuli affecting each point at the scaffold 

surface. It is hypothesized that the specific locations of the cells throughout a scaffold 

at the initial state of a cell culture, achieved by dynamic perfusion seeding, can be 

predicted using the shear stress affecting the cells locally. Cells will adhere in points 

within certain range of fluid shear stress [a, b], and the specific locations can be 

predicted with a probabilistic function p=f(τ) where p is the nodal probability of 

locating a cell and τ is the fluid shear stress. 
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Three probabilistic cell seeding models were proposed:  

In the first model, each point on the surface of the material with a value of shear 

stress higher than zero has a constant probability P for locating a cell (Fig 5.1).  

∞<<= τ0p P  

 

Fig 5.1. Function of probability used to simulate cell seeding. 

Constant probability independent on the fluid shear stress. 

 

In the second model, each point on the surface of the material with a value of fluid 

shear stress within a certain range has a constant probability P for locating a cell 

(Fig 5.2). 

57057.0p <<= τP  

 

Fig 5.2. Function of probability used to simulate cell seeding. 

Constant probability within a range [a,b] of fluid shear stress. 

 

In the third model, the probability of the nodes within this range is not constant but is 

a Gaussian distribution with mean µ and variance σ (Fig 5.3). 
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57057.0),(p <<= τσµN  

 

Fig 5.3. Function of probability used to simulate cell seeding. 

Gaussian probability within a range [a,b] of fluid shear stress. 

 

5.2. METHODS 

 

A 2D FE mesh based on a longitudinal section of the CaP scaffold was used in order to 

simplify the model and to be able to observe directly the relation between pores 

morphology and cell seeding (Fig 5.4). A section of 1 mm width and 1.33 mm height 

was used. A mesh of 1333 8-node square elements of the pores was built manually. A 

perfusion fluid flow was simulated. A constant velocity was imposed to the nodes at 

the inlet side, nil velocity was set at the nodes in the interface between solid and fluid 

(scaffold walls), and pressure equal to zero was fixed at the nodes of the exit side. 

The distribution of fluid shear stress at the nodes corresponding to the scaffold walls 

was computed. The mesh was built in Marc-Mentat (MSC Software, CA-USA) and the 

models were solved in Marc (MSC Software, CA-USA). 

 

 

Fig 5.4. 2D section of the scaffold used for the cell seeding study, fluid flow domain in blue and solid 

material in grey. FE mesh and boundary conditions. 
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Two independent numbers were generated for each node at the scaffold walls. The 

first one was its probability of locating a cell which was assigned according to the 

magnitude of shear stress and the functions described below. The second one was a 

random number between zero and one. Then, if the random number was lower than 

the value of probability assigned, the node was assumed to be occupied for a cell, else 

the node was assumed to be empty. Models using inlet fluid velocities of 1, 10 and 

100 µm/s were performed and functions of probability described above were applied. 

 

5.3. RESULTS 

 

Fluid velocity and fluid pressure distribution when an inlet velocity of 1 µm/s was 

applied are shown in Fig 5.5. Maximal velocities and pressures were around 23 µm/s 

and 15 Pa respectively. 

 

 

Fig 5.5. Fluid velocity and fluid pressure distributions within the section used for the cell seeding study. 

 

The distribution of fluid shear stress at the scaffold pores was irregular due to the 

irregular morphology. There was not an inlet fluid velocity that caused fluid shear 

stresses in all pores within the assumed physiological range [0.057, 57] mPa; there 

were always nodes with magnitude of mechanical stimuli lower or higher than this 

range (Fig 5.6). The percentage of nodes whose fluid shear stress was out of the 

range varied according to the inlet fluid velocity; when 1 µm/s was applied, 48% of 

the surface nodes had a mechanical stimuli lower than 0.057 mPa and 14% higher 

than 57 mPa. When the inlet fluid velocity was increased to 10 µm/s, these 
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percentages changed to 38% and 29%. When the inlet fluid velocity was increased to 

100 µm/s the percentage of nodes under low stimuli was reduced to 32% and the 

percentage of nodes under high stimuli was increased to 47% (Fig 5.6). 

 

Fig 5.6. Histograms of fluid shear stress at the scaffold walls comparing different inlet velocities. 

 

Not only the total percentage of nodes out of the physiological range changed but also 

the location of points stimulated by shear stress within that range (Fig 5.7). When the 

inlet fluid velocity was low (1 µm/s), only the walls that connect the pores from the 

top to the bottom directly were affected by stimuli within the physiological range. The 

walls that were not in that trajectory had low fluid shear stress even if they were well 

connected (point A). When the fluid velocity was increased (10 µm/s), the fluid flow 

had more accessibility and the fluid shear stress in those regions became within the 

physiological range (point A). However, if the fluid inlet velocity was further increased 

(100 µm/s), the fluid shear stress in the narrow regions started being above the 

physiological range (point B). There were also scaffold walls that were not very well 

interconnected and the fluid shear stress was below the physiological range 

independently of the simulated inlet fluid velocity (point C). 

According to the probability function used to simulate cell seeding, predicted cell 

locations varied. By definition, when the probability was independent of the fluid shear 

stress, cells were distributed randomly within the whole pore structure. According to 

the probability used, a different number of cells were predicted (Fig 5.8). 
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Fig 5.7. Walls locations under the physiological range of shear stress for different inlet velocities.  

Cells are shown in red and empty points in blue. 

 

 
Fig 5.8. Cell distribution at the scaffold walls. Constant probability 0.7 independent on the fluid shear stress. 

Cells are shown in red and empty points in blue. 

 

When the applied probability function was dependent on the fluid shear stress, the 

number of cells predicted and their location were related to the fluid inlet velocity and 

the pore morphology (Fig 5.9). When a constant probability within the physiological 

range was used, the location of cells were predicted consistently to the feasible 

regions described before (Fig 5.7) and the total number of cells depended on the value 

of probability used (p=0.7). When a Gaussian function was used, by definition, cells 

were more concentrated at the regions affected by magnitudes of fluid shear stress 

around 28.5 mPa and a lower number of cells were predicted at regions affected by 

fluid shear stress around the limits of the physiological range (Fig 5.9). 
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Fig 5.9. Cell distribution at the scaffold walls. Constant probability 0.7 and Gaussian probability within the 

physiological range of fluid shear stress. Cells are shown in red and empty points in blue. 
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5.4. DISCUSSION 

 

Probabilistic functions were used to predict possible cell locations within a scaffold 

subjected to perfusion. Models in 2D were used as a simplification to analyze the 

effect that could have the fluid shear stress in the seeding process. Probabilistic 

functions including the mechanical stimulus as a parameter captured the fact that in 

scaffolds with irregular pore distribution, cells were not distributed homogeneously. 

Cells were predicted neither within pores poorly interconnected, nor in narrow regions 

with high fluid flow. However, these models did not capture the fact that cells 

accumulate in the bioreactor tubes at the entrance of the scaffold when the fluid inlet 

velocity is low (Wendt et al. 2003). 

It was assumed that the medium flows throughout the interconnected pores 

transporting cells, oxygen and nutrients, therefore no cells were predicted in regions 

where the fluid flow was too low. Cell migration and oxygen diffusion were not 

considered. However, oxygen can diffuse to regions near the flow and cell can migrate 

to those regions. The assumed physiological range used for the probabilistic functions 

was based on results of cell activity within a specific scaffold of hydroxiapatite 

(Cartmell et al. 2003, Porter et al. 2005); however, the range of fluid shear stress that 

cells can support can change according to the material surface. Neither this range nor 

the probabilistic functions were validated; however, the presented seeding models 

illustrate qualitatively the correlation between scaffold morphology and fluid shear 

stress. If a different range of physiological stimuli were used, the distribution of shear 

stress and hence the distribution of cells within the scaffold pores will change 

according to the inlet fluid velocity. For a specific scaffold, there is a specific inlet 

velocity that causes the maximum percentage of surface with mechanical stimuli 

within a specific range. Additionally, cells location after an in vitro seeding could be 

controlled selecting a specific inlet fluid velocity in order to optimize the space 

available for cells to proliferate. 

 

5.5. CONCLUSION 

 

The proposed probabilistic models can be used to predict regions in the scaffold 

feasible for cell seeding in terms of fluid shear stress. Those regions are related to the 

inlet fluid velocity. There is a specific velocity for each scaffold (depending on its 

morphology) that maximizes the pore regions with mechanical stimuli within a specific 

range of fluid shear stress.  



59 

CHAPTER 6 

Study of the Mechanoregulation of 

Tissue Differentiation 

6.1. INTRODUCTION 

 

Compressive loads and perfusion fluid flow can be used in vitro in order to increase 

cell proliferation and differentiation. The distributions of stress and strain at the 

scaffold walls under the effect of compressive loading and the distribution of fluid 

velocity and fluid shear stress at the scaffold pores under perfusion fluid flow were 

computed in Chapter 4. It was demonstrated that the micro mechanical stimuli 

transmitted to the cells can be several orders of magnitude different than the macro 

mechanical stimuli applied to the scaffold depending on the porosity, the 

interconnectivity and the wall thickness. The initial mechanical loads necessary to 

generate a specific level of stimuli were determined; nevertheless, the presence of 

cells and new differentiated tissue within the constructs can generate changes in the 

mechanical stimuli distribution over time. 

