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 
Abstract—Previously, some materials like solid metals and their 

alloys have been used as implants in human’s body. In order to 
amend fixation of these artificial hard human tissues, some porous 
structures have been introduced. In this way, tissues in vicinity of the 
porous structure can be attached more easily to the inserted implant. 
In particular, the porous bone scaffolds are useful since they can 
deliver important biomolecules like growth factors and proteins. This 
study focuses on the properties of the degradable porous hard tissues 
using a three-dimensional numerical Finite Element Method (FEM). 
The most important studied properties of these structures are 
diffusivity flux and concentration of different species like glucose, 
oxygen, and lactate. The process of cells migration into the scaffold 
is considered as a diffusion process, and related parameters are 
studied for different values of production/consumption rates.  

 
Keywords—Bone scaffolds, diffusivity, numerical simulation, 

tissue engineering. 

I. INTRODUCTION 

EALING of bone defects is very important in clinical 
issues. Nowadays, synthetic bone replacement is used 

popularly for this purpose [1]. Bone scaffolds which are used 
in tissue engineering should be porous for at least two reasons 
[2]. The first reason is that vascularization and attachment of 
bone cells in three dimensions inside the scaffold will be 
occurred in a good condition. The recommended pores size for 
a perfect vascularization is diameter above 300 microns [3]. 
This range is reported between 100-400 micrometers in some 
literature studies [4], [5]. The second reason is that an 
appropriate porosity of the scaffolds can provide the 
conditions for seeding the cells easier and better. Besides, the 
porous scaffolds should not prevent the seeding cells from 
going to the neighbor tissues and should not promote the 
vascularization of the developing tissues [6]-[8]. 

There are different techniques for producing a porous 
degradable bone scaffold. One of these techniques is three-
dimensional printing. This method has some advantages; first, 
the internal structure of the bone scaffold can be generated 
bases on the desired computer data. Second, the outer shape of 
the scaffold can be designed based on the patent’s defect. For 
this purpose, MRI and CT scan of the target patient are used 
for gathering required data [3].  

As it is mentioned, one of the advantages of porous 
degradable bone scaffolds is seeding the cells and delivering 
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essential materials such as proteins and growth factors (for 
instance, transferring augmentation factor, bone 
morphological protein, and insulin like augmentation factor) 
[9]. Since the natural bones of human body are highly 
vascularized, it is desired for synthetic porous bone scaffolds 
to induce vascularization as soon as possible. Appropriate 
transportation of the nutrients, protein, and oxygen is very 
important in this process. Selard et al. presented a numerical 
simulation of nutrient diffusion in the intervertebral disc of 
human body [10]. They used a Finite Element Method (FEM) 
and built an axisymmetric two-dimensional numerical model.  

Sanz-Herrera et al. presented a mathematical model on bone 
tissue regeneration in a specific family of bone scaffolds [11]. 
They concluded that velocity of the bone growth depends on 
the concentration of cells and mechanical stimulus inside the 
bone scaffold. This mechanical stimulus is an effective stress 
that regulates the formation of the bone. 

 

  

Fig. 1 A schematic view of a three-dimensional geometry for bone 
scaffold based on the work done by Leukers et al. [3] 

 
In the present study, transport of the bio-molecules through 

the porous bone scaffolds and the consumption/production rate 
of the migrated cells inside porous bone scaffolds are 
investigated. This study does not pay attention to the 
mechanical properties of the scaffold and only focuses on the 
mass transport of fluid species inside the scaffold. It is 
assumed that three different kinds of species exist inside the 
fluid; oxygen, glucose, and lactate. These nutrients which are 
essential for cellular survival, diffuse from the blood around 
the tissue. In this way, different parameters such as mass 
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diffusivity coefficient, concentration and production/ 
consumption rate of oxygen, glucose and lactate are extracted 
from the literature and imported to the numerical model. Fig. 1 
depicts a bone scaffold which is designed based on the 
experimental work done by Leukers et al. [3]. As it is shown, 
the diameter of the scaffold is about 5 mm, and its height is 
considered 10 mm. Based on the experimental observations, 
pore size (length of the square-shaped pores) of this scaffold is 
considered about 500 micrometers.  

II. GOVERNING EQUATIONS  

The concentration of species in the present study is 
calculated based on the mass-diffusion (1) [12]. 

