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Part of clinically applicable bone graft substitutes are developed by using mechanical stimulation of flow- 

perfusion into cell-seeded scaffolds. The role of fluid flow is crucial in driving the nutrient to seeded

cells and in stimulating cell colonization. A common numerical approach is to use a multiscale model

to link some physical quantities (wall shear stress and inlet flow rate) that act at different scales. In

this study, a multiscale model is developed in order to determine the optimal inlet flow rate to cultivate

osteoblast-like cells seeded in a controlled macroporous biomaterial inside a perfusion bioreactor system.

We focus particularly on the influence of Wall Shear Stress on cell colonization to predict cell colonization

at the macroscale. Results obtained at the microscale are interpolated at the macroscale to determine the

optimal flow rate. For a macroporous scaffold made of interconnected pores with pore diameters of above

350 µm and interconnection diameters of 150 µm , the model predicts a cell colonization of 325% after 

a 7-day-cell culture with a constant inlet flow rate of 0.69 mL · min 
−1 

. Furthermore, the strength of this 

protocol is the possibility to adapt it to most porous biomaterials and dynamic cell culture systems.

1. Introduction

In the area of bone grafting, large bone deficits can arise from 

traumas, diseases, injuries or congenital defects. A bone graft sub- 

stitutes is a scaffold in which cells are seeded. Cells need to grow 

to ensure a good densification of the grafts. Consequently, the bone 

graft substitutes need nutrients and waste removal. The static cell 

culture is the most common and the simplest way to develop bone 

graft substitutes [1–4] . However, the static cell culture has some 

drawbacks. First, the mechanical stimulation, an important param- 

eter in cell growth [5,6] , is neglected. Second, this method is not 

suitable for large bone substitute. Indeed, for large substitutes, nu- 

trients cannot be delivered to the center of the scaffold and waste 

cannot be removed, leading to cell necrosis. One solution is the 

use of a device called a bioreactor that can generate dynamic cell 

culture [7–10] . This process provides both the necessary mechani- 

cal stimulation (pressure drop, shear stress) and the nutrient avail- 

ability to cells [8,11] . There are numerous types of bioreactors. Di- 

rect perfusion bioreactors (DPB) efficiency is demonstrated in the 

enhancement of human cell growth and survival. These effects are 
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mainly due to the constant renewal of the culture medium and the 

beneficial effect of fluids on cell activity [12–14] . 

Another important entity to study is the bone graft substitutes 

itself and its influence on cell culture. It would be unrealistic to 

give an exhaustive list of bone substitutes. In this paper, the study 

is limited to the case of a specific bioceramic. Due to the simi- 

lar properties shared with human bones, bioceramics are nowa- 

days widely used in bone grafting or in tissue engineering [15,16] . 

In particular, bioceramics based on calcium phosphate as hydrox- 

yapatite (HA) or tricalcium phosphate (TCP) are highly developed 

due to their biocompatibility and osteoconductivity [17,18] . HA is 

used in this study for its law rate of biodegradation and therefore 

the stability of the macroporous structure of scaffold. An increas- 

ing number of studies provide a generous amount of details about 

their applications in bone grafting [19–23] . 

Cell culture takes place in a saturated bioceramic with culture 

medium. The biological fluid flows through the pores of the bioce- 

ramic material and induces a specific pressure on cells called Wall 

Shear Stress (WSS). This stress is a fundamental parameter affect- 

ing cell growth and survival [24] . In this study, wall shear stress is 

estimated on the walls of the scaffold. Wall Shear Stress depends 

on fluid velocity and this velocity is linked to the flow rate selected 

on the DPB. If the inlet flow rate is too low, mass transfer limita- 

tions cannot be overcome and nutrients cannot be present at the 
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Nomenclature 

Roman symbols 

c m Michaelis-Menten constant ( mol · m −3 ) 

c O 2 Dioxygen concentration ( mol · m −3 ) 

d i Interconnection diameter ( µm ) 

d s Pore diameter ( µm ) 

D x Diffusion coefficient of x specie ( cm 2 · s −1 ) 

K Permeability ( m 2 ) 

p or P Pressure (Pa) 

Q Flow rate ( mL · min −1 ) 

Q m Max velocity of O 2 consumption ( mol · cell −1 
· s −1 )

R c Colonization rate ( s −1 ) 

R d Death rate ( s −1 ) 

u Fluid velocity ( mm · s −1 )

u D Darcy velocity ( mm · s −1 )

Greek symbols 

μ Dynamic viscosity ( Pa · s ) 

ρ Density of fluid ( kg · m 3 ) 

ρcell Cell Density inside a scaffold ( cell · ml −1 ) 

ρmax Maximum of ρcell inside a scaffold ( cell · ml −1 )

τ Wall shear stress (Pa) 

ε porosity 

centre of the scaffold. If the inlet flow rate is too high, the velocity 

inside the pores is consequently also too high and the seeded cells 

in the scaffold could be dead or detached [25] . 