Tissue differentiation within scaffolds for tissue engineering has been investigated in 

some in silico studies based on the mechanoregulation concept of Prendergast et al. 

(1997) (Kelly and Prendergast 2006, Byrne et al. 2007, Checa and Prendergast 2010). 

In these studies in vivo mechanical loads are simulated. According to the 

mechanoregulation theory developed in Prendergast et al. (1997), the octahedral 

shear strain of the solid phase and the interstitial fluid flow velocity driven by the pore 
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deformation are used as mechano-regulatory stimuli. Even thought it has been 

demonstrated that these stimuli are the most appropriate to explain the mechanisms 

of tissue differentiation during bone fracture healing (Isaksson et al. 2006a), the 

mechanism of tissue differentiation within a scaffold can be different (Sikivitsas et al. 

2001, Potier et al. 2010). In native tissue, osteocytes are believed to be the mechano-

sensory cells. Since they are buried in the bone extracellular matrix, they are 

stimulated by tissue deformation and interstitial fluid velocity. Then, osteocytes 

transmit signals to MSCs, osteoblasts and osteoclasts so that they can differentiate, 

synthesize or resorb bone tissue. In a scaffold, MSCs are initially attached to the 

material walls and are expected to differentiate and synthesize new tissue. They can 

be stimulated directly by the deformation of the material caused by compressive loads 

and/or by the fluid shear stress generated by fluid flow within the pores. 

The effect of a compressive strain and a perfusion fluid flow on cell differentiation 

within a scaffold has been investigated by Stops et al. (2010b). In this study individual 

cells were simulated and the mean velocities around each cell were used as mechano-

regulatory stimuli to simulate cell differentiation. However, the variation on the fluid 

velocity and on the shear strain distributions that can be caused because of tissue 

formation were not accounted for. 

The objectives of this study are: 

1) to propose a new method that allows simulating tissue differentiation when a 

scaffold is subjected to in vitro mechanical loading (compressive load and perfusion 

fluid flow). 

2) to investigate tissue differentiation and the dynamics of the mechanical stimuli 

transmitted to the cells when extracellular matrix starts to form in a scaffold of 

irregular morphology. 

The mechanoregulation concept of Prendergast et al. (1997) was modified in order to 

consider the effect of a perfusion flow shear stress instead of the effect of interstitial 

fluid velocity using fluid viscosity to simulate tissue growth. It was hypothesized that 

the mechanical stimuli transmitted to the cells allow the formation of different types of 

tissue within different regions of the scaffold according to the morphology of the 

pores. 
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6.2. SIMULATION BASED ON OCTAHEDRAL SHEAR STRAIN AND FLUID SHEAR 

STRESS 

 

6.2.1. Methods 

 

a) Sample 

 

A cylindrical section of 1 mm diameter and 0.6 mm height of the glass ceramic 

scaffold described in Chapters 3 and 4 was used, see Fig 6.1. This section has 174015 

and 24907 tetrahedral elements of 10 nodes for the solid and the pore phases 

respectively. 

 

Fig 6.1. Section of the scaffold used for the simulations of tissue differentiation. Pore mesh in blue and solid 

phase mesh in grey 

 

b) FE models 

 

As described in Chapter 4, two separate FE analyses were performed in Marc (MSC 

Software, CA-USA) in order to compute the mechanical stimuli. In the first model, a 

compressive strain equivalent to 0.5% of total deformation was simulated using the 

whole mesh (including solid and the pore phases). The bottom nodes of the scaffold 

were fixed. A constant displacement was applied in the top nodes. Octahedral shear 

strains were computed using a solid linear elastic formulation. 

 

 

where εI, εII, and εIII are the principal strains. 

In the second model, a steady state perfusion flow through the interconnected pores 

of the scaffold was simulated. Constant fluid velocity or constant fluid pressure was 
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applied in the nodes at the inlet side and nil pressure was applied in the nodes at the 

outlet side of the mesh. Non slip boundary condition was applied at the nodes of the 

walls of the scaffold. Fluid shear stresses were computed using the Newtonian fluid 

formulation.  

 

 

where µ is the fluid viscosity, ∇ν is the gradient of fluid velocity, and σI and σIII are the 

maximum and minimum principal fluid stresses respectively. In order to simulate an 

alternating fluid flow, two directions of fluid flow were modeled separately switching 

the boundary conditions between the inlet and the outlet sides. For each element, only 

the maximum value of stimuli within the values computed in these two models were 

accounted for in the mechanoregulation algorithm: τ=max(τside1, τside2). Solid and fluid 

interaction was neglected due to the high stiffness of the ceramic scaffold. 

 

c) Mechanoregulation 

 

It was assumed that cells could differentiate within a certain range [τ1, τ2] of fluid 

shear stress. If the fluid shear stress was lower than τ1 it was assumed that the fluid 

flow could not transport cells, nutrients and oxygen to this region and therefore no 

differentiation was predicted. If the fluid shear stress was higher than τ2, cells were 

detached from the surface and underwent apoptosis. This range of fluid shear stress 

was assumed to be [0.01 60] mPa, based on studies of Porter et al. (2005). These 

studies correlated values of 0.05 mPa with cell proliferation and peaks of 57 mPa with 

cell apoptosis. It was also assumed that if the octahedral shear strain at the walls of 

the scaffold was higher than 0.225, necrosis could occur. This value was arbitrarily 

imposed as twice the value for fibrous tissue differentiation. Based on these 

assumptions and using fluid shear stress instead of fluid velocity in the 

mechanoregulation theory of Prendergast el al. (1997), the mechano-regulatory 

stimulus S was computed as 

 

 

were γoct is the octahedral shear strain obtained in the compressive load model, τ is 

the maximum fluid shear stress obtained from the alternating perfusion fluid flow 
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model and a and b are constants equal to 0.0375 and 10 mPa�s respectively. If 

τ ≤ 0.01 or S > 6 no tissue formation was predicted. If 0.001 < S ≤ 1 bone tissue was 

predicted, if 1 < S ≤ 3 cartilage was predicted, if 3 < S ≤6 fibrous tissue was 

predicted (Fig 6.2). 

 

Fig 6.2. Mechanoregulation diagram regulating tissue differentiation. The mechano-regulatory stimulus is 

computed using octahedral shear strain and fluid shear stress. 

 

d) Material properties 

 

The effect of extracellular matrix maturation over time within the scaffold pores was 

simulated changing the material properties of each element of the pore mesh 

according to the mechano-regulatory stimuli predicted at the element. The material 

properties of a specific element were computed as an average of the properties of the 

tissues predicted in the last 10 iterations. In the compressive strain model, because a 

solid linear elastic formulation was used, the material properties considered were the 

Young´s modulus and the Poisson´s ratio (Table 6.1). 

Table 6.1. Material properties of tissues for the compressive strain model 

Property 
Culture 

Medium 

Mature 

Bone 

Immat. 

Bone 
Cartilage 

Fibrous 

Tissue 

Glass 

ceramic 

Young´s Modulus (MPa) 0.2 6000a 1000a 10a 2a 455b 
Poisson´s Ratio 0.499 0.3a 0.3a 0.475c 0.475c 0.33b 

a Lacroix et al. 2002 
b Lacroix et al. 2006 
c Carter and Beaupré 2001 

 

In the fluid flow model, the viscosity was used to simulate tissue formation. Briefly, if 

a cross section of a cylindrical domain is modeled as a poroelastic material, the 

average flow through this section according to the Darcy´s law is defined as 

Q � K��dPdx	 



64  CHAPTER 6 

where K is the coefficient of permeability of the material and dP/dx is the gradient of 

pressure. If the same section is modeled as a Newtonian fluid flow, the equivalent 

average flow according to the Newton equation is 

Q � 1
µ� 


R�
8 � ��

dP
dx	 

where µT is the tissue viscosity and R is the radius of the cross section. 

Therefore, the tissue viscosity can be defined as 

µ� � 1
K


R�
8 � 

For more detail in the description of these equations see Appendix D. Following this 

equivalence and taking into account that the structure of the scaffold pores is more 

complex than a cylinder section, the viscosities used to simulate bone, cartilage, and 

fibrous tissue were assumed to be inversely proportional to their coefficient of 

permeability when they are simulated as poroelastic materials: 

µ�~ cK 

where µT is the tissue viscosity, K is the tissue coefficient of permeability, and c is a 

constant of proportionality that depends on the micro-morphology of the tissues and 

the scaffold (Table 6.2). 

Table 6.2. Material properties of tissues for the perfusion fluid flow model 

Property 
Culture 

Medium 

Mature 

Bone 

Immat. 

