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department of Chemistry, materials, and Chemical engineering ‘giulio natta’, politecnico di milano, milan, italy

ABSTRACT
The in vitro replication of physiological mechanical conditioning through bioreactors plays a crucial 
role in the development of functional Small-Caliber Tissue-Engineered Blood Vessels. An in silico 
scaffold-specific model under pulsatile perfusion provided by a bioreactor was implemented using 
a fluid-structure interaction (FSI) approach for viscoelastic tubular scaffolds (e.g. decellularized 
swine arteries, DSA). Results of working pressures, circumferential deformations, and wall shear 
stress on DSA fell within the desired physiological range and indicated the ability of this model to 
correctly predict the mechanical conditioning acting on the cells-scaffold system. Consequently, 
the FSI model allowed us to a priori define the stimulation pattern, driving in vitro physiological 
maturation of scaffolds, especially with viscoelastic properties.

1. Introduction

Nowadays, cardiovascular diseases represent one of the 
leading causes of death worldwide, especially in the 
high-income countries where these pathologies account 
for the highest mortality percentage (63% of annual total 
deaths) (Alwan et al. 2011; WHO 2014).

In this context, vascular tissue engineering (VTE) 
is pivotal to produce functional non-immunogenic 
small-caliber (<6 mm) vessels, able to substitute patho-
logical arterial tracts (Dermenoudis & Missirlis 2010; 
Couet & Mantovani 2012). To reach this goal, in vivo 
biochemical and biomechanical conditioning must be 
mimicked in vitro through pulsatile perfusion bioreac-
tors (Schmedlen et al. 2003; Huang & Niklason 2014; 
Tresoldi et al. 2015). They reproduce the physiological 
mechanical stimulation responsible for in vivo vascular 
homeostasis, due to the pulsatile blood flow as an effect 
of heart beats. When exposed to a working pressure in 
the range of 80–120  mmHg, vascular smooth muscle 
cells (VSMCs) are continuously subjected to cyclic strain 
(εcirc) about 10%. Simultaneously, endothelial cells (ECs) 
and their progenitors (EPCs) are exposed to fluid wall 
shear stress (WSS) in the range of 5–20 dyne/cm2 and of 
0.1–2.5 dyne/cm2, respectively (Tresoldi et al. 2015). The 
mechanical conditioning is also responsible for VSMC cir-
cumferential disposition and for EC and EPC alignment 

along the flow direction (Huang & Niklason 2014; Tresoldi  
et al. 2015). WSS acts on ECs as a direct effect of flow, pro-
moting EC-driven homeostasis, while εcirc keeps VSMCs 
to a contractile phenotype. Many studies in the literature 
highlighted that physiological pulsatile perfusion by means 
of bioreactors improves vascular development in terms of 
cell alignment and organization, phenotypic maintenance, 
extracellular matrix (ECM) production, and mechanical 
properties of the tissue-engineered vascular grafts (Hahn 
et al. 2007; Jeong et al. 2007; Seliktar et al. 2000; Zhang  
et al. 2009; Song et al. 2011; Rotenberg et al. 2012). 
Moreover, incremental mechanical stimulations enhance 
cell retention and adhesion to the scaffold, as well as cell 
proliferation, according to the fetal development approach 
(Couet et al. 2012; Tresoldi et al. 2015).

The control of mechanical conditioning, in particular 
WSS and εcirc, acting on scaffolds and vascular cells is a 
key element to improve the correct in vitro functioning 
vascular development. Until now, many attempts have 
been made in VTE to control mechanical stresses on 
scaffold/vessel wall in perfusion bioreactors by means of 
a trial-and-errors process and by literature selection of 
mechanical stimulations patterns leading to a posteriori 
positive cellular outcomes (Hahn et al. 2007; Song et al. 
2011; Patrachari et al. 2012; Gong et al. 2014).

The rigid wall theory (hereinafter called rigid model) is 
often used as the gold-standard in VTE to evaluate WSS, 
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This system was composed by a pulsatile pump (1405, 
Harvard Apparatus Technology), suppling the pulsatile 
flow to the tubular scaffold placed in the MiniBreath® bio-
reactor, by tuning the frequency (f) and the stroke volume 
(SV). The hydraulic circuit was formed by silicone tubes 
(PharMed®) and syringes (Figure 1) and included a resist-
ance at the pump outlet, a resistance at the bioreactor inlet 
(Rin), the block scaffold-bioreactor, a resistance in corre-
spondence of the bioreactor outlet (Rc), a compliance (Cc), 
a downstream resistance (Rv), and a free-air reservoir. The 
hydraulic circuit, described as an electric equivalent, was 
implemented in the computational model (Figure 1(c)).

