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Abstract The main challenge in engineered cartilage con-
sists in understanding and controlling the growth process
towards a functional tissue. Mathematical and computa-
tional modelling can help in the optimal design of the biore-
actor configuration and in a quantitative understanding of
important culture parameters. In this work, we present a
multiphysics computational model for the prediction of car-
tilage tissue growth in an interstitial perfusion bioreactor.
The model consists of two separate sub-models, one two-
dimensional (2D) sub-model and one three-dimensional (3D)
sub-model, which are coupled between each other. These
sub-models account both for the hydrodynamic microenvi-
ronment imposed by the bioreactor, using a model based on
the Navier–Stokes equation, the mass transport equation and
the biomass growth. The biomass, assumed as a phase com-
prising cells and the synthesised extracellular matrix, has
been modelled by using a moving boundary approach. In par-
ticular, the boundary at the fluid–biomass interface is moving
with a velocity depending from the local oxygen concentra-
tion and viscous stress. In this work, we show that all parame-
ters predicted, such as oxygen concentration and wall shear
stress, by the 2D sub-model with respect to the ones predicted
by the 3D sub-model are systematically overestimated and
thus the tissue growth, which directly depends on these para-
meters. This implies that further predictive models for tissue
growth should take into account of the three dimensionality
of the problem for any scaffold microarchitecture.
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1 Introduction

The limits shown by transplantation medicine have led the
medical and scientific research to undertake a new direction
in reconstructive surgery based on the employment of tissues
engineered in vitro. A basic concept in the design of dynamic
culture systems for in vitro tissue engineering is to provide
a proper biochemical and biophysical microenvironment to
cells (Palsson and Bhatia 2004; Haj et al. 2005; Atala et al.
2008). In scaffold-based cartilage regeneration, imposing an
interstitial flow of the culture medium is found to be partic-
ularly effective (compared both to static culture and surface
perfusion) in preserving cell viability, promoting cell prolif-
eration and up-regulating the synthesis of specific proteins,
characteristic to cartilaginous tissue, such as collagen-type
II and glycosaminoglycans (GAGs) (Dunkelman et al. 1995;
Pazzano et al. 2000; Davisson et al. 2002; Freyria et al. 2005;
Hutmacher and Singh 2008). These beneficial effects are pri-
marily related to an improved cell oxygenation and nutri-
tion, and an adequate removal of catabolites arising from
the biosynthetic cells activity. Perfusion flow also exerts a
mechanobiological effect thanks to the shear stress acting
on the cell membrane (Freed and Vunjak-Novakovic 2000;
Guilak et al. 2005); shear stresses, if maintained in a proper
physiological range (Grodzinsky et al. 2000; Silver 2006),
trigger specific signalling pathways that activate the synthe-
sis of phenotypic markers of articular cartilage, including
sulphated GAG and collagen-type II (Wendt et al. 2006).

The above considerations suggest that an efficient biore-
actor should be able to guarantee a balance between mass
transport and cell stimulation to enhance proliferation while
maintaining cell phenotype. Most biophysical variables
influencing the tissue growth process, including oxygen con-
centration and fluid shear stresses, are not experimentally
accessible at the cell level. Computational models can be used

123



1170 M. M. Nava et al.

as valuable supports for quantitative prediction of such para-
meters. The problem is multiphysics, as the growth process
depends on various space and time-dependent biophysical
variables of the cell environment, primarily mass transport
and mechanical variables, all involved in the cell biolog-
ical response. Thus, an essential step towards the devel-
opment of functional tissues is to precisely model both
the biophysical microenvironment surrounding the growing
cells and the relationship between the microenvironmental
field variables and the macroscopic phenomenon of tissue
growth.

The biophysical cell environment at the cell scale has
already been successfully modelled by detailed pore-scale
computational fluid dynamic (CFD) simulations of fluid
and chemical transport in tissue-engineering scaffolds, with
a simplified geometry or with more realistic architectures
(reconstructed from imaging techniques), populated with few
living cells (Porter et al. 2000; Singh et al. 2007; Chung et al.
2008; Cioffi et al. 2008). In these models, the volume occu-
pied by cell growth has not been included in the modelled
geometry; therefore, they basically represent initial culture
conditions. These multiphysics simulations are able to cap-
ture flow, pressure and concentration fields resolved at the
microscopic level. In particular, they clarify how the scaf-
fold microarchitecture influences the hydrodynamic shear
stresses imposed on cells within constructs. Calculations of
nutrient flow indicate that inappropriately designed dynamic
culture environments lead to regions of nutrient concentra-
tion insufficient to maintain cell viability. These studies pro-
vide a foundation for exploring the effects of dynamic flow on
cell function and provide an important insight into the design
and optimization of 3D scaffolds at initial culture stages.