Bone 
Cartilage 

Fibrous 

Tissue 

Permeability (10-14 m4/Ns) 4x106 37 10 0.5 1 
Viscosity (10-3 Pa�s) 1 1�c 3.7�c 74�c 37�c 

 

Because it is not possible to determine analytically the magnitude of c, a parametrical 

study varying it from 1 to 105 was performed. This maximum value was chosen from 

the comparison of mean velocities computed for constant gradients of pressure using 

Newtonian fluid flow and poroelastic formulations at the interconnected pore mesh. 

Briefly, pressure gradients of 0.3, 3 and 30 Pa were modeled using different values of 

permeability for the poroelastic formulation and using 1 mPa�s of viscosity for the 

Newtonian fluid flow formulation. Mean velocity within the pore domain was computed 

(Fig 6.3). For a gradient of pressure between 3 and 30 Pa, the permeability equivalent 

to model a fluid flow with viscosity µ=1 mPa�s ranges between 3 x 10-8 and 

4 x 10-8 m4/Ns. 
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Fig 6.3. Comparison between Poroelastic and Newtonian fluid formulation. Mean fluid velocities computed 

for different gradients of pressure and different levels of permeability. 

 

e) Solution procedure 

 

The simulation of material properties change was performed for each element of the 

interconnected pore mesh. Since material degradation was not simulated, the mesh 

domain did not vary during the simulation. For every iteration, the mechano-

regulatory stimulus S was computed from the FE models, the type of tissue equivalent 

to S was determined, and the mechanical properties were updated. The algorithm was 

stopped when the system stabilized or when the pattern of the results repeated (50 

iterations) (Fig 6.4). 

 

Fig 6.4. Schematic representation of the algorithm used to simulate tissue differentiation based on 

octahedral shear strain and fluid shear stress. 
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f) Simulations for parametrical study 

 

In order to study the effect of modeling tissue as a Newtonian fluid, a parametric 

study was performed. Two types of boundary conditions for the perfusion fluid flow 

(constant inlet velocity of 10 µm/s and constant inlet pressure of 3 Pa) and six levels 

of the constant of proportionality c were used to perform 12 different simulations 

(Table 6.3).  

Table 6.3. Simulations for the parametrical study changing boundary conditions and fluid viscosity. 

Simulation 1 2 3 4 5 6 7 8 9 10 11 12 

Boundary Condition V V V V V V P P P P P P 

Constant c 1 10 102 103 104 105 1 10 102 103 104 105 

V = Constant inlet Velocity 
P = Constant inlet Pressure 

 

6.2.2. Results 

 

The stimuli distribution predicted over time within the pores of the scaffold was 

heterogeneous presenting a significant sensitivity to the constant of proportionality 

used to define the tissue viscosity and to the fluid boundary conditions. 

 

a) Effect of tissue viscosity 

 

In the cases of constant fluid velocity used as boundary condition, when low values of 

tissue viscosity were used the stimuli equivalent to bone stabilized in 82% of the pore 

volume for c = 1 and in 78% for c = 10 (simulations 1 and 2). When increasing the 

magnitude of tissue viscosities, c = 102, the stimuli distribution started being instable, 

the percentage of pore volume equivalent to bone formation decreased to 35% and 

stimuli corresponding to fibrous tissue and cell death were predicted in 12 and 35% of 

the pore volume respectively (simulation 3). For high values of tissue viscosity, 

c ≥ 103, cycles where the magnitude of the stimuli increased and decreased were 

observed (simulations 4-6). At the end of simulation 6 the percentage of pore volume 

equivalent to bone oscillated around 11%, to cartilage around 5%, to fibrous tissue 

around 4%, and to cell death around 50% (Fig 6.5). 
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Fig 6.5. Distribution of mechano-regulatory stimuli over the simulations. 
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In the simulations with constant pressure used as an inlet boundary condition, for 

lower values of tissue viscosity, c = 1, the stimuli equivalent to bone, cartilage, fibrous 

tissue and cell death predicted at the end of the simulation was 62, 4, 6 and 14% of 

the pore volume respectively (simulation 7). When the tissue viscosity was increased, 

stimuli oscillations were predicted although the variation in the magnitude of stimuli 

was less marked (simulations 8-12). At the end of simulation 12, 42% of pore volume 

was equivalent to bone, 4% to cartilage, 10% to fibrous tissue, and 20% to cell death 

(Fig 6.5). 

 

b) Effect of fluid boundary conditions 

 

At the beginning of the simulations, the scaffold pores were assumed to be filled with 

culture medium so the stimuli predicted in most of the walls were equivalent to bone 

formation (50%). Therefore the material properties started to change linearly from 

fluid medium to the properties of the predicted tissue at each element. As a result, the 

fluid velocity distribution changed. When a constant inlet velocity was simulated, the 

fluid velocity distribution presented lower magnitudes where tissue was predicted and 

higher magnitudes where fluid medium was predicted (Fig 6.6). The mechano-

regulatory stimuli increased up to the range of cell death in some regions due to the 

high fluid shear stresses, consequently the material properties were set back to the 

properties of fluid flow. Because the simulation was not stopped at this point, 

oscillations where the mechanical stimuli increased and decreased were predicted. See 

simulation 1-6 in Fig 6.5. 

 

Fig 6.6. Fluid velocity distribution at iterations 1 and 4. Simulation using constant velocity and c = 6. 

The fluctuations of fluid velocity over the simulation because of the mechanical 

properties variation within a pore were observed in Fig 6.7. The discontinuity in the 

standard deviation demonstrated the generation of peaks of fluid velocity. The fluid 
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flow distribution changed with the change of fluid flow inlet side. In the case of the 

specific pore showed in Fig 6.7 the velocity was higher when the inlet side was side B.  

 
Fig 6.7. Effect of constant c on the fluid velocity oscillations over the simulation. 

Simulations using constant velocity. 

The pattern of mechanical stimuli was different when a constant inlet pressure was 

used. In these cases, when some regions of the scaffold were assumed to be filled 

with tissue, the total fluid flow decreased (Fig 6.8) and the stimuli in most of the pore 

volume remained constant, see simulations 7-12 in Fig 6.5. The oscillations in the 

mean fluid velocity within a pore in the center of the scaffold, as well as the effect of 

the constant c, were less marked (Fig 6.9) 

 

Fig 6.8. Fluid velocity distribution at iterations 1 and 4. Simulation using constant pressure and c = 6. 
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Fig 6.9. Effect of constant c on the fluid velocity oscillations over the simulation. 

Simulations using constant pressure. 
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The octahedral shear strain within the pores of the scaffold became homogeneous in 

regions were tissue was predicted, due to the increase of the Young´s modulus. For 

instance, at the beginning of simulation 6 (case with constant inlet velocity and 

maximal values of tissue viscosity), values of octahedral shear strain between 0.6% 
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octahedral shear strains within most of pores were lower than 0.6% (Fig 6.10). 

The stiffness of the sample over the simulation varied consequently with the variation 

of predicted tissue within the scaffold. When tissue was predicted the effective scaffold 

Young´s Modulus increased, according to the properties of the predicted tissues. 

However, in the simulations where tissues did not stabilized, the effective scaffold 

Young´s Modulus oscillated in concordance to the tissue predicted (Fig 6.11). 
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Fig 6.10. Octahedral shear strain distribution at iterations 1 and 4.  

Simulation using constant velocity and c = 6 

 

 
Fig 6.11. Effect of constant c on the scaffold stiffness over the simulation. 

 

d) Effect of scaffold morphology 
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cartilage, fibrous tissue and cell death in most of pore volume. For the case of 

constant pressure (simulations 9-12), bone was predicted in the walls of the pores 

while the stimuli fluctuated between fibrous tissue and cell death in the center of the 

pores. 
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Fig 6.12. Distribution of tissue in a cross section of the scaffolds at the end of the simulations.  
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e) Effect of number of iterations used for the rule of mixtures 

 

For both cases of inlet fluid boundary conditions (constant velocity and constant 

pressure) the frequency of the cycles was 11 iterations (Fig 6.5). This frequency was 

associated to the number of iterations used to compute the mechanical properties 

each iteration, which in this case was 10. To verify this statement the number of 

iterations used to compute the material properties was changed to 5 and to 15 

iterations, obtaining cycles of 6 and 16 iterations respectively (Fig 6.13). 

 

Fig 6.13. Distribution of mechano-regulatory stimuli over the simulations using a) 5 and b) 15 iterations to 

compute material properties. Simulation using constant velocity and c = 6. 

 

f) Effect of low and high stimuli regions  

 

To verify the effect of the low and high stimuli regions added to the 

mechanoregulation concept, two additional simulations were performed, one without 

the low stimuli region and another one without the high stimuli region, using the 

boundary conditions and material properties of simulation 6. The low stimuli region did 

not have an effect in the distribution of tissue predicted. The high stimuli region had 

an obvious effect. Without this region fibrous tissue was predicted in most of the 

scaffold pore volume instead of stimuli fluctuations (Fig 6.14). 
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Fig 6.14. Distribution of mechano-regulatory stimuli over the simulations without a) low stimuli and b) high 

stimuli regions. Simulation using constant velocity and c = 6. 
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where γoct is the octahedral shear strain, v is the maximum fluid velocity, and a and b 

are constants equal to 0.0375 and 3 µm/s respectively. The maximal level of stimuli 

for tissue formation were included, so if S > 6 no tissue is formed. Young´s modulus, 

Poisson´s ratio, coefficient of permeability and bulk modulus were used to simulate 

tissue growth (Table 6.4). 