2.2. Description of the computational model

The two-dimensional axial-symmetric FSI model repre-
sented the tubular construct in the MiniBreath® bioreactor, 
under the pulsatile perfusion provided by the hydraulic 
circuit described above.

2.2.1. Computational domains and material 
properties
The model consisted in two domains in the coordi-
nate system defined by r, θ, and z. The solid domain 
represented the tubular scaffold, described as cylindri-
cal-shaped with length ls[mm], inner radius rs[mm], 
and wall thickness ss[mm]. The material was character-
ized by the circumferential elastic modulus (E [MPa]) 
and shear relaxation modulus (G(t) [MPa], calculated 
using the Maxwell Generalized Model of Viscoelasticity) 
(Table 1). Mechanical properties for the Decellularized 
Swine Arteries (DSA), prepared as described by Pellegata  
et al. (2013), were obtained from ring uniaxial stretch and 
relaxation tests using MTS Synergie 200H (MTS Systems 
Corporation) (Pellegata et al. 2013). Regarding silicone 
and latex scaffolds, E was extracted from datasheet and 
G(t) was equal to E∕2(1 + �)(elastic material)  (Fung 
1993). Silicone conduits were used to develop the FSI 
model, while latex and DSA ones for its validation.

The fluid domain represented the volume within the 
scaffold, filled with the culture Dulbecco’s Modified 
Eagle Medium, considered as isotropic, homogeneous, 
incompressible, and Newtonian, characterized by a 
fluid density (ρf = 1060 kg/m3) and a constant viscosity 
(μf = 0.00082 Pa*s) (Raimondi et al. 2002) (Figure 2).

Interaction between the two domains occurred by 
exchanging boundary velocity and fluid load at the fluid/
solid interface.

2.2.2. Boundary conditions
Solid domain: fixed radial edges of the scaffold were pre-
scribed, reproducing the physical condition forced by the 
scaffold holders. The external lateral surface was free to 

although it provides only a mean overestimated WSS 
value and neglects the important contribution of arterial 
scaffold compliance and the dynamics (Bertram 2009; 
Kanyanta et al. 2009; Boccafoschi et al. 2012; Reymond 
et al. 2013; Gong et al. 2014).

Considering these limitations, computational mod-
els have been used to improve the evaluation of stresses 
and deformations generated into tubular scaffolds while 
mechanically stimulated (Patrachari et al. 2012). For 
instance, computational fluid-dynamics (CFD), flu-
id-structure interaction (FSI), and finite element analysis 
(FEA) were used to predict WSS through scaffold pores 
while cells are proliferating (Cui et al. 2010; Lesman et al. 
2010), to evaluate pulsatile flow of culture medium into a 
scaffold (Schmidt & Tranquillo 2015), and to investigate 
scaffold wall stresses and deformations due to the fluid 
flow (Bilodeau et al. 2005; Zahedmanesh & Lally 2012). 
In all the above cases, however, the 2-ways interaction 
between the fluid flow, that causes scaffold deformations 
and WSS, and the scaffold-cells systems, that respond to 
the fluid flow, is not considered (Bertram 2009). Despite 
the importance of the interaction between the fluid and 
the wall, FSI models were generally developed in the vas-
cular field to predict fluid dynamics and solid stresses 
under mechanical properties modifications in aneurysms 
and stenotic vessels (Kelly & O’Rourke 2010; Park et al. 
2013).

Thus, in our work we will develop a scaffold-specific 
computational model using an FSI approach as a useful 
means for a priori evaluation of mechanical stimulations 
(WSS and εcirc) acting on cells and tubular scaffolds, 
located into a pulsatile perfusion bioreactor for small- 
caliber VTE. The FSI-based model, computed by 
COMSOL Multiphysics 4.4, will account for the vis-
coelastic mechanical properties of the scaffold, and will 
work under incremental flow rate, according to the fetal 
development approach. The aim of the study is to identify 
a priori a suitable pulsatile flow to apply to a perfusion 
bioreactor.