With regard to the simulation of tissue growth, there exists
a less established knowledge. An approach known as mul-
ticellular simulation has been used to model the dynamics
of populations of cells that migrate, collide and divide on
the basis of arbitrary laws. In these models, simple rules
based on cell automata are adopted to describe cell behaviour
and the emergent trend of the cell populations is observed
and analysed (Cheng et al. 2006, 2009; Chung et al. 2010).
Simulation results show that the speed of cell locomotion
modulates the rates of tissue regeneration by controlling the
effect of contact inhibition; furthermore, the magnitude of
cell locomotion strongly depends on the spatial distribu-
tion of the seeded cells. In these models, cells proliferate
but do not synthesize extracellular matrix, so they are valid
to predict cell proliferation at early culture times. Another
approach consists in homogenized models of a two-phase
domain: fluid and biomass, defined as a phase comprising
cells and the synthesized extracellular matrix. In (Galban
and Locke 1999a,b; Chung et al. 2006), the biomass growth
and nutrients diffusion are modelled within a polymer scaf-
fold, at the macro-scale level in static culture conditions. In

a recent work, a homogenized model has been proposed to
predict the local biomass growth as a function of nutrient
concentration and of hydrodynamic shear stresses at spe-
cific time points in culture, in a consistently coupled logic
(Sacco et al. 2011). However, this model is two dimensional
(2D) and cannot realistically be applied to interpret experi-
mental results of bioreactor tissue growth. In this work, we
present a multiphysics three-dimensional (3D) model for the
prediction of tissue growth in a tissue-engineering bioreac-
tor providing interstitial perfusion to a cell-populated scaf-
fold. The engineered tissue is considered as a single phase
comprising the cells and the synthesized extracellular matrix,
denoted in the following as biomass. By this assumption, the
specific biological cell response, including differentiation or
de-differentiation, is neglected. To model the time evolution
of the biomass geometry, we use a moving boundary formu-
lation (Galban and Locke 1997) at the biomass–fluid inter-
face; we apply periodic remeshing to adapt the computational
mesh to the large deformations of the computational domain.
This model is conceived as a tool to predict physical para-
meters occurring in a miniaturised bioreactor that our group
has recently developed (Laganà and Raimondi 2012). The
mini-bioreactor has been designed to provide optical acces-
sibility to growing three-dimensional tissue, using a stan-
dard inverted phase contrast/fluorescence microscope, during
actual tissue-engineering experiments. The computational
model presented here is a first step towards the integration of
computational predictions with experimental findings.

2 Materials and methods

2.1 Description of the reference bioreactor set-up

The experimental set-up we modelled is described in (Laganà
and Raimondi 2012) and it consists of a miniaturized opti-
cally accessible bioreactor for interstitial perfusion. As
schematically shown in Fig. 1, it comprises a syringe pump
(Fig. 1a) able to move the medium through a gas-permeable
tube system (Fig. 1b) placed inside a small cell culture incu-
bator (Fig. 1d). After heat (Fig. 1e) and gas exchange, the cul-
ture medium (Fig. 1c) feeds the cell-seeded scaffolds, placed
inside the bioreactor. The bioreactor is mounted on an optical
microscope (Fig. 1f) in a configuration that allows to acquire
live images through a PC (Fig. 1g) on the cell-populated
scaffolds being cultured within the bioreactor chamber, to
evaluate the biomass growth during culture.

The bioreactor is designed in coordination with the spe-
cific geometry of the 3D scaffolds cultured in its chambers.
To ensure a strong correlation with the computational model,
rapid-prototyped polystyrene scaffolds with a plasma surface
treatment, custom-made by 3D Biotek, are used in the exper-
iments. These scaffolds are not biodegradable. The scaffold
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Fig. 1 Scheme of the bioreactor: a syringe pump, b oxygenator tubes,
c culture medium reservoirs, d cell culture incubator, e heater, f inverted
microscope and g monitor for the visualization of images acquired
directly on the live microconstruct. h Microstructured scaffold designed
by rapid prototyping (3DBiotek). Each cell-seeded scaffold is located
in the proper canal chamber

fibres are 100 µm in diameter with a pore size of 300 µm
and stacked in an offset cross-hatch geometry. The overall
scaffold dimensions are 8 mm × 3 mm × 0.5 mm (Fig. 1h).