 

 

Fig 6.15. Schematic representation of the algorithm used to simulate tissue differentiation based on 

octahedral shear strain and fluid velocity. 

 

Table 6.4. Material properties of tissue for the FE models using a poroelastic formulation. 

 
Culture 

Mediuma 

Mature 

Bonea 

Immat. 

Bonea 
Cartilagea 

Fibrous 

Tissuea 

Glass 

Ceramic 

Young´s modulus (MPa) 0.2 6000 1000 10 2 455b 
Poisson´s ratio 0.167 0.3 0.3 0.167 0.167 0.33b 

Permeability (10-14 m4/Ns) 4x106 37 10 0.5 1 1 
Bulk modulus grain (MPa) 2300 13920 13920 3700 2300 13920 
Bulk modulus fluid (MPa) 2300 2300 2300 2300 2300 2300 

a Lacroix et al. 2002 
b Lacroix et al. 2006 

 

6.3.2. Results 

 

When the fluid velocity computed with a poroelastic formulation was used, the stimuli 

stabilized through the simulation (Fig 6.16). In the first iteration, stimuli equivalent to 

bone, cartilage, and fibrous tissue were predicted in 15, 13 and 4% of the pore 

volume respectively, and stimuli in the range of cell death were predicted in 68% of 

the pore volume. After 11 iterations, the percentage of pore volume where stimuli 
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corresponding to bone was predicted increased up to 32%, and after 30 iterations the 

stimuli distribution remained constant. At the end of the simulation, 34.5% of the pore 

volume corresponded to bone stimuli, 1% to cartilage and 64.5% to cell death. Stimuli 

equivalent to bone tissue were predicted in regions that were not well interconnected. 

In these regions the fluid velocity was not induced by the gradient of pressure but 

rather by the compression of the solid that drove the movement of fluid. Stimuli 

corresponding to cell death were predicted in the well interconnected pores. In these 

regions the fluid velocity was induced by the gradient of pressure and consequently 

the fluid velocity and the mechano-regulatory stimuli were too high to allow tissue 

formation. No regions with low stimuli were predicted (Fig 6.16). 

 

      

Fig 6.16. Mechano-regulatory stimuli distribution when using octahedral shear strain and fluid velocity. a) 

Stimuli distribution over the simulation and b) Stimuli distribution in a cross section of the scaffold at the 

end of the simulation. 

 

6.4. DISCUSSION 

 

The objective of this study was to propose a new method that allows to investigate the 

time course of the mechanical stimuli within a scaffold subjected to in vitro conditions. 

The hypothesis that different types of tissues were going to be predicted in different 

regions of the scaffold according to its morphology was not confirmed. It was expected 

that after a certain number of iterations, the mechanical stimuli became stable and 

that according to the pore size and the wall thickness, different tissues would form. 

Nevertheless, when constant inlet velocity was imposed to the scaffold, the 

mechanical stimuli became stable only in simulations with low tissue viscosity. In the 

cases of high tissue viscosity, when tissue was formed and the pores were blocked, 

the mechanical stimuli within the pores increased up to the level of cell death. Then 

tissue was resorbed and mechanical stimuli corresponding to bone was predicted. 

Because the simulation was not stopped, oscillations of stimuli over time were 
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predicted. Although the hypothesis was not confirmed, the proposed method captured 

the discontinuity of the fluid velocity and the mechano-regulatory stimuli within the 

scaffold pores and can be useful to improve the understanding of the 

mechanoregulation and hence the design of scaffolds and bioreactors. 

Modifications were performed to the mechanoregulation theory of Prendergast et al. 

(1997). Fluid shear stress instead of fluid velocity was used as mechano-regulatory 

stimulus and regions where tissue could not be formed due to low fluid flow and high 

stimuli were included. The use of fluid shear stress instead of fluid velocity has a 

significant effect on the tissue distribution at the end of the simulations. This effect 

can be observed comparing the simulation performed using Prendergast et al. (1997) 

methodology with the simulations performed using the proposed methodology 

applying equivalent boundary conditions (constant fluid pressure). In both cases 

stimuli stabilized in most of the pore volume. However stimuli within the range of 

tissue formation were predicted in the well interconnected pores when fluid shear 

stress was used; while stimuli within the range of cell death were predicted in these 

pores when fluid velocity was used. The range of shear stress used in this study was 

based on a cell culture within a scaffold subjected to perfusion fluid flow (Cartmell et 

al. 2003 and Porter et al. 2005) and was corroborated by studies of Raimondi et al. 

(2006). The difference between the results obtained using different mechanical stimuli 

confirms the necessity to develop more long term in vitro and in silico studies using 

sample specific scaffolds in order to determine the stimuli that better describe cell 

behavior. 

The maximum level of mechano-regulatory stimulus for tissue formation was already 

included in Stops et al. (2010b). In this case (fluid velocity was used as mechano-

regulatory stimuli) the final distribution of tissue was not sensitive to this value. 

However, in this study the oscillations between tissues and cell death are generated 

by this limit; without it, stimuli within the majority of the pore volume would stabilize 

in the range of fibrous tissue. The region of low fluid shear stress where tissue is not 

differentiated had a minor effect on the overall results of the simulations. However, 

without this minimum level of stimuli, bone would be predicted in regions where low 

stimuli had been computed, and the low interconnected pores could not be identified. 

Uncoupled mechanical studies of solid and fluid phases were performed. As described 

in Chapter 4, since the strain and the fluid pressure are lower than 0.5% and 3 Pa, 

respectively, solid fluid interaction was neglected. Additionally, tissues were simulated 

as linear elastic solids (in the compressive load models) and as Newtonian fluids (in 

the fluid flow models) instead of as poroelastic materials. In the fluid flow models, the 

magnitude of the viscosity was used to model tissues, and fluid shear stress was used 
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as a mechano-regulatory stimulus. Because the shear stress is a function of both the 

viscosity and the gradient of velocity, the constant c had a significant effect on the 

results. In the simulations of constant inlet velocity, fluctuations of mechanical stimuli 

over time appeared for high levels of c. In the simulations of constant inlet pressure, 

the percentage of volume where bone tissue was predicted decreased when c was 

increased. Additionally, the number of iterations of the stimuli fluctuation was related 

to the number of iterations used to compute the material properties, that was fixed to 

10 (Lacroix et al. 2002). The simulations performed were not validated, therefore 

determining the right level of tissue viscosity necessary to simulate tissue formation 

and the time necessary for tissue maturation is still a challenge. In spite of this 

important limitation, the simulations illustrated the mechanoregulation of tissue 

differentiation over time in a scaffold subjected to perfusion fluid flow, showing that 

the system become unstable once tissue mineralized. 

The use of a Newtonian fluid formulation in addition to be computationally less 

expensive than the poroelastic formulation, allowed simulating the perfusion flow 

controlling the inlet velocity and computing fluid shear stress. It has been previously 

demonstrated that the simulation of this mechanical stimulus is critical since peaks of 

fluid flow can be generated due to the micro-morphology of the scaffold. This 

formulation was also used by Stops et al. (2010b) to predict tissue differentiation; 

however, due to the high porosity (95%) of the scaffold used in their study, the fluid 

velocity distribution was uniform and consequently the mechanoregulation was less 

sensitive to the perfusion fluid flow than to the compressive load. In this study, 

mechanoregulation within the scaffold was more sensitive to the fluid shear stress 

than to the octahedral shear strain. When tissue was differentiated and began to fill 

the scaffold pores, the distribution of octahedral shear strain became uniform, while 

the distribution of fluid shear stress did not. 

The fact that MSCs need to maintain their 3D form in order to differentiate into 

chondrocytes (Glowacki et al. 1983) was not considered in this study. It was assumed 

that MSCs could differentiate into osteoblasts, chondrocytes and fibroblasts, even 

though the studied scaffold had pores large enough to allow cells to spread and to lose 

their 3D form. Since stimuli equivalent to cartilage formation represented less than 

6% of the scaffold pore volume, this limitation did not have a significant influence on 

the obtained results. Nevertheless, this aspect should be accounted if this 

methodology is used to predict chondrogenesis. Additionally, in vitro experimental 

techniques do not lead to mature bone yet, therefore in the mechanoregulation 

concept the mature bone zone could be replaced by immature bone. Because minor 
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changes in the results would happen with such a change, this aspect was neglected in 

order to avoid more changes in the initial mechanoregulation concept. 

This study presented a novel methodology to determine the dynamics of stimuli within 

a scaffold due to the formation of new tissue. The obtained results demonstrated the 

discontinuity of the stimuli over time within a scaffold applying constant fluid flow 

when tissue is formed determining the effect of the pore obstruction on the fluid flow. 