Finally, another important point to be studied is the oxygen 

supply for cell culture. A low oxygen concentration could be a lim- 

iting effect on cell culture. The biological fluid contains dioxygen 

that flows inside the porous material. Therefore, fluid mechanics 

equations at the macroscale must be coupled with diffusion equa- 

tions and oxygen consumption equations to ensure a whole distri- 

bution of nutrients inside the porous media. Because of the pro- 

cess of perfusion into a scaffold t akes too much time during the 

in vitro experiment and due to the fact that the manipulations are 

complex and the process takes time and is expensive. The optimal 

flow rate for cell proliferation is very difficult to identify through 

trial-and-error. 

In this paper, and in order to save time in cell culture optimiza- 

tion inside bioceramics, a numerical method to identify the opti- 

mal flow rate is presented. The numerical method is based on a 

multiscale approach and Computational Fluid Dynamics (CFD). The 

multiscale approach is a common approach in CFD studies because 

in most cases calculus stations have not enough computational ca- 

pacity to solve the entire problem from a complete microscale de- 

scription. Our numerical protocol is composed of six steps. Each 

step can be treated separately and provides key numerical physi- 

cal quantities (i.e local velocities, global Darcy velocities and wall 

shear stress). Therefore, each step is not an integral part of a global 

method, but part of a stack of numerical methods that can be sep- 

arately improved or treated on various calculus stations without 

disrupting the operating protocol. Another advantage of this proto- 

col is that it can be adapted to various kinds of scaffolds (geome- 

try, porosity) submitted to dynamic cell culture. 

The present work focuses on dynamic cell culture into direct 

perfusion bioreactor . A scaffold commonly used as bone graft sub- 

stitutes, with a controlled porosity, has therefore been deliberately 

chosen for the study [26] . This scaffold is used because of its good 

properties in term of cells colonization on the surface, of nutrient 

supply to cells and of waste evacuation. The aim of this research is 

to determine the optimal flow rate of a direct perfusion bioreactor 

in order to enhanced cell proliferation and to improve an upcom- 

ing bone reconstruction. 

2. Materials and methods

In our works, we consider an entire system used to carry out 

dynamic cell culture. The system is so composed of: 

• A DPB for which the flow rate of biological fluid can be ad- 

justed.
• Macroporous bioceramics defined at the microscale by pores ar- 

rangement (pore size, interconnection diameter, structure) and

at the macroscale by the global size and shape of the scaffold.
• A biological fluid considered as an incompressible Newtonian

fluid.
• Target cells for bone substitute.

These elements are those taken into account to carry out nu- 

merical simulations. 

To understand the mechanical behaviour of cell growth into a 

bioceramic scaffold submitted to dynamic cell culture, a Computa- 

tional Fluid Dynamic (CFD) analysis on two scales is performed. 

A model of spherical packaging and REV was implemented us- 

ing Python (Python Software Foundation. Python Language Ref- 

erence, version 2.7) and its Numpy and Scipy modules [27] . At 

the Representative Elementary Volume (REV) scale (microscale) 

the mechanical stress and WSS distribution identification was per- 

formed using finite volume method (ANSYS-Fluent). ANSYS-Fluent 

code is used because of its advantage in memory usage and so- 

lution speed especially when working with common calculus sta- 

tion. Then, the statistical analysis necessary to identify the optimal 

range of growth stress is developed into a Python code. Finally, ve- 

locity and stress into the macroscopic bioceramic material is com- 

puted thanks to a finite element analysis with COMSOL, and more 

specifically the mathematics module that allows users to imple- 

ment custom model. The mathematics module is so used to solve 

both equations based on fluid mechanics and on biology in an eas- 

ier fashion than with a finite volume method. Concerning the scaf- 

fold, a classic biodegradable porous material with 100% open pores 

architecture is used [26] . 