2. Methods and materials

Additional methods are described in the Supplementary 
Materials and Methods section and Supplementary 
Figures.

2.1. Description of the experimental setup of the 
bioreactor

The MiniBreath® bioreactor (Harvard Apparatus 
Technology) (Figure 1(a) and (b)), hosting a tubular scaf-
fold, was inserted in a hydraulic circuit able to produce a 
pulsatile flow rate.
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move according to the fluid flow while a no-slip condi-
tion FSI interface was prescribed at the luminal surface 
(between the fluid domain and the solid one). An initial 

pre-stretch along z-axis (λz) of 0.2 mm was prescribed in 
the solid domain, due to the initial pre-load of the scaffold 
when located into the bioreactor chamber (Figure 3(a)).

Figure 1. (a) experimental set up and (b) representation of the main components of the hydraulic circuit for the pulsatile perfusion of 
a tubular scaffold. arrows indicate the direction of the fluid flow. (1) resistance at the pump inlet (Rin_pump), (2) pulsatile pump (1405, 
harvard apparatus technology), (3) resistance at the pump outlet (Rout_pump), (4) resistance at the bioreactor inlet (Rin), (5) the block 
scaffold-bioreactor, (6) resistance of the bioreactor outlet (Rc), (7) compliance (Cc), (8) downstream resistance (Rv), and (9) free-air reservoir. 
Black arrows indicate the pressure sensors (edwards lifescience llC, irvine, Canada, usa) for experimental pressure measurments. (c) 
equivalent electric circuit of the hydraulic circuit of the system bioreactor-hydraulic circuit. Qs,in is the flow rate entering the scaffold, Qs,out 
is the flow rate coming out the scaffold, and Pout is the scaffold outlet pressure. the downstream tube is schematized with its compliance 
(Cv), its resistance (Rv), and its inductance (Lv). Pc, and Qv are the pressure acting in correspondence of the compliance and the flow rate 
through the downstream tube, respectively. Pres is the pressure in the free-air reservoir.

Table 1. main parameters defining the solid domain for the tested scaffolds (silicone, latex, and dsa).

Scaffold

Geometry
Young’s Modulus (E 

[MPa])

Shear Relaxation 
Modulus (G(t) 

[MPa])
Poisson’s modulus 

(ν) Density (ρ [kg/m3])rs [mm] ss [mm] ls [mm]
silicone 0.79 0.79 65.00 4.26 – 0.49 1.17∙103

latex 1.00 1.00 65.00 1.39 – 0.49 0.92∙103

decellularized swine 
artery (dsa)

1.50 0.615 50.00 0.40 g0 = 0.117 0.49 1.10∙103

g1 = 0.009 
τ1 = 2.25∙101 s

g2 = 0.109 
τ2 = 2.61∙102 s
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to ensure 80–120 mmHg range for each flow rate (Figure 
3(b)). The pressure at the scaffold outlet depends on the 
measured flow rate out of the scaffold (Qsout

), considering 
the construct instantaneous deformations as functions 
of the scaffold viscoelastic mechanical properties. The 
pressure also included the contributes of the pressure 
drop caused by the outlet bioreactor geometry and by 
the luer-and-lock connections of the physical hydraulic 
circuit (Figure 1).

2.2.3. Meshing
The chosen mesh, defined according to an Arbitrary 
Lagrangian-Eulerian approach (Bavo et al. 2016), was tri-
angular-shaped (Figure 2). Each triangular element had a 

Fluid domain: a pulsatile and parabolic velocity profile 
(Figure 3(b)) was prescribed at the model inlet. The veloc-
ity curve vin(t)was obtained from the flow rate measured 
through Transonic® H110 flowmeters (Transonic Systems 
Inc., USA), recorded by an acquisition shield (DAQPad 
6020E, National Instrument, USA), and elaborated with 
LabVIEW 7.1 (National Instrument, USA).

The pressure Psout
at the interface between the FSI model 

and the lumped-parameter model was updated during the 
simulation and was considered spatially uniform. The 
pressure at the scaffold outlet was calculated by solving 
the system of ordinary differential equations describing 
the downstream lumped-parameter hydraulic circuit of 
the bioreactor whose parameters are experimental defined 

Figure 2. domains of the Fsi model. the solid domain is colored by blue and the fluid domain is in grey. in orange box, a detail of the two 
domains is shown, highlighting the mesh. the red dashed line indicates the axis of symmetry.