Studies performed using the mechanoregulation theory of Prendergast et al. (1997) 

did not capture this discontinuity. Since Byrne et al. (2007) used a poroelastic 

formulation only modeling a compressive load; the perfusion fluid was not 

investigated. Stops et al. (2010b) used a Newtonian fluid formulation, although they 

did not take into account the variation in the fluid velocity at each specific point within 

the scaffold due to tissue formation. 

A modification of the mechanoregulation concept of Prendergast et al. (1997) was 

used to determine tissue differentiation at each specific location of the scaffold pores 

according to the local mechanical stimuli. Although this overall concept has been 

successfully applied to predict tissue differentiation in vivo regenerative processes; it 

has not been extensively used to simulate tissue differentiation in vitro where the 

mechanism of MSC differentiation can be different than in vivo. Because no other 

mechanoregulation theory has been used to predict the effect of mechanical loading 

on cell differentiation in in vitro bioreactors, and because the theory proposed by 

Prendergast et al. (1997) has been demonstrated to be most suitable in vivo (in 

particular for the fluid flow contribution (Isaksson et al. 2006)), this concept was used 

in this study. Further studies under controlled environment and scaffold structures 

need to confirm whether such approach can be used qualitatively in any tissue 

engineering application and whether the mechanoregulation thresholds regulating cell 

differentiation are valid quantitatively in vitro. 

Limited studies have reported information of in vitro perfusion cultures of MSCs on 

CaP scaffolds. Holtorf et al. (2005) observed an increment in the total number of cells 

in the first 4 days and the formation of a thin layer of bone in the pore walls within the 

first 8 days. Although new bone was differentiated, an unexplained decrease in the cell 

number was observed after few days. One possible explanation for this phenomenon 

may come from the results obtained in this study: when bone is synthesized the 

overall scaffold porosity decreased causing an increase on the fluid shear stress that 

reduces the mechanical viability of the environment for cells to survive. 

According to the results obtained in this study, stimuli equivalent to specific tissue 

phenotypes stabilized within the pores only if a constant pressure was applied to the 
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scaffold, because the total fluid flow decreased. This suggests that in order to maintain 

the mechanical stimuli within a physiological range once tissue is formed within the 

scaffold, the velocity applied should be decreased, instead of being constant as it is 

currently applied in most of in vitro studies. This type of in silico studies can contribute 

to the improvement of the design of scaffolds for tissue engineering (Lacroix et al. 

2009). Combining the appropriate material properties (Byrne et al. 2007) with the 

right scaffold morphology (Olivares et al. 2009) an ideal scaffold can be designed. 

Additionally, specific mechanical conditions for a bioreactor can be determined in order 

to maximize the performance of each scaffold. 

 

6.5. CONCLUSION 

 

The method proposed in this study, in which solid and fluid phases were discretized 

and the effect of both compressive loading and perfusion fluid flow was investigated, 

allowed capturing the discontinuity of the mechanical stimuli affecting cells seeded 

within a scaffold over time. Important variations on the fluid shear stress due to 

formation of new tissue and the corresponding porosity change were detected. If these 

fluid shear stress variations are not controlled, the formation of tissue within a scaffold 

may not be possible. 
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CHAPTER 7 

Study of Angiogenesis 

7.1. INTRODUCCION 

 

The morphology of constructs has an important influence on the local mechanical 

stimuli sensed by cells attached to the internal walls of the material. In Chapter 4 it 

was demonstrated that, according to the pore distribution, the microscopic stimuli 

within the material can be much higher or lower than the macroscopic stimuli applied 

to the scaffold. In addition, in Chapter 6 it was found that important oscillations of 

mechanical stimuli can be transmitted to the cells over time when the scaffolds are 

subjected to constant perfusion fluid flow. In vitro, the perfusion flow plays and 

important role since it is the mean of transportation of cells, oxygen and nutrients. In 

vivo, the formation of a vascular network (angiogenesis) which supply cells with 

oxygen and nutrients is essential for their survival.  

Checa and Prendergast (2009) proposed a mechanobiological model to simulate 

capillary network formation and its effect on tissue growth in a bone/implant interface 

using the lattice modeling approach. This model includes individual cell processes like 

proliferation, migration, differentiation and apoptosis and simultaneously uses 

consecutive lattice points to represent capillaries. This model was also applied to a 

simplified scaffold for bone tissue engineering (Checa and Prendergast 2010), relating 

the number of cells initially seeded into the scaffold to the rate of vascularization and 

the penetration of the vascular network. The effect of the mechanical load magnitude 

applied to the scaffold on bone formation and capillary growth was also studied. The 
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mechanobiological model of Checa and Prendergast (2009) was applied to a scaffold of 

regular geometry, i.e. constant pore size and pore distribution. Therefore the effect of 

the irregular morphology has not been studied. 

The objective of this study is to investigate angiogenesis and tissue differentiation 

within the pores of a CaP scaffold with irregular morphology. To achieve this, the 

method presented in Checa and Prendergast (2009) was used to simulate the 

processes. It was hypothesized that the vascular network formed and the distribution 

of differentiated tissue are critically affected by the morphology of the scaffold. 

 

7.2. METHODS 

 

7.2.1. Material Sample and Computed Reconstruction 
 

The cylindrical section of 1 mm diameter and 0.6 mm height of the glass ceramic 

scaffold described in Chapter 6 was used (Fig 7.1). 

 

Fig 7.1. Section of the scaffold used for the simulations of angiogenesis and cell differentiation. 

 

7.2.2. FE Model and Computation of Mechanical Stimulus 
 

The mechanical stimulus regulating cell differentiation was defined as S=γ/a+ν/b, 

where γ was the octahedral shear strain, ν was the fluid velocity (in mm/s), and a and 

b were empirical parameters equal to 0.0375 and 0.003 mm/s respectively 

(Prendergast et al. 1997). S was computed from the FE model using a poroelastic 

formulation in Abaqus (Simulia, RI-USA). Unconfined compressive strain in the 

scaffold was simulated fixing the nodes at the bottom of the sample and applying 

displacement to the nodes at the top. Null pressure at the outside of the 

interconnected pores was imposed allowing fluid flow across the boundary. 
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7.2.3. Angiogenesis and Cell Differentiation Algorithms 
 

Angiogenesis and cell differentiation were simulated within the interconnected pores of 

the scaffold. This domain was divided in equidistant points (lattice points) forming an 

orthogonal grid (Fig 7.2). Each point represented the volume space that can be 

occupied by one cell and its extracellular matrix. The distance between each point was 

10 µm. 

 

Fig 7.2. a) Pore mesh and b) lattice points were the cell activity is simulated 

Cell activity was mimicked in the lattice points following Bernoulli probability 

distributions; it means that an event occurred with a probability p or not with a 

probability (1-p) (Checa and Prendergast 2009). A schematic flow chart of the 

methodology is showed in Fig 7.3 and the parameters and probabilities used in this 

study are summarized in Table 7.1. Since the degradation rate of phosphate glasses is 

very slow (less than 2% of weight in 80 days (Navarro et al. 2003)), scaffold 

degradation was not simulated and the mesh and the lattice did not change. Each 

iteration represented one day. 

 

 

Fig 7.3. Schematic representation of the algorithm used to simulate angiogenesis and tissue differentiation. 
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Table 7.1. Parameters used in the Algorithm of angiogenesis and cell differentiation. 

Cell type Process 
Probability/Rate 

/Frequency 
Reference 

MSCs 
In vivo 
initialization 

0.3 
Checa and Prendergast 
(2010)  

MSCs 
In vitro 
seeding 
initialization 

N(1.5,0.45)  

MSCs Differentiation 0.3 Isaksson et al. (2008) 

Osteoblasts Apoptosis 0.15 Isaksson et al. (2008) 

Chondrocytes Apoptosis 0.1 Isaksson et al. (2008) 

Fibroblasts Apoptosis 0.05 Isaksson et al. (2008) 

MSCs Proliferation 0.6 Isaksson et al. (2008) 

Osteoblasts Proliferation 0.3 Isaksson et al. (2008) 

Chondrocytes Proliferation 0.2 Isaksson et al. (2008) 

Fibroblasts Proliferation 0.55 Isaksson et al. (2008) 

 
Oxygen 
diffusion 
distance 

100 µm Carmeliet and Jain (2000) 

MSCs 

Fibroblasts 
Migration rate 30 µm/h Appedu and Shur (1994)  

ECs Initialization 0.1 
Checa and Prendergast 
(2009) 

ECs 
Vessel 
branching 

 0        if length<10 

 (1/20)*length-1/2 

           if 10<length<30 

 1        if 30<length 

Checa and Prendergast 
(2009) 

ECs 
Vessel rate of 
growth 

 -(33/5)*S+33    if S<5 

 0                       if S>5 

Checa and Prendergast 
(2009) 

ECs 
Vessel 
direction of 
growth 

Random direction with 
p=0.4 

Previous direction with 
p=0.2 

VEGF direction with 
p=0.4 

Checa and Prendergast 
(2009) 
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7.2.4. MSCs and ECs Initialization 
 

Two different cases of MSCs initialization were simulated. In the first case, called in 

vitro seeding, an in vitro MSCs seeding previous to the scaffold implantation was 

assumed, consequently MSCs were attached to the walls of the material at the 

beginning of the simulation. In the second case, called in vivo colonization, no 

previous in vitro seeding was performed, then it was assumed that MSCs were initially 

located at the outside of the interconnected pores. 