Once the bioreactor is assembled, the inlet and outlet ports
are connected to the perfusion circuit and to the oxygena-
tor tubing (DowCorning). The three independent chambers
are perfused individually with complete culture medium by a
syringe pump (Harvard apparatus), at a constant flow rate of
0.01 ml/min, corresponding to a mean velocity of 100 µm/s
at the scaffold inlet. The resulting bioreactor is illustrated in
Fig. 2a. The experimental findings relevant to the construct
characterization (Fig. 2b, c) show the scaffold pores filled
with the engineered tissue.

2.2 Set-up of the computational model

The computational model consists of two separate sub-
models, a 2D sub-model and a 3D sub-model, which are
coupled between each other. The 2D sub-model consists of
a transverse section of the whole scaffold seeded with a cell
monolayer and subjected to a constant interstitial (on the
y-axis) flow of culture medium. The 2D sub-model, repre-
senting a slice of the full length of the scaffold, is conceived
to provide realistic boundary conditions to the 3D sub-model.
The geometry and the boundary conditions adopted for this
2D sub-model are shown in Fig. 3. Insulation (i.e. the normal
component of the oxygen diffusive flux is null) and no-slip
boundary conditions were applied to the culture chamber
surfaces, under the hypothesis of impermeable and rigid

b c 

a 

Top view 

Fig. 2 a Bioreactor detail showing the three independent chambers
connected to the perfusion chamber by oxygenator tubes; the device is
placed on a standard phase contrast/fluorescence microscope. Results
of the construct characterization at the end of culture. b Viability test, in
which live cells stain green and dead cells stain red, showing the major-

ity of cells viable. c SEM images showing the scaffold pores filled with
the engineered tissue. The scale bar is 100 µm. Reprinted and adapted
from (Laganà and Raimondi 2012) with kind permission from Springer
Science and Business Media

123



1172 M. M. Nava et al.

Fig. 3 2D sub-model:
a geometry of the fibre scaffold
and boundary conditions
assumed for the 2D simulations;
b detail of the mesh; the
biomass is represented as a
uniform and homogeneous layer
of initial 4 µm thickness. The
3D sub-model geometry is
referred to the initial part of the
2D sub-model

Fig. 4 3D sub-model:
a geometry of the fibre scaffold
and boundary conditions; we
coupled the two sub-models: the
pressures values, p(t), imposed
at the outlet of the 3D domain
are read from the solution of the
2D sub-model at each time step;
b detail of the mesh at the
biomass sub-domain
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walls. The culture medium flows in from the left of the
domain and out from the right. A flat velocity profile of
100 µm/s and an oxygen tension of 0.2 mol/m3 were applied
at the inlet, while a condition of null pressure and convective
flux were applied at the outlet.

The 3D sub-model consists in a functional unit of the
fibre scaffold (overall dimensions of 700 µm × 450 µm ×
150 µm), located at the scaffold inlet. Here, a partial model
of the scaffold was built by identifying the existing geomet-
rical symmetries; the whole length of the scaffold could not
be modelled due to the relevant computational cost; thus, we
used the boundary conditions calculated from the 2D sub-
model on our partial 3D model. The 3D sub-model geome-
try and boundary conditions assumed are shown in Fig. 4.
Insulation (i.e. the normal component of the oxygen dif-

fusive flux is null) and no-slip boundary conditions were
applied to the horizontal top and the bottom domain sur-
faces, under the hypothesis of impermeable and rigid walls.
The culture medium flows in from the left of the domain and
out from the right. An oxygen tension of 0.2 mol/m3 was
imposed at the left of the culture chamber; a flat velocity
profile of 100 µm/s was applied at the inlet. At the out-
let surface, the fluid pressure condition applied was read, at
each simulation time step, from the results of the 2D sub-
model, at the scaffold location corresponding to the outlet
surface of the 3D sub-model. The coupling between the 2D
and the 3D sub-models basically consisted in the adoption of
this outlet boundary condition. A symmetry condition was
assumed at the front and at the back vertical faces of the
domain.
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For both sub-models, the physical domains were defined
as follows. The culture medium was modelled as a fluid
convection-diffusion sub-domain. The fluid dynamics in the
fluid domain is described by the Navier–Stokes equations
(Eq. 1 and 2):