 
.׏ ሺെD׏C௜ሻ ൌ R௜ (1) 
 

where Ci is the concentration of species i (
௠௢௟

௠య ), D is the mass 

diffusivity coefficient (
௠మ

௦
), and Ri is the 

production/consumption rate (
௠௢௟

௠య௛
). The index “i” varies from 

1 to 3, corresponding to glucose, oxygen, and lactate, 
respectively. This equation is solved together with appropriate 
boundary conditions and initial conditions. These conditions 
include constant concentration on the boundaries which are in 
contact with the liquid solution with a specific amount of each 
species and zero-flux boundary condition (2) on all pore walls 
on which no mass-diffusion is possible. 
 
n. ሺെD׏C௜ሻ ൌ 0 (2) 

 
where n is the normal vector on the surfaces on which the 
equation is applied as the boundary condition. Table I contains 
the constants which are extracted from the literature; the 
values of diffusivity coefficient, the production/consumption 
rate and concentration of glucose, oxygen and lactate [10]. As 
it is shown in Table I, maximum production/consumption rates 

are -1x10-9 ௠௢௟

୫୫య୦
 , -8.4x10-9 

௠௢௟

୫୫య୦
, and 6.95x10-11 

௠௢௟

୫୫య୦
 for 

glucose, oxygen, and lactate. These values are multiplied by a 
factor k which varies from 0 to 0.1. 

III. RESULTS AND DISCUSSION 

All above mentioned equations and boundary conditions are 
solved using FEM (GMRES method) [13]. After grid 
independency check, a total number of 2923971 elements was 
selected in the numerical procedure. Fig. 2 displays the 
volumetric contour (mol/m3) of glucose inside the pores of the 
bone scaffold with a k factor 0.1. Figs. 3 and 4 show the 
volumetric concentration contours (mol/m3) of oxygen and 
lactic inside the scaffold. As it is seen, glucose and oxygen are 
consumed in the middle part of the scaffold and in vicinity of 
the walls of the scaffold, and the concentration of these two 
species increases. However, lactate which is produced by cells 
has a lower concentration in middle parts of the scaffold, and 
in vicinity of the walls, its concentration decreases due to 
leaving the scaffold. 

 

TABLE I 
VALUES OF CONSTANT PARAMETERS EXTRACTED FROM LITERATURE 

Symbol Quantity Value from literature 

D1 Mass Diffusion coefficient for Glucose 3.125x10-10 m2/s 

D2 Mass Diffusion coefficient for Oxygen 1.056x10-9 m2/s 

D3 Mass Diffusion coefficient for Lactate 5.486x10-10 m2/s 

C1 Concentration of Glucose 4.75x10-9 mol/mm3 

C2 Concentration of Oxygen 4.28x10-11 mol/mm3 

C3 Concentration of Lactate 0.85x10-9 mol/mm3 

Rmax1 Maximum consumption rate of Glucose -1x10-9 mol/mm3/h 

Rmax2 Maximum consumption rate of Oxygen -8.4x10-9 mol/mm3/h 

Rmax3 Maximum production rate of Lactate 6.95x10-11 mol/mm3/h 

 

`  

Fig. 2 Volumetric contour of concentration of the glucose (mol/m3) 
with “k=0.1” 

 

`  

Fig. 3 Volumetric contour of concentration of the oxygen (mol/m3) 
with “k=0.1” 

 
Figs. 5-7 depict the magnitude and vector plot of diffusion 

flux of glucose, oxygen, and lactic, respectively. These figures 
are produced on the section AA’ (Fig. 1) with a factor 
“k=0.1”. According to these figures, the diffusion flux of 
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glucose and oxygen decreases inside the scaffold and has an 
inward direction. However, for lactate which is produced 
inside the scaffold, the diffusion flux increases in middle parts 
and has an outward direction. 

 

 

Fig. 4 Volumetric contour of concentration of the lactate (mol/m3) 
with “k=0.1” 

 

 

Fig. 5 Magnitude and vector plot of diffusion flux of glucose in the 
vertical cross section AA’  

 
Figs. 8-10 show concentration profiles along the point “L” 

(x-direction in Fig. 1). The production/reaction rate is changed 
by dimensionless factor k which varies from 0 to 0.1. As it is 
seen, the concentration inside the bone scaffold decreases for 
glucose and oxygen, and for values of “k” greater than 0.1, the 
amount of oxygen decreases and becomes negative which is 
impossible. This means that the oxygen is limiting factor for 
cells metabolism. However, for lactate, the concentration has a 
maximum in the middle of the scaffold and goes down in near-
wall regions. 

 

 

Fig. 6 Magnitude and vector plot of diffusion flux of oxygen in the 
vertical cross section AA’ 

 

 

Fig. 7 Magnitude and vector plot of diffusion flux of lactate in the 
vertical cross section AA’  

 

 

Fig. 8 Volumetric contour of concentration of the glucose (mol/m3) 
along line L 
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Fig. 9 Volumetric contour of concentration of the oxygen (mol/m3) 
along line L 

 

 

Fig. 10 Volumetric contour of concentration of the lactate (mol/m3) 
along line L 
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