At the beginning of the simulation, each lattice point at the surface of the scaffold, or 

at the outside of the interconnected pores according to the case, had a probability for 

locating a cell. In the first case, this probability was based on the mechano-regulatory 

stimulus S corresponding to the lattice point and had a Gaussian distribution with 

mean 1.5 and variance 0.45. These mean and variance were fixed so that the mean 

value of the initial number of MSCs corresponded to an in vitro seeding efficiency of 

40% (Lopez-Heredia et al. 2008). In the second case, the probability was 0.3. 

Initially, every MSC had a maturation age of 1 and it was increased by 1 each 

iteration. For both cases of MSCs initialization, ECs were located at the outside of the 

interconnected pores; each unoccupied lattice point had a probability of 0.1 of locating 

a cell. 

 

7.2.5. MSCs Differentiation 
 

Every MSC with a maturation age higher than 5 differentiated with a certain 

probability. If a cell differentiated, the phenotype was assigned according to the 

mechano-regulatory stimuli S corresponding to the specific location of the cell. When S 

corresponded to osteoblastic differentiation, oxygen supply was taken into account. If 

there were one or more ECs within the surrounding space corresponding to the oxygen 

diffusion distance around the MSC, the cell differentiated into an osteoblast. Else, it 

differentiated into a chondrocyte. 

 

7.2.6. Cell Apoptosis 
 

Any osteoblast, chondrocyte or fibroblast located in a lattice point whose mechanical 

stimulus did not support that cell phenotype led to apoptosis with a probability p. 

Additionally, if the stimulus S was higher than 6, the cell became apoptotic. 
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7.2.7. Cell Proliferation 
 

Every cell proliferated with a probability p. If a cell proliferated, mitosis occurred and 

the cell was replaced by two daughter cells. The new cells occupied two points 

selected at random within the original location and its empty neighbouring locations. 

 

7.2.8. Cell Migration 
 

Every MSC and fibroblast migrated; it means that they moved to any empty point 

beside them. The new position was selected at random. If there were no unoccupied 

neighboring locations then migration stopped. Since osteoblasts and chondrocytes are 

less motile, migration was not simulated. 

 

7.2.9. Angiogenesis 
 

Blood vessels were represented as a continuum sequence of lattice points occupied by 

ECs. For the angiogenesis process, the direction and the rate of growth of each vessel, 

and its probability of branching were defined. The direction of growth was assigned 

according to three cases. In the first case the direction was assigned randomly, in the 

second case the direction was the same than the previous growth direction and in the 

last case the vessel grew towards the region with the highest concentration of 

chondrocytes under a mechanical stimulus corresponding to osteoblasts (representing 

the VEGF influence). The rate of growth was defined as a function of the mechanical 

stimulus at the front of the vessel. The probability of branching was assigned 

according to the length of the vessel. Each vessel grew according to its defined 

variables. Functions and probabilities are shown in Table 7.1. 

 

7.2.10. Material Properties 
 

After each iteration, the element material properties (Young´s modulus, Poisson´s 

ratio, permeability and bulk modulus) were computed as an average of the properties 

for the tissue phenotypes predicted in the lattice points within the element in the last 

10 iterations (Lacroix et al. 2002). Material properties are shown in Table 7.2. 



Study of Angiogenesis 87 

Table 7.2. Material properties used in the FE models of the simulations of angiogenesis. 

 
Granulat. 

Tissuea 

Mature 

Bonea 

Immat. 

Bonea 
Cartilagea 

Fibrous 

Tissuea 

Glass 

Ceramic 

Young´s modulus (MPa) 0.2 6000 1000 10 2 455b 
Poisson´s ratio 0.167 0.3 0.3 0.167 0.167 0.33b 

Permeability (10-14 m4/Ns) 4x106 37 10 0.5 1 1 
Bulk modulus grain (MPa) 2300 13920 13920 3700 2300 13920 
Bulk modulus fluid (MPa) 2300 2300 2300 2300 2300 2300 

a Lacroix et al. 2002 
b Lacroix et al. 2006 

 

7.2.11. Simulations 
 

In order to study the effects of the total strain magnitude and the MSCs seeding mode 

on the tissue formation process, four cases were simulated, varying the compressive 

strain (0.5% and 1%) or varying the initial cell seeding (in vitro and in vivo), see 

Table 7.3. 

Table 7.3. Simulations using different compressive strain magnitudes and MSCs initialization modes. 

Simulation Total Compressive Strain MSCs initialization 

1 0.5 % In vitro seeding 
2 0.5 % In vivo 

3 1.0 % In vitro seeding 
4 1.0 % In vivo 

 

7.3. RESULTS 

 

The growth of vessels and cell differentiation over time in a cross section through the 

center of the scaffold for all simulations is shown in Fig 7.4. Most of the capillaries 

started growing from the periphery of the sample at iteration 1 and were blocked by 

the walls of the scaffold, with only a few vessels branching. Therefore, pores located 

at the surface of the sample were well vascularized but pores at the center were not. 

MSCs proliferated and started filling the scaffold during the first iterations. A rapid 

differentiation of cells into osteoblasts and chondrocytes was predicted between 

iterations 10 and 20 when the first stem cells achieved the maturation age. When an 

in vitro cell seeding was simulated (Simulations 1 and 3), at iteration 20 the pores 

were filled with MSCs, osteoblasts and chondrocytes. At iteration 30 most of the stem 

cells had differentiated and after 100 iterations the dynamics of proliferation, 

differentiation, and apoptosis was stable. When an in vivo cell migration was simulated 

(Simulations 2 and 4), homeostasis was achieved at iteration 200 because cells had to 

migrate from the exterior of the scaffold and took more iterations to fill the pores. 
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Simulation 1 Simulation 2 Simulation 3 Simulation 4 

Iteration 1  Iteration 1  Iteration 1 
 

Iteration 1 

 Iteration 10  Iteration 10  Iteration 10  Iteration 10 

 Iteration 20 
 

Iteration 20  Iteration 20  Iteration 20 

 Iteration 30 
 

Iteration 100  Iteration 30  Iteration 100 

 Iteration 100  Iteration 200  Iteration 100  Iteration 200 

 

Fig 7.4. Vessels formation and tissue differentiation over the simulations. 
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The evolution of the effective Young´s modulus during the simulation

Fig 7.5. When cells started differentiating, the stiffness of the sample started 

increasing. Throughout the simulation the 

increased from 26.44 MPa to 41.14

2, to 28.19 MPa for simulations 3, and to 28.46

Fig 7.5. Effective 

 

The mechano-regulatory stimulus S (as opposed to tissue type in Fig 7.4) influencing 

each lattice point at the first and last iterations is shown in Fig 7.6.

 

Simulation 1 

Iteration 1 Iteration 

 Iteration 100  Iteration 

Fig 7.6. Mechan
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The evolution of the effective Young´s modulus during the simulation

. When cells started differentiating, the stiffness of the sample started 

increasing. Throughout the simulation the effective scaffold Young´s modulus 

MPa to 41.14 MPa for simulation 1, to 43.15 MPa for simulation 

MPa for simulations 3, and to 28.46 MPa for simulation 4 (Fig 7.5).

Effective scaffold Young´s modulus over the simulations.

regulatory stimulus S (as opposed to tissue type in Fig 7.4) influencing 

each lattice point at the first and last iterations is shown in Fig 7.6. 

Simulation 2 Simulation 3 

Iteration 1 Iteration 1 Iteration 

Iteration 200  Iteration 100 Iteration 

 

echano-regulatory stimuli distribution over the simulations.

Osteoblasts      Chondrocytes      Fibroblasts      MSCs      ECs       Empty points

89 

The evolution of the effective Young´s modulus during the simulation is shown in 

. When cells started differentiating, the stiffness of the sample started 

effective scaffold Young´s modulus 

MPa for simulation 

MPa for simulation 4 (Fig 7.5). 
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At iteration 1 it was not possible to find a direct relation between pore size and stimuli, 

since simultaneous stimuli corresponding to bone, cartilage and fibrous tissue were 

computed in most of the pores. When 0.5% of deformation was applied

and 2), stimuli corresponding to bone was predicted in most of the pore volume. When 

de applied deformation was increased to 1% (Simulations 3 and 4) cartilage stimuli 

instead of bone stimuli dominated the volume (Fig 7.6). At the end of th

the stimuli distribution is different because of the increase in the scaffold stiffness 

described below. Most of the mechanical stimuli predicted were those of bone 

formation when 0.5% of deformation was applied and those of bone and cartila

formation when 1% of deformation was applied (Fig 7.6).