Concerning the Wall Shear Stress at the pores scale (microscale) 

is calculated inside a REV. The REV is composed of a fluid part and 

a solid part, represented by a dozen of spherical interconnected 

pores. REV is built with a random distribution in order to imitate 

the real pore distribution of manufactured bioceramics made at the 

LMCPA (Laboratoire des Matériaux Céramiques et Procédés Asso- 

ciés, Biocetis ® product of type HA40-P090825). The shear stress 

distribution is evaluated as a function of inlet flow rate (Q). The 

model used at the microscale is based on Navier–Stokes equation 

for an incompressible Newtonian fluid. Thanks to a previous study 

[28] we can give an expression of Darcy velocity from a Wall Shear

Stress distribution and the evaluation of permeability into porous

bioceramics with spherical interconnected pores. The published lit- 

erature gives the optimal range of values of Wall Shear Stress that 

cells need for their growth, e.g values of WSS between 5e-3 Pa 

and 1e-2 Pa [29–34] . These studies are all numerical ones. In- 

deed, with the exception of Doppler Optical Coherence Tomogra- 

phy (DOCT), and even if improvements on experimental methods 

used to measure the wall shear stress are tangible, there are no 

currently available accurate experimental methods able to deter- 

mine the wall shear stress on bioceramics in connection with our 

study case (at least to our knowledge). The DOCT was used with 

success on porous scaffold with a mean Wall Shear Stress between 

3.8e-2 and 4.9e-2 Pa [35] but without any analysis of Wall Shear 

Stress on cell necrosis, so we cannot use experimental data to tar- 

get the optimal range of Wall Shear Stress . μPIV methods are also 

in constant development and seem to be suitable for the determi- 

nation of velocities. Furthermore, the correlations between exper- 

imental and numerical data are good [36] . In fact, with the μPIV 
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A sensitivity analysis on maximal Wall Shear Stress is carried 

out to confirm the grid independence to main variables. 

2.4. Statistical analysis - Microscale 

The statistical analysis is necessary to identify the process of 

identifying the optimal range of WSS for cell growth which is im- 

plemented in Python code using Numpy and Scipy modules. All the 

data from the CFD computation are stored into a table that con- 

tains mesh elements, their volumes and surfaces and the associ- 

ated Wall Shear Stress . WSS and elements surfaces are extracted 

from elements that correspond to pores surfaces. For a given ele- 

ment, the Wall Shear Stress contribution is just computed as fol- 

lows ( Eq. (2) ). 

P e τ [%] = 
S eτ
S i 

× 100 (2) 

Where e is a volume element, S e τ the value of the surface of 

the volume element at the interface between solid phase and fluid 

phase, S i the value of the total surface of the interface and so P 
e 
τ

the percentage of a computed Wall Shear Stress corresponding to 

the surface element. 

The first step is to plot a histogram of the percentage of sur- 

face experiencing a particular range of Wall Shear Stress range as 

a function of the inlet flow rate. Most of the data can be repre- 

sented by statistical functions such as Log-Normal function for ex- 

ample. The aim of this step is to identify a function from several 

points to describe the entire distribution of Wall Shear Stress for a 

given flow rate. 

With the existing calculus stations, the identification of the ex- 

act value of τ ⋆ requires a prohibitive computational cost. Even the 

use of a sliding window analysis remains a prohibitively costly so- 

lution considering the vast amount of data. So, an initial range of 

Wall Shear Stress (from 1e-5 Pa to 1e-2 Pa) could be subdivided 

into smaller ranges where statistical analysis are carried out. 

More specifically, by inversion, for each range of Wall Shear 

Stress , the optimal flow rate, i.e. the flow rate for which the dis- 

tribution of a given range of Wall Shear Stress is maximized, can 

be easily identified. 

When the kind of statistical function is known, parameters need 

to be identified ( Fig. 1 ). There are numerous algorithms to iden- 

tity these parameters (direct inversion when possible, genetic al- 

gorithm, Simplex, etc.). For this analysis a Simplex algorithm is be 

used to fit the function [37] . With the parameters known, a dis- 

tribution function of Wall Shear Stress related to inlet flow rate Q 

is established. The next step is to link the inlet flow rate Q and 

Darcy velocities inside the REV to establish a connection between 

the microscale and the macroscale. 