∇ · v = 0 (1)

ρ

(
∂

∂t
v
)

+ ρ(v · ∇) v=∇ · (−pI + μ(∇v+(∇v)T )) + F

(2)

where v is the velocity vector, ρ is the fluid density, p is
the fluid pressure, μ is the dynamic viscosity of the culture
medium and F is the volume forces vector. The mass transport
equation in the fluid domain is the following (Eq. 3):

∂c

∂t
− D�c + v∇ · c = 0 (3)

where c is the oxygen concentration, D is the oxygen dif-
fusion coefficient in the culture medium and v is the fluid
velocity predicted by Eqs. 1 and 2. The scaffold fibres are
modelled as inactive domains because we assumed that the
volume of the scaffold immersed in the construct is time
invariant, being non-biodegradable. Thus, scaffold fibres are
represented as circular/cylindrical solid domains surrounded
by the biomass.

The biomass has been modelled as a solid diffusion-
reaction sub-domain with oxygen volumetric consumption;
we assumed that cells form a uniform and homogeneous
monolayer (Freed et al. 1994), 4µm thick (Durante et al.
1993; Dorschel et al. 2002) at initial culture conditions, after
the seeding procedure. The mass transport equation assumed
in the biomass domain was the following (Eq. 4):

∂c

∂t
− D�c = R (4)

where R is the biomass oxygen volumetric consumption rate,
which is assumed to be a function of local oxygen concen-
tration according to the Michaelis–Menten (M-M) kinetics
(Eq. 5).

R = Vm · c

Km + c
(5)

Vm and Km being the maximal consumption rate and the
M-M constant, respectively. It has to be noted that in prelim-
inary simulations, we had assumed the biomass as a purely
elastic deformable domain. We computed fluid-induced bio-
mass deformations which were negligible with respect to the
computed biomass growth. Thus, we assumed rigid domains
for the biomass in all the simulations thereon.

2.3 The biomass growth model

The interface between the biomass and the culture medium
was modelled as a moving boundary (Galban and Locke

1997); this interface was assumed to be moving in time as a
function of the oxygen concentration and of the fluid-induced
shear stress, calculated at the surface itself. The technique
used to model mesh movement was the arbitrary Lagrangian–
Eulerian (ALE). The time evolution of the biomass thickness,
r , was modelled by the following phenomenological law
(Eq. 6)

∂r

∂t
= f (c) · g(τ ) (6)

where τ is the fluid-induced shear stress, computed at fluid–
biomass interface. Both c and τ are the function of time,
t . The choice of this phenomenological law was made in
order to incorporate in the model both the effects of oxygen
concentration and of hydrodynamic shear on biomass growth
(Fig. 5).

We assumed a modified Contois model (Contois 1959;
Galban and Locke 1999a,b) for f (c) (Eq. 7)

f (c) = Kc · c

Kd + c
(7)

where Kc and Kd are constants. Values of these constants
(Table 1) were defined by direct measurement of engineered
cartilage growth on histological sections taken on a pellet
model (Raimondi et al. 2011).

The function g(τ ) (Eq. 8) in Eq. 6 was assumed as a mod-
ulation function, defined as:

g(τ ) =

⎧⎪⎪⎨
⎪⎪⎩

0.6 + 4τ τ ∈ [0, 0.1) Pa,
1 τ ∈ [0.1, 0.6] Pa,
2.5(1 − τ) τ ∈ (0.6, 1] Pa,
0 τ > 1Pa,

(8)

We assumed a beneficial effect of shear stress on tissue
growth, modelled as a linear thickness increase for increas-
ing shear stress, for values below 0.1 Pa (Raimondi et al.
2006). We assumed an harmful effect of shear stress on tis-
sue growth at shear levels above 0.6 Pa, modelled with a
linear thickness decrease for increasing shear stress, coher-
ently with established knowledge. In the range 0.1 to 0.6
Pa, we assumed a constant value of tissue growth, since no
experimental data were available for this stress range.