Although most of the stimuli corresponded to bone formation, different types of tissue 

were predicted within the pores of the sample (Fig 

was 0.5% of deformation, 70% of pore volume corresponded to bone stimuli but, 

because of the lack of oxygen, only 40% of the cells in this volume differentiated into 

osteoblasts. At the end of the simulations 40% of the pore volume was filled with 

osteoblasts, 40% with chondrocytes and 3% with fibroblasts

were predicted in the pores located at the periphery of the sample (well vascularized 

regions), whereas chondrocytes were predicted in the internal pores (poor 

vascularized ones) and fibroblasts

was a high fluid flow (Fig 7.8)

deformation, 45% of pore volume corresponded to bone stimuli but, only 11% of the 

pore volume was filled with osteoblasts. At th

(1% of deformation) 11% of the pore volume was filled with osteoblasts, 59% with 

chondrocytes, and 8% with fibroblasts

internal and external pores (Fig 7.8)

 

Fig 7.7. Histograms of cell differentiation
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(1% of deformation) 11% of the pore volume was filled with osteoblasts, 59% with 

chondrocytes, and 8% with fibroblasts (Fig 7.7). Chondrocytes were predicted in both, 

(Fig 7.8). 

Fig 7.7. Histograms of cell differentiation and mechano-regulatory stimulus distributions

simulations. 
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computed in most of the pores. When 0.5% of deformation was applied (Simulations 1 

and 2), stimuli corresponding to bone was predicted in most of the pore volume. When 

de applied deformation was increased to 1% (Simulations 3 and 4) cartilage stimuli 

instead of bone stimuli dominated the volume (Fig 7.6). At the end of the simulations, 
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described below. Most of the mechanical stimuli predicted were those of bone 

formation when 0.5% of deformation was applied and those of bone and cartilage 
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Fig 7.8. Cells distribution compared to mechanical stimuli distribution at the end of the simulations 
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The vascular network formation was not very sensitive to the MSCs seeding mode. 

Similar distributions of vessels were predicted whether an in vitro seeding or an in 

vivo colonization was simulated (Fig 7.7 and Fig 7.8). The MSCs seeding mode did not 

have either an evident effect on the distribution of tissue at the end of the simulation. 

Nevertheless, when previous in vitro seeding was simulated, the cells migrated and 

proliferated faster than when in vivo colonization was simulated (Fig 7.4). 

For the magnitudes of mechanical strain studied (0.5% and 1% of total deformation), 

there was not a noticeable effect on angiogenesis. Similar vessel networks were 

observed in both cases of strain (Fig 7.8). Nevertheless different types of tissues were 

observed within the pores of the sample according to the mechanical strain applied 

(Fig 7.7 and Fig 7.8). When 0.5% of deformation was simulated osteoblasts were 

predicted in well vascularized regions and chondrocytes in poor vascularized ones. 

When the total strain was increased to 1% of deformation, chondrocytes were 

predicted in both, internal and external pores. 

 

7.4. DISCUSSION 

 

In this work we set out to investigate vascularization and tissue formation inside a 

glass ceramic scaffold of 21% of interconnected porosity with irregular morphology. It 

was predicted that scaffold walls blocked blood vessel growth and consequently, most 

of the vessels did not reach the center of the sample and a vascular network was 

mainly formed in the external pores. Therefore, when a compressive strain of 0.5 % 

was applied, 70% of the pore volume was under a mechanical stimulus favorable for 

bone formation; however, because of the lack of oxygen in some regions, MSCs 

differentiated into chondrocytes instead of osteoblasts and only 40% of bone was 

formed. In the scaffold with regular morphology studied by Checa and Prendergast 

(2010) full vascularization was achieved and consequently cell differentiation 

depended mainly on the mechanical stimuli. This difference suggests that in terms of 

the architecture of the samples, it is necessary to ensure a structure that not only has 

high porosity and interconnectivity, but also that the space between pores allows 

vessels to reach the center of the scaffolds and form a vascular network. 

The magnitude of the mechanical strain applied to the sample had an important effect 

on tissue differentiation. When the compressive strain was increased from 0.5% to 

1%, osteogenesis decreased from 40% to 15%. This result showed that the sensitivity 

of cell differentiation to small changes in the magnitude of the strain should be 

considered in in vivo experiments where bone chambers are used to apply controlled 
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mechanical stimuli. Additionally, when the material is implanted directly into bone, the 

performance of the scaffold can change depending on the implantation site because of 

the variation of the loads and therefore the mechanical stimuli along the bone. 

MSC seeding conditions did not affect the final pattern of differentiated tissue. Similar 

results were obtained when in vivo or in vitro MSC seeding were simulated. The effect 

of increasing the number of cells seeded in the scaffold was not studied. Checa and 

Prendergast (2010) predicted that when the number of seeded cells was increased, 

the space for angiogenesis was decreased and a lower number of vessels was 

predicted. In this study, most of the vessels were formed at iteration one, then they 

were blocked and the rest of the space was filled with cells proliferating. When in vivo 

seeding was simulated, similar results than Checa and Prendergast (2010) were 

obtained; differentiation occurred first in the external pores and then in the internal 

ones, the tissue formation was slower than in the case of in vitro seeding. 

The algorithm of mechanoregulation has been validated for bone healing (Isaksson et 

al. 2006a). A study of the parameters used in the algorithm of angiogenesis was done 

and its limitations were discussed in detail by Checa and Prendergast (2010). Here, 

the base line model parameters were used. Some parameters that are regulated by 

growth factors were simulated as random, for instance the differentiation rate, 

considered constant. The fact that cells do not migrate to regions where there is no 

oxygen was not considered by the algorithm, so pores in the center of the sample, 

where angiogenesis did not occur, could be actually empty instead of being occupied 

by chondrocytes. The results of this study were consistent with the in vivo 

observations of Del Valle et al. (2007) for the macroporous CaP scaffolds and Jones et 

al. (2007) for the hydroxyapatite scaffolds. Del Valle et al. (2006) found that blood 

vessels were present near the surface of the cement and that bone growth occurred 

mainly in the peripheral pores. They affirm that the lack of bone tissue penetration in 

the central part of the implant was due to the limited interconnectivity between 

adjacent pores. Jones et al. (2007) showed that approximately 40 % of pores 

occupied by bone tissue were near the surface and this fraction dropped within 1 mm 

of the periphery where most pores were free of bone ingrowth. The use of sample 

specific models to compare in vivo and in silico results can be useful to improve the 

development of this kind of models. Bone ingrowth into biomaterials in in vitro or in 

vivo experiments can be assessed using µCT images (Porter et al. 2007, Van Lenthe et 

al. 2007). 

The mechanoregulation model of Prendergast et al. (1997) predicts fibrous tissue 

formation when the mechano-regulatory stimuli is higher than 3. However, cells can 

undergo apoptosis under high levels of strain (Kearney et al. 2008). In order to take 



94  CHAPTER 7 

this effect into account, a maximum limit was included in the model, if the mechanical 

stimuli were higher than 6 no tissue was differentiated. In the studied scaffold, the 

percentage of pore volume affected by stimuli out of the physiological range, being 

resorption or apoptosis, increased from 17% to 22% when the mechanical strain was 

increased from 0.5% to 1% of compression. This increment was low (only 5%), 

because the magnitude of the mechano-regulatory stimuli S in most of regions where 

apoptosis occurs was much higher than the maximum limit applied. Consequently, the 

obtained results were not sensitive to the assumed value of 6 for the limit between 

fibrous tissue formation and apoptosis. 

At the beginning of the simulation, there was not a clear correlation between stimuli 

and pore size or pore location, different stimuli were observed within every pore. It 

was studied in Chapter 4 that the octahedral strain depends on the thickness of the 

scaffold walls and the fluid velocity on the pore interconnectivity making the 

distribution of the mechano-regulatory stimuli not evident. When tissue growth was 

simulated, the scaffold stiffness increased and consequently stress and strain were 

better distributed across the material. At the end of the simulation the stimuli were 

mostly in favor of bone formation. Because the mechanical stimuli changed over time 

due to the formation of new tissue, investigations on the effect of mechanical loading 

on the distribution of mechanical stimuli within an empty scaffold help to determine 

the behavior of the scaffold, but they are not enough to predict the success of the 

material once tissue starts to differentiate. Consequently, a dynamical analysis is 

necessary to understand the contribution of the geometry and to predict the 

mechanoregulation within scaffolds for bone tissue engineering. 

 

7.5. CONCLUSION 

 

This study provided information on the dynamics of mechanical stimuli, angiogenesis 

and tissue differentiation within the interconnected pores of a CaP scaffold with 

irregular morphology caused by mechanical compressive strain. Different types of 

tissues were predicted into the scaffold depending not only in the mechanical stimuli 

distribution but also in the blood vessel network formation. Osteogenesis was not 

predicted in most of the pores at the center of the scaffold. This information 

contributed to the understanding of the effect of angiogenesis and mechanical stimuli 

on tissue differentiation within the CaP scaffolds. Such kind of studies combined with 

in vivo and in vitro experiments are essential to the improvement of scaffold 

development.  
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CHAPTER 8 

Conclusions 

8.1. SUMMARY OF RESULTS 

 

The architecture of a CaP cement and a glass ceramic scaffolds was reconstructed in 

3D using µCT images. Pore distribution, shape and interconnectivity were studied. The 

pores were not well interconnected and distributed throughout the scaffolds. A higher 

pore concentration was detected at the bottom side than at the top side, additionally 

pores were not well interconnected between them or with the exterior of the scaffolds. 