2.5. Relation between WSS and Darcy velocities - From microscale to 

macroscale 

The advantage of understanding the physical laws inside a REV 

is to make an assembly of several REV that will both describe any 

kind of geometry and address the issue of fluid mechanics prob- 

lem. If an element, as in finite element method, is considered as 

a REV, physical quantities (like velocities) inside this element are 

represented by a mean value of the physical quantities. In our anal- 

ysis, a relation between Wall Shear Stress and flow rate Q and 

then between Wall Shear Stress and Darcy velocities is established. 

Darcy velocities are calculated from Dupuit–Forcheimer relation. 

The plot of Darcy velocities as a function of inlet flow rate gives us 

a function like u D = f (Q ) . In most cases, the function f can be writ- 

ten as f (Q ) = a · Q with a a real number ( Eq. (3) ). Consequently, Q 

can be replaced by u D in the statistical equation identified in the 

Fig. 4. Details of the macroscopic axisymmetric model: (a) dimensions (b) Bound- 

ary and numerical study conditions.

previous step. 

a · Q = u D = ε 

∫ 

V
u d V

︸ ︷︷ ︸

t n Dupuit −F orcheimerrelat ion

(3) 

Thanks to the relation between Q and u D and therefore between 

u D and the Wall Shear Stress , it is possible to calculate the per- 

centage of surface on which τ is greater than 1 . 5 × 10 −2 Pa for a

given inlet flow rate Q . It should be recalled that the chosen value

of τ corresponds to a value over which cells are necrotized. The

percentage that represents an acceptable threshold limit is arbi- 

trarily chosen. The symbolic value of 50% of living cells is chosen, 

i.e. the inlet flow rate must not induce more than 50% of necro- 

tized cells [16] and so the WSS must be not greater than 1.5e-2 Pa

for half of the total pores surfaces ( Table 1 ).

In order to know the critical inlet flow rate, the percentage of 

necrotized cells as a function of inlet flow rate must be plotted. 

Then, thanks to the previous equation ( Eq. (3) ), the critical value 

of Darcy velocity in the macroscopic study can be found. In short, 

the protocol is the following. 

1. Calculation of Darcy velocities u D in a REV for a given inlet flow

rate Q ( Eqs. (1) and (3) ).

2. Calculation of parameters of the correlation function f for u D =

f (Q ) .

3. The threshold of cell necrosis is chosen.

4. Identification of critical inlet flow rate Q .

5. Identification of critical Darcy velocity.

At the end of this step, the relation between the inlet flow

rate and the Wall Shear Stress is established. At the macroscale, 

the scaffold geometry can be represented and the fluid mechanics 

problem can be solved. However, an equation that describes cells 

growth and necrosis is needed to find the optimal flow rate. 

2.6. Optimal flow rate identification - Macroscale 

In this final step, two complementary approaches must be car- 

ried out. 

• Cells must receive the adequate stress.
• Cells must be fed.

The macroscopic model used ( Fig. 4 ) comprises a fluid part and

a porous material (a cylinder in our case). Because of the sym- 

metries on geometries and boundaries conditions an axisymmetric 
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Table 2

Parameter table for the macroscopic study.

Variable Value Units Explanation References

ε( t 0 ) 0.71 Porosity at initial time [26]

ρ 893 kg · m 3 Density of biological fluid [42]

μ 8 . 3 × 10 −4 Pa · s Dynamic viscosity [42,43]

D O 2 1 . 4 × 10 −5 cm 2 · s −1 Dioxygen diffusion [39]

c O 2 ( t 0 ) 0.199 mol · m −3 Dioxygen concentration at initial time [38,44]

c m 0.0058 mol · m −3 Michaelis Constant [39]

Q m 16 . 3 × 10 −18 mol · cell 
−1 

· s −1 Maximum velocity of dioxygen consumption by a cell [45,46]

ρc 1072–1086 kg · m 3 Specific density of a cell [47,48]

V c 2 . 801 × 10 −18 m 3 Volume of a cell [49]

ρcell ( t 0 ) 3 ×10 6 cell · ml 
−1 

Initial cell density value

F max
c 1 . 337 × 10 −6 s −1 Maximum of cell colonization [3]

K c 0.154 Contois Parameter [42]

R d 3 . 85 × 10 −7 s −1 Rate of cell death [42]

ρmax 5 ×10 14 cell · m −3 Maximum of cell density inside the scaffold [50,51]

D cell 5 × 10 −9 cm 2 · s −1 Coefficient of cell diffusion into the scaffold [51]

model is used. The mesh is structured and composed of quadran- 

gle elements. Sensitivity analysis based on optimal flow rate evalu- 

ation is carried out to confirm the grid independence to numerical 

solutions. Fluid part contains nutrients to be brought to the cells. 