Figure 3. Boundary conditions of (a) solid domain, (b) fluid domain.
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describing the same problem under two different con-
ditions, the rigid model and the model described by the 
theory of thick wall for vessels.

2.4.1. Rigid model
The scaffold was considered as a rigid tubular construct. 
WSS were defined by the Hagen-Poiseuille equation:

 

where Qin(t) is the flow rate recorded by flowmeters.

2.4.2. Thick-wall model
According to the theory of thick wall for the vessels (for 
linear elastic isotropic material) (Montevecchi & Redaelli 
2007), circumferential stresses, σθθ[MPa] at the fluid/scaf-
fold interface were calculated as follow:

 

where p(t) is the pressure recorded by sensors, rs is the 
scaffold radius in undeformed condition and ss is the scaf-
fold wall thickness.

The circumferential deformations, ɛθθ[adim], were cal-
culated according to Equation (4):

 

where Es is the scaffold Young’s modulus in θθ-direction.
The WSS were calculated according to Equation (5):
 

where μ is medium viscosity, Qin(t) is the flow rate recorded 
by flowmeters at the same moment of the pressure record-
ing, and r(t) is the radius in deformed configuration, equal 
to rs ⋅

(

1 + �
circ

(t)
)

.

2.5. Results analyses

2.5.1. Pressure investigations
The FSI-estimated pressure acting on the scaffold, Pscaff 
[mmHg] was calculated as the mean value between the 
pressure at the inlet Ps

in

 and at the outlet Ps
out

 acting onto 
the tubular construct, considering negligible the pres-
sure drop along the scaffold in comparison with the 
global working pressure of the bioreactor circuit (the 
maximum percentage difference between Ps

in

 and Ps
out

 was 
5.93%). Moreover, the maintenance in phase of Ps

in

 and 
Ps

out

allowed direct averaging of the two signals. A direct 

(2)WSS =
4 ⋅ � ⋅ Qin(t)

� ⋅ r3s

(3)�
��

=
p(t) ⋅ r2s

(rs + ss)
2 − r2s

⋅

(

1 +

(

rs + ss
)2

r2s

)

(4)�
��

=
�
��

Es

(5)WSS =
4 ⋅ � ⋅ Qin(t)

� ⋅ r(t)3

minimum size of 1.630 × 10−4 mm and a maximum size of 
8.125 × 10−2 mm. The complete mesh consisted in 40,716 
domains elements and 1902 boundary elements, obtained 
by a sensitivity analysis.

2.2.4. Simulation
The FSI model was solved using a time-dependent fully 
coupled solver, with a time stepping based on Backward 
Differentiation Formula (BDF) method. In each simula-
tion 15 cycles were considered.

2.2.5. Model results
The following output variables were examined:

•  pressures acting on the tubular scaffold, especially 
the pressure at the inlet, Psin

, and at the outlet, Psout
.  

Psout
corresponds to the value prescribed at the model 

outlet.
•  circumferential deformation of the solid domain, 
εcirc, due to the pulsatile medium flow. It represents 
the φφ-direction elastic strain tensor solved during 
the simulation.

•  wall shear stress, WSS, due to the medium velocity 
at the FSI interface, calculated according Equation 1:

 

where �̇� is the instantaneous shear rate calculated by 
COMSOL 4.4 solver and �

fluid
 is the fluid viscosity.

2.3. Validation of the viscoelastic FSI model

To test the robustness of FSI model, we developed the 
model using conduits made of different materials (sili-
cone, latex, and DSA). The validation of the viscoelas-
tic FSI model was performed by evaluating the pressure 
acting on two different conduits (latex and DSA) when 
reducing progressively the elastic modulus of the chosen 
materials (Table 1). We validated the hydraulic circuits by 
setting the frequency to 60 bpm and using SVs of 0.5, 0.75, 
1, 1.25, and 1.5 ml for latex scaffolds (φint = 2 mm, φext = 
4 mm, l = 65 mm), while we selected SV = 1 ml for DSA 
scaffold (φint = 3 mm, φext = 4.23 mm, l = 50 mm), chosen 
as the reference circuit (Reymond et al. 2013).