2.4 Computation of the solution

The commercial software Comsol Multiphysics (Comsol)
was used to set-up and solve the problem and to analyse
the results. The final mesh in the 2D sub-model consisted
of approximately 750000 quadratic triangles, while the final
mesh in the 3D sub-model consisted of 180000 linear tetra-
hedrons. The numerical values of the model parameters used
in the simulations are referred to human chondrocytes iso-
lated from articular cartilage and are gathered in Table 1. The
simulations were run as follows. At each time point tn , cor-
responding to one culture day, the solution at the previous
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Fig. 5 The time evolution of
the biomass thickness, r , is
given by a phenomenological
law (Eq. 6) consisting of the
product of a a function of the
oxygen concentration by b a
corrective function of the wall
shear stress

Table 1 Numerical values of
the model parameters used in
the simulations

Symbol Parameters [units] Value Reference

μ Fluid viscosity [Pa · s] 8.1 · 10−4 (Raimondi et al. 2002)

ρ Fluid density at
37 ◦C [Kg/m3]

1000 (Raimondi et al. 2002)

D Oxygen diffusivity in water
at 37 ◦C [m2/s]

2.1 · 10−9 Palsson and Bhatia (2004)

Vm Maximum oxygen cell
consumption rate
[mol/m3/s]

3.84 · 10−3 (Cioffi et al. 2008)

Km Michaelis–Menten constant
[mol/m3]

0.15 (Palsson and Bhatia 2004)

cin Oxygen concentration in the
fluid at the inlet [mol/m3]

0.2

vin Fluid velocity at the inlet
[µm/s]

100

Kc Maximum biomass growth
velocity [m/s]

0.385 · 10−10

Kd Biomass growth corrective
factor

0.01

time level, tn−1, was extracted from the model solution and
was imposed as the initial solution to run the new simulation
on the updated geometry, extracted from the deformed mesh
at the previous time level, tn−1, and manually re-meshed. At
each time point, the following results were extracted from the
simulations: the oxygen concentration field in all the active
domains and the fluid velocity and shear stress fields in the
fluid domain. Also, the biomass volume fraction, εb, was
calculated at each time point, as the ratio between the bio-
mass volume computed from the biomass thickness r and
the total volume of the computational domains. The compu-
tations were run on a Windows PC with 16 Gb RAM.

3 Results

3.1 2D sub-model

The results of the 2D sub-model are shown in Fig. 6, at five
simulated culture days. Oxygen concentration is progres-
sively depleted from the medium along the flow direction
(Fig. 6a), due to the consuming biomass, assumed as a solid
diffusion sub-domain with oxygen volumetric consumption.
The values range from a maximum saturation of 0.2 mol/m3

imposed as a boundary condition at the inlet, to the mini-
mum value of 0.185 mol/m3 at the scaffold outlet. The shear
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Fig. 6 Results of the 2D sub-model at five simulated culture days: a oxygen concentration, b–d fluid shear stress and e fluid velocity (modulus of
the velocity vector) mapped on the whole scaffold and f–h around three representative scaffold fibres

stress in the fluid domain is mapped in the vicinity of three
representative scaffold fibres (Fig. 6b–d). The stress, propor-
tional to the velocity gradients, presents a maximum value
of 12 mPa at the biomass surface. The fluid velocity field is
mapped on the entire scaffold (Fig. 6e) and on three repre-
sentative scaffold fibres (Fig. 6f–h). As a result of biomass
growth, the velocities increase between the fibres and around
those fibres located near the chamber walls. The maximum
computed velocity is 311 µm/s.

3.2 3D sub-model

The results of the 3D sub-model are shown in Fig. 7, at
five simulated culture days. The wall shear stress is com-
puted at the biomass–fluid interface (Fig. 7a, b). The values
increase at the superior surface of the fibres oriented perpen-
dicularly to the flow and at the fibres intersections. The mean
and maximum computed values are 4 and 14 mPa, respec-
tively. The oxygen concentration and the fluid velocity are
mapped on two sections chosen at different heights of the
scaffold (Fig. 7c, d). As in 2D, oxygen concentration is pro-
gressively depleted from the culture medium along the flow
direction due to biomass consumption, dropping from sat-
uration down to a minimum value of 0.197 mol/m3 at the

domain outlet. As a result of biomass growth, the fluid veloc-
ities increase between the fibres with maximum computed
values is 348 µm/s. Since the total oxygen drop within the
3D domain is only 1 % and the velocity gradients are con-
stant, the predicted biomass thickness is fairly homogeneous
in this domain, in accordance with (Eq. 6).