In our case, the nutrient is dioxygen. The porous material is consti- 

tuted of a fluid part that contains cells to be fed and a solid part in 

which the Wall Shear Stress is calculated. In the fluid part, i.e. out- 

side the porous material, Navier-Stokes equations and an evolution 

of concentration of dioxygen law are used ( Eqs. (4) –(6) ). 

∇ · � u = 0 (4) 

ρ

[

∂ � u 

∂t 
+ ( � u · ∇) �u

]

= ρ� g − ∇p + μ��u (5) 

∂c O 2 
∂t 

= −(∇ · c O 2 � u ) + ∇ · (D O 2 ∇c O 2 ) (6) 

Where u is velocity in the fluid part, ρ the density of the bi- 

ological fluid, p the pressure, μ the dynamic viscosity of the bio- 

logical fluid, c O 2 the dioxygen concentration and D O 2 the diffusion 

coefficient of dioxygen. 

Inside the scaffold, f our equations ( Eqs. (7) –(9) ) are used to de- 

scribe the fluid incompressibility, the Darcy law, the dioxygen con- 

sumption and the evolution of cell density. 

∇ · � u D = 0 (7) 

∇p = 
μ

K 
u D (8) 

∂c O 2 
∂t 

= −(∇ · c O 2 � u D ) + ∇ · (D e −O 2 ∇c O 2 ) + R O 2

∂ρcell 

∂t 
= (R c − R d ) ρcell 

(

1 −
ρcell

ρmax 

)

− ∇ (D cell ∇ ρcell ) (9) 

Where u D is the Darcy velocity, K the permeability of the scaf- 

fold, D e −O 2 the effective diffusion coefficient of dioxygen, R O 2 the 

consumption velocity of nutrient by cells, ρcell the cell density, D cell 

the coefficient of cell diffusion in the scaffold, R c the rate of cell 

growth, R d the apoptosis rate and ρmax the maximum value of cell 

density that can be reach in the scaffold. The effective diffusion 

D e −O 2 is given by the Maxwell equation ( Eq. (10 )) [38] . 

D e −O 2 = D O 2 
2 ε 

3 − ε 
(10) 

Dioxygen consumption must satisfy the Michaelis–Menten ki- 

netics equation of ( Eq. (11) ) [38–40] . 

R O 2 = −ρcell ×
c O 2 

c m + c O 2 
Q m (11) 

where c m is the Michaelis constant and Q m the maximum velocity 

of dioxygen consumption by a cell. 

The main work is to describe R c , a function that contains the re- 

lation between WSS and cell colonization. Without dioxygen there 

is no colonization. However, there is also a cell colonization in- 

duced by dioxygen only without WSS. So R c can be written as fol- 

lows ( Eq. (12) ). 

R c = F (c O 2 ) + F (W SS) F (c O 2 ) (12) 

F ( c O 2 ) is already described by the Contois equation ( Eq. (13) ) 

[41] , [40] .

F (c O 2 ) = F max 
c 

c O 2 
K c ρcell V c ρc + c O 2 

(13) 

where F max 
c is the maximum of cell colonization due to dioxygen 

consumption, K c the Contois parameter, ρc the specific density of 

one cell and V c the volume of one cell. 

Then, the F ( WSS ) function can be described in three ranges of 

values. Beside a value of WSS (fewer than 1e-5 Pa), there is no cell 

colonization. Inside the optimal range of stress, the cell coloniza- 

tion can be described by a statistical function f ( Q ) adjusted by the 

percentage k of cells that received the optimal stress. If the WSS is 

too important (greater than 4e-2 Pa), the cells die and F ( WSS ) must 

be negative. So, from Eq. (12) R c it can be written as ( Eq. (14) ). 

R c = [1 + F (W SS)] · F (c O 2 ) = [ G { 1 + f (Q ) } ] · F (c O 2 ) (14) 

where G is a function that takes the value of 1 when u D is less 

than u Dmax and a quick transition to the value of -1 otherwise ( Eq. 