When the scaffolds were subjected to compressive load, stresses and strains at the 

solid phase followed Gaussian distributions with mean value consistent to the value of 

global strain applied. Most of scaffold walls were under compression and no peaks of 

strain were predicted. When tissue formation was simulated within the scaffold pores, 

the apparent stiffness of the scaffold increased and the magnitude of mechanical 

stimuli within the pores decreased. 

When perfusion fluid flow was simulated, fluid velocity, pressure and shear stress did 

not follow a specific distribution. Some pores presented fluid flow almost nil while in 

some others the velocity increased between 100 and 1000 times the inlet fluid 

velocity. Peaks of fluid velocity and shear stress that may be associated to cell death 

were predicted. When tissue formation was simulated, the fluid shear stress predicted 

depended on the boundary conditions applied to the scaffold and the parameters used 

for the simulations. When tissue was differentiated and filled the scaffold pores, if a 
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constant inlet velocity was used, the fluid shear stress increased up to a level of cell 

death. However, if a constant pressure was used the total fluid flow decreased and the 

fluid shear stress remained within levels viable for cell survival. 

When angiogenesis was simulated, vascularization was not predicted in the pores at 

the center of the scaffold due to the low porosity and pore interconnectivity of the 

material. The lack of vessels in most of scaffold pores caused the prediction of 

cartilage instead of bone in almost 30% of the pore volume. Additionally, the 

predicted tissue was highly sensitive to the magnitude of the load. An increase from 

0.5% to 1% of total deformation of the scaffold caused a decrease of 29% on the 

predicted bone tissue. 

 

8.2. LIMITATIONS 

 

Only two scaffolds were used for the simulations. Moreover, because of the complexity 

of the structure and the computational cost necessary to mesh and to model such 

materials, only one section of each scaffold was studied. However, the sections were 

representative of the structure and the models illustrated well the correlation between 

the morphology of the scaffolds and the distribution of the mechanical stimuli. 

The resolution of the µCT images were 7.8 x 7.8 x 12.2 µm3, therefore, pores of size 

lower than this magnitude were not detected. The porosity of the CaP scaffold is 

divided in micro-porosity which corresponds to the intrinsic porosity of the material 

and macro-porosity which is the one that account for tissue differentiation. The macro-

porosity was well detected by the µCT. 

The methods proposed in this study to investigate the mechanoregulation of tissue 

differentiation were based on the concept of Prendergast et al. (1997). This concept 

does not include biological factors that affect cell activity and tissue differentiation 

different than mechanical stimuli. However, it has been demonstrated to be the most 

suitable to predict in vivo regenerative processes, in particular for the use of fluid flow. 

In this thesis, the method developed at Chapter 6 (the study of the 

mechanoregulation of tissue differentiation when the scaffold is subjected to perfusion 

fluid flow and compressive load) neither includes biological factors; modifications to 

the original concept were performed in order to take into account the effect of the 

perfusion fluid flow. The method used at Chapter 7 (the study of angiogenesis and 

tissue differentiation) proposed by Checa and Prendergast (2009) includes the effect 

of the VEGF into cell migration and the effect of oxygen availability into cell 
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differentiation. No other theory has been used to study tissue differentiation in 

scaffolds for tissue engineering. 

The main limitation of this thesis was the lack of validation. The parameters used to 

model tissue as an elastic solid were taken from literature. The appropriate viscosity 

necessary to model tissue as a fluid flow is unknown. The parameters for the 

angiogenesis model were taken also from the literature. The obtained results were 

very sensitive to the parameters used, especially when using viscosity to model tissue 

maturation. For this reason it was not possible to conclude about the efficiency of the 

scaffolds for cell seeding or tissue differentiation or about the exact mechanical loads 

that should be applied to the scaffolds in order to optimize their performance. 

However, the results illustrate the differences between the macro mechanical stimuli 

applied and the micro mechanical stimuli within the scaffold pores generated by the 

scaffold morphology and the changes of mechanical stimuli over time due to tissue 

formation. These results can be an explanation of the difficulties faced currently in 

vitro to seed cells or to differentiate tissue. 

Tissue formation was modeled changing the material properties, Young´s modulus, 

Poisson´s ratio, viscosity, and permeability. Since the development of constitutive 

equations assumes continuity at the material properties, this approximation 

represents a limitation. 

 

8.3. CONTRIBUTIONS 

 

This study investigated the distribution of mechanical stimuli in scaffolds of irregular 

morphology and the mechanoregulation of tissue differentiation when the scaffolds are 

subjected to perfusion fluid flow and compressive loads. Additionally, the 

mechanoregulation of angiogenesis and tissue differentiation under compressive 

loading was studied. Most of previous biomechanical studies of scaffolds for tissue 

engineering had investigated the mechanical stimuli distribution without including the 

time course of tissue differentiation and the consequent changes in the specific 

mechanical stimuli transmitted to the cells. The studies of tissue differentiation that 

had considered the variation on the mechanical stimuli transmitted to the cells over 

time had been limited to investigate the effect of compressive loading and most of 

them had been performed in simplified scaffolds. In this thesis, for the first time, a 

modified version of the mechanoregulation concept of Prendergast et al. (1997) was 

used to evaluate the dynamic mechanical stimuli acting in a real scaffold under 
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perfusion fluid flow in addition to compressive loading. And for the first time the 

methodology of angiogenesis modeling developed by Checa and Prendergast (2009) 

was applied to a scaffold of irregular morphology. 

The methodology proposed in this thesis allowed to predict the discontinuity of the 

mechanical stimuli distribution, not only at the initial state of a cell culture but also 

over time. The results of this approach could not have been obtained using continuum 

models that do not account for the real architecture of the constructs. 

The results obtained enlighten that: 

1) The relation between applied macro mechanical stimuli, scaffold morphology, micro 

mechanical stimuli at each point of the construct, and tissue differentiated within a 

scaffold is not trivial. Because the entire structure is interconnected, the distribution of 

mechanical stimuli in each specific point depends on the rest of the scaffold. A change 

of morphology due to tissue differentiation in any place of the scaffold affects the 

distribution of mechanical stimuli at the overall scaffold.   

2) It is necessary to guarantee a minimum level of pore size and interconnectivity that 

permits tissue formation without closing the pores, allowing the medium with oxygen 

and nutrients to continue flowing without increasing too much the fluid velocity and 

the fluid shear stress.  

3) There is not a universal magnitude of fluid flow or compressive load that can be 

applied to scaffolds within bioreactors in order to maximize the seeding efficiency or 

the tissue differentiated. The magnitude of mechanical stimuli used to stimulate cells 

depends on the specific scaffold morphology and ideally, it should be computed 

numerically for each case. 

4) The magnitude of mechanical stimuli applied over time to scaffolds within 

bioreactors may not need to be constant. In particular, when tissue starts to be 

differentiating, the fluid velocity should be decreased during the culture period in order 

to maintain the level of mechanical stimuli within a physiological range. The pattern of 

mechanical stimuli over time specific for each scaffold should be computed according 

to the state of tissue differentiation and maturation. 
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8.4. FUTURE PERSPECTIVES 

 

Future work should be directed towards coupling numerical models with in vitro and in 

vivo approaches in order to increase the understanding of the process of 

mechanoregulation of tissue differentiation within scaffolds and therefore improve the 

success of biomaterials and scaffolds development. In particular future efforts should 

be addressed to: 

1) Modeling the whole scaffold. Higher computational capacity is needed, as well as 

better computational techniques that allow automatic meshing reducing the necessary 

hand made process. 

2) Integration of the solid and fluid models used to determine the combined 

mechanical stimuli affecting the cell, as well as their integration to poroelastic models 

in order to simulate tissue formed within the scaffold pores. 

3) Validation of the different parameters used in the simulations. In particular, the 

levels of mechanical stimuli used for tissue differentiation and for cell death, the 

magnitude of the material properties used for modeling tissue as linear elastic solid 

and as fluid flow, and the time used for the transition on the material properties that 

represents tissue maturation. 

4) Modeling specific cell activity in the study of the mechanoregulation under in vitro 

conditions, including the initial number of cells, the number of necrotic (or apoptotic) 

cells because of high stimuli, the interaction between cells and the interaction between 

cells and material. 

5) Studying different scaffolds and different materials using sample specific in vitro 

and in silico experiments in order to compare tissue differentiated and tissue predicted 

over time. 

6) Determining the pattern of mechanical stimuli over time, that optimized the 

performance of the scaffold in terms of cell differentiation. 
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