3.3 Comparison between 2D and 3D sub-model predictions

We directly compared the mean parameter values predicted
by the two sub-models, on equally dimensioned scaffold
domains. The results are shown in Fig. 8 and Table 2. Oxy-
gen tension decreases in time in both sub-models because of
biomass growth (Fig. 8a). The mean oxygen concentration
within the 2D sub-model is systematically higher by around
0.5 % with respect to the values calculated for the microscale
3D sub-model. This is due to the fact that transverse scaf-
fold fibres and the surrounding biomass are not considered
as a computational domain in our 2D sub-model; thereby, the
consumption amount related to this domain is not calculated,
so the 2D sub-model simulations overestimate the mean oxy-
gen concentration in the construct. The mean fluid velocity
in both sub-models increases during culture time, as a conse-
quence of biomass growth and of pore occlusion. Again, the
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Fig. 7 Results of the 3D sub-model at five simulated culture days: a top view and b front view of the wall shear stress computed at the biomass–fluid
interface; c oxygen concentration and d fluid velocity (modulus of the velocity vector) mapped on horizontal sections

Fig. 8 Comparison of results
from the 2D and 3D
sub-models, computed on
equally dimensioned domains in
the function of culture time:
a mean oxygen concentration,
b mean fluid velocity, c mean
wall shear stress at the biomass
surface and d biomass volume
fraction increase with respect to
the initial volume fraction, ε0;
t = 0 is equal to 1 h of
simulated culture time

mean fluid velocity within the 2D sub-model is systemati-
cally higher by around 50 % with respect to the values calcu-
lated for the microscale 3D sub-model, as transverse scaffold

fibres are not considered as a computational domain in 2D
(Fig. 8b). The mean shear stresses at the biomass surface
increase in both sub-models, consistently with the velocity
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Table 2 Differences between 2D and 3D sub-model results at simulated
day 5

Difference between 2D
sub-model and 3D sub-model at
five simulated culture days (%)

Mean oxygen concentration, c +0.50

Mean fluid velocity, v +49.54

Mean shear stress, τ +15.19

Biomass volume fraction, εb +60

gradients (Fig. 8c), and the values are systematically over-
estimated by the 2D sub-model by around 15 %. As a result
of all the considerations detailed above, the biomass volume
fraction is systematically overestimated by the 2D sub-model
with respect to the 3D sub-model (Fig. 8d), with an overes-
timation error of 60 % at five simulated culture days.

4 Discussion

In this work, we approached the problem of simulating tissue
growth in vitro under interstitial perfusion by incorporating
multiphysics aspects of the several interplaying processes
that occur within the cell-populated construct. Three physics
were considered: mass transport, fluid dynamics and bio-
mass growth. These physics were coupled between each other
in our model. Actually, at the beginning of culture, there is
only a monolayer of seeded cells, which later proliferate and
synthesize an extracellular matrix that changes the biomass
architecture and thus the oxygen consumption. Moreover, the
evolving biomass progressively restrains the flow of culture
medium especially at higher biomass volume fractions. Com-
pared to previous time-invariant pore-scale CFD simulations
(Cioffi et al. 2008; Lesman et al. 2010), our model allows
to take into account the space–time evolution of the engi-
neered tissue and its surrounding microenvironment; more-
over, these simulations are set-up for a well-defined scaffold
architecture, but the method can be applied to any scaffold
pore geometry. An important progress of our model with
respect to previous ones, however, is represented by the con-
nection between the pore-scale 3D sub-model and the 2D
whole-scaffold sub-model, which allowed to define not null
pressure boundary condition at the outlet for the 3D sub-
model.

As for the description of the biomass growth, our approach
is based on phenomenological observations: the biomass
evolution in space and time is influenced primarily by two
factors, oxygen concentration and fluid-induced shear stress
(Schulz and Bader 2007). The influence of oxygenation on
tissue growth was investigated in several numerical studies
(Galban and Locke 1999a,b; Obradovic et al. 2000; Freed
and Vunjak-Novakovic 2000; Cheng et al. 2006; Chung et al.