(15 )). 

G = −
[

tanh (10 5 · (u D − u Dmax )) + 1 
]

(15) 

Finally, solving this problem needs a last step, i.e. to take into 

account the evolution of permeability of the scaffold as a function 

of cell density. In a previous work [28] , a relation between poros- 

ity and permeability has been established ( Eq. (16) ) thanks to the 

following Carman-Kozeny equation. 

K(ε, t) = 9 . 956 × 10 −11 ε(t) 3 

(1 − ε(t)) 2 
(16) 

Using a Taylor series expansion, the porosity of the scaffold as 

a function of time can be written as follow ( Eq. (17) ). 

ε(t) = ε(t 0 ) exp 

(

−
ρcell (t) ·V c

ε( t 0 ) 

)

(17) 

Parameters used for the computational modelling are refer- 

enced in Table 2 . 
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Fig. 7. (a) Histogram of WSS distribution for a given inlet flow rate, (b) Comparison between numerical data and log-normal function fitted, (c) Maximum of distribution

and optimal inlet flow rate estimation.

Fig. 8. Darcy velocity calculated in the REV as a function of flow rate Q .

Table 3

Synthesis of identified parameters with the numerical protocol for a

bioceramic with interconnected pores (pore diameter of 350 µm and

interconnection diameter of 150 µm .

Parameter Value

REV porosity ε �0.71

REV volume V REV ≃ 8 mm 3 

Permeability K = 2 . 1 × 10 −10 m 2 

Relation between Q and u D u D = 0 . 727 × 10 −3 Q

Optimal range of WSS τ = [10 −3 . 3 Pa ;10 −3 . 0 Pa ] 

( Section 2.4 )

Optimal flow rate Q = 0 . 69 mL · min 
−1 

Maximum growth rate of cell density 325% (7 days)

The Table 3 sums up the results for the different steps of the 

numerical protocol. The optimal range of WSS is identified thank 

to the computational protocol detailed in Section 2.4 . 

4. Discussion

The aim of our protocol is to predict cell growth inside a 

given macroporous scaffold put in a perfusion bioreactor. Cells 

are considered as osteoblasts and the scaffold is a 20 mm diam- 

eter and 20 mm high cylinder. Cell phenotype and scaffold di- 

mensions are chosen to be consistent with our future standards 

in vitro analysis. The numerical protocol implementation needs 

several steps in which one or more key physical quantities are 

identified. By using a numerical protocol based on REV, the scaf- 

fold pore architecture is a critical design variable in the predic- 

tion of the development of cells. The size of our REV is close to 

analogue studies on perfusion inside porous media [53–57] i.e. 

around 5 to 10 mm 3 .In several works a structured pores archi- 

tecture is studied [53,55,56] . This could be relevant when us- 

ing micro-structured arrangement of scaffold [58–64] but most 

of time scaffold are generally randomly structured. Our packing 

spheres generation based on random structures allows for vari- 

able use on both structured and unstructured internal architecture. 

However, another interesting approach is to use microCT scans to 

obtain the true internal architecture of porous media [1,65–67] . 

In this case, the CFD analysis could be more accurate than the 

one used in our protocol but the computational time and ma- 

terial used are much more expensive and nowadays difficult to 

value against standard clinical methods. The permeability iden- 

tification step is used to link physical quantities like velocities 

and pressure at both microscale and macroscale. The method de- 

veloped by Nugyen and colleagues [28] is capable to deal with 

any kind of porous material, even anisotropic scaffold, with full 

open porosity (spherical pores, foam, non-wooden structures. . .). 

Stress on full open porosity is a limit in our protocol but, in most 

cases, scaffolds are built in order to have a full open porosity 

to ensure whole cell colonization. The permeability identification 

step also shows the permeability as a function of inlet flow rate. 

The protocol is written for a permeability considered as a con- 

stant to validate our relation between microscale and macroscale 

via the Darcy Law. To keep permeability as a constant, veloci- 

ties inside pores must not exceed 1.9 mm · s −1 . This value corre- 

spond to a pressure gradient of above 10 0 0 Pa · m −1 which repre- 

sents an inlet flow rate of our bioreactor of above 36 mL · min −1 . 

This is much greater than the values consistent with standard in 

vitro experiments i.e. between 0.1 and 10 mL · min −1 [1,53,65] and 

the hypothesis of a constant permeability is justified. The next step 

is the study of the Wall Shear Stress (WSS). Although the previous 

steps could be replaced by experimental analysis, at the present 

time, it is very difficult to carry out experimental measurements 

in porous media to identify Wall Shear Stress at microscale. Some 

3D analysis [68,69] using Particle Image Velocimetry (PIV) are en- 

couraging but need to be improved to complete with CFD studies. 

So, because it is not possible to measure the WSS experimentally, 

the optimal value of WSS for a given porous scaffold is not accu- 

rately known. Numerical studies are thus based on key quantities 

found in literature such as in Tab.1 to evaluate the optimal WSS. 
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the highest cell colonisation rate. In other words, for a given scaf- 

fold internal architecture and a given cell phenotype, only the last 

step of the protocol must be carried out (one day of computation) 

to identify an optimal inlet flow rate. In the final step, the nutrient 

diffusion is taken into account. This step is found in some stud- 

ies evaluating cell growth [54,65,71–73] . Indeed, the identification 

of optimal range of WSS alone is not able to predict the cell pro- 

liferation rate for a given period of time because nutrient diffu- 

sion is not considered. Several studies have highlighted that oxy- 

gen concentration can be modelled and used to accurately predict 

cell growth rate [65,70–72] . As expected, the consumption of nutri- 

ent and consequently cell growth is higher at the top of the scaf- 

fold and a gradient of oxygen consumption is observed inside the 

scaffold. This main result using simulation is in accordance with in 

vitro tests [70,74,75] in which the gradient is observed. The infor- 

mation on cell growth is quantitative and shows an optimal colo- 

nization of 325% for a 7-day-cell culture for an inlet flow rate of 

0.69 mL · min −1 . The present model have some drawbacks such as 

the computational time for the first steps and its great dependence 

to porous architecture and cell phenotype that makes it neces- 

sary to carry out the entire protocol if another kind of scaffold 

or cell phenotype needs to be studied. The model requires that 

the cell type used be osteoblasts. Indeed, the choice of cell phe- 

notype is a limitation of the model to ensure accuracy and pre- 

dictability in vitro experiments. The cell type also significantly af- 

fects the in vitro results. In terms of accuracy in the description 

of hydrodynamic phenomena the model must be improved to take 

into account heterogeneous structures like foam with porosity gra- 

dient [76] . Furthermore, even if the model is able to consider the 

changes in porosity and permeability due to the cell growth, the 

consequent changes on Wall Shear Stress is not taken into account. 

This is a limitation of the model that can be solved by adding 

a new CFD step at the microscale between two optimisations at 

the macroscale. The new CFD step needs to rescale and to mesh 

again the pores assembly in order to evaluate the WSS distribu- 

tion. This, however, requires a significant effort in terms of calculus 

costs. However, the major criticism of the model described in this 

paper is obviously the lack of experimental validation such as in 

vitro tests. The comparison between the model and in vitro tests 

will be produced in a future paper. The main aim of this paper 

is to clearly detail an entire numerical protocol and give the keys 

to adapt it to various cell cultures. In fact, for an alternative sce- 

nario, the parameters changes determine what part of the proto- 

col must but carried out. If pores sizes and interconnexion change, 

all steps of the protocol need to be carried because of the impact 

of pores arrangement on permeability. If cell phenotype changes, 

the range of WSS must be reconsidered (determination of optimal 

range of WSS). The kind of bioreactor could also be consider to se- 

lect a range of inlet flow rates (perfusion or rotating flow could be 

considered). The determination of the relation between WSS and 

Darcy velocities is the same for all scenarios. The optimal flow rate 

identification also depends on cell phenotype and mainly on oxy- 

gen consumption. On the mathematical models, others convection- 

diffusion laws can be added if needed. So, main parameters are 

pores arrangement, cell phenotype (needed stress and nutrients) 

and range of inlet flow rate that the bioreactor can provide. 

As stated above in previous works [8,53,67,75,77,78] the de- 

termination of optimal flow conditions of a bioreactor “should be 

supported by simulation methods”. 

5. Conclusion

To conclude, our results show that an adapted protocol may be 

useful to preliminary tests instead of a trial-and-error approach. 

However, the computational protocol is built in a way that any part 

of the protocol could be replaced by experimental tests so as not 

to close the door to possible future experimental methods more 

suitable and easier to implement. The strong point of our method 

is its versatility. 
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