2006, 2007, 2008) but knowledge of the effect of shear
stresses is still poorly understood. Our biomass growth model
was based on the literature with regard to the effect of oxygen
tension on tissue growth (Contois 1959; Galban and Locke
1999a,b), but we have quantified the constant parameters of
the Contois model, Km and Kd , by direct measurement of
the thickening rate of cartilage pellets in bioreactor-perfused
culture (Raimondi et al. 2011). This experimentally esti-
mated growth rate was in the order of 1 µm/day, that is,
quite high if compared to the values adopted in previous tis-
sue growth models (Sacco et al. 2011). As a consequence,
the biomass domain changed significantly at each simulated
culture time step, and we had convergence problems on the
3D sub-model solution after five simulated culture days. To
model the effects of hydrodynamic stimuli on tissue growth,
we introduced a phenomenological law, accounting for two
phenomena: the beneficial effect of shear stress on matrix
production at levels under the 10 mPa threshold (Raimondi
et al. 2006) and the harmful effect at very high shear levels,
which we assumed to be around 1 Pa.

It has been demonstrated that high values of hydrostatic
cyclic pressure, in the order of 5–15 MPa, affect chondrocytes
response by up-regulating the expression of specific cartilage
marker proteins, including collagen-type II (Candiani et al.
2008). However, the level of computed static pressure exerted
by the fluid flow on the growing biomass was as low as 20 Pa
in our model, that is, six orders of magnitude lower than the
levels able to up-regulate protein expression. Thus, the effect
of static pressure induced by the fluid flow was not enough
to affect biomass growth.

Our model starts with the scaffold fibres completely cov-
ered by a cell monolayer; this hypothesis is consistent with
our seeding technique, consisting in a dynamic cell-seeding
protocol allowing to achieve a well homogeneous cell distri-
bution on the scaffold, before it is placed in the bioreactor
for subsequent culture (Laganà and Raimondi 2012). The
simulated tissue growth process within the scaffold architec-
ture consists in the thickening of such biomass layer while
invading the void space. To simulate the biomass growth,
we imposed a moving boundary condition to the fluid–
biomass interface (Galban and Locke 1997). The technique
for mesh movement adopted is the arbitrary Lagrangian–
Eulerian (ALE) method. By using this method, we could
simulate the movement of the fluid–biomass interface as a
function of the local oxygen concentration and of the local
fluid-induced shear stress.

Our numerical predictions are in general accord with pub-
lished literature with regard to the ranges of oxygen drops and
shear stresses calculated at the various culture times. Also,
our predicted growth rates are in general agreement with the
few models published (Chung et al. 2007; Sacco et al. 2011)
though only general agreement may be found in this regard,
because scaffold architecture and materials, the flow rates,
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cell densities and culture medium compositions differ among
the various studies, and also because they are all 2D in their
logic. In our work, by direct comparison of the 2D simula-
tions with the ones from the 3D sub-model, we show that
when the 3D aspects of the problem are neglected, all para-
meters predicted are overestimated, and therefore the tissue
growth, which directly depends on these parameters through
Eq. 6. This implies that the three dimensionality of the prob-
lem cannot be neglected in further tissue growth models,
because, for any scaffold microgeometry, regular or irregu-
lar, any obstacle to culture medium flow perpendicular to the
flow direction would be neglected in a 2D sub-model.

According to the obtained results, we can identify limita-
tions and future developments mainly related to the 3D sub-
model we proposed. Firstly, it is necessary to consider a wider
3D region in order to obtain more data on the oxygen deple-
tion in space and time. Furthermore, the mesh deformation
due to the moving fluid/biomass interface significantly influ-
ences the convergence of numerical methods used to solve
the sub-models. A full-length 3D geometry and a finer mesh
with quadratic elements were not possible due to the limited
computing resources. Furthermore, we consider as ’biomass’
a single, regular and homogeneous geometry domain but,
often, during tissue-engineering experiments, the biomass
does not grow homogeneously inside the scaffold architec-
ture. The simulation of inhomogeneous seeding patterns or
growth may provide useful information to guide experimen-
tation and to interpret relevant results in these cases. As for
the mass transport equations, we did not consider nutrients
(e.g. glucose) and catabolites effects on biomass growth.

A further step ahead will consist in model calibration,
using the bioreactor set-up modelled here.
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