Each hydraulic circuit was experimentally tuned to 
obtain a pressure range of 80–120 mmHg in the scaffold. 
The same output variables were evaluated. In addition, 
εcirc was experimentally evaluated in the DSA scaffold only 
(paragraph 4).

2.4. Comparison with the analytical models

To reinforce the value of the implemented FSI model, 
the FSI results were compared with analytical models 

(1)WSS = �̇� ⋅ 𝜇
fluid
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and (b)). The FSI model correctly described the experi-
mental setup in terms of working pressure range for all 
considered SVs, except for the cases of latex scaffold with 
SV = 0.75 ml and SV = 1.25 ml.

3.2. Mechanical conditioning investigations

To evaluate the mechanical conditioning acting on cells 
in perfusion dynamic cultures, WSS and εcirc were ana-
lyzed as functions of the different mechanical proper-
ties (Young’s modulus in θθ-direction) of the scaffold 
(Table 1). WSSmax decreased and εcirc,max increased while 
reducing the elastic modulus, from silicone scaffold 
to DSA (Figure 6). Moreover, εcirc and WSSmax were 
uniform along the scaffold length, except at the con-
strained scaffold ends. In addition, εcirc were constant 
at varying flow rates, since the hydraulic circuits always 
operated in the same pressure range (80–120 mmHg). 
On the contrary, WSSmax increased with increasing flow 
rate.

With regard to the DSA scaffold, we performed exper-
imental measures of εcirc at both maximum (120 mmHg) 
and minimum (80 mmHg) pressure values (εcirc,max and 
εcirc,min, respectively). These deformation values agreed 
with the circumferential deformations estimated by the 
viscoelastic FSI model (Figure 6(c)). The FSI-simulated 
values were statistically comparable to the experimental 
ones (p > 0.05), both for εcirc,max and εcirc,min and completely 
fell within the experimental calculated range, with the 
maximum around 10%. The computed WSS values in 
the scaffold, due to lower stiffness, fell within the range 
of 0.100–3.960 dyne/cm2, also affecting the scaffold ends, 
where εcirc reached the minimum for the scaffold con-
straints (Figure 6(c)).

3.3. Comparison with the analytical model

When comparing the rigid model (εcirc was 0 for defi-
nition) with the thick-wall and the FSI one (Figure 7(a) 
and (b)), mean εcirc,max resulted statistically different for 
silicone and latex scaffolds, as expected. Silicone εcirc,max 
from the thick-wall model was comparable with that from 
the FSI model. The two models were statistically differ-
ent (p < 0.05) for latex, although εcirc,max was close to FSI 
numerical results. Moreover, the thick-wall and the FSI 
values accounted for scaffold deformations and pressure 
variability (Figures 4 and 5(a)). The WSSmax values in the 
rigid model were significantly higher (p < 0.05) and were 
overestimated at all SVs. This behavior was not shown 
by the thick-wall model, which provided WSSmax values 
closer to the FSI values for silicone and latex scaffolds 
(Figure 7(a) and (b)). The incremental trend was present 
in all models.

qualitative comparison of Pscaff with the experimental 
pressure curve was performed for silicone, latex, and 
DSA scaffolds.

2.5.2. Mechanical conditioning investigations
To verify the mechanical conditioning acting on the 
vascular cells-scaffold system under pulsatile perfusion, 
εcirc and WSS estimated by the FSI model and calculated 
by the analytic model were analyzed for silicone, latex, 
DSA. Experimental values of εcirc in the biological scaffold 
were measured using the software ImageJ 1.41o (Wayne 
Rasband National Institutes of Health, USA), extracting 
frames from recorded videos at maximum and minimum 
pressure and considering the rest condition (circuit filled 
with culture medium but with the pump off) as the ref-
erence instant.

2.5.3. Statistical analyses
Statistical analyses were performed to compare εcirc,max and 
WSSmax predicted by analytic (rigid and thick-wall) and 
FSI models for all the considered conduits. For the DSA 
scaffold the comparison was extended to the experimental 
model and to operation under minimal mechanical condi-
tioning (εcirc,min and WSSmin). εcirc,max, εcirc,min, WSSmax, and 
WSSmin were expressed as mean and standard deviation 
of at least ten peak values to take into account the vari-
ability of pulsatile peaks of εcirc(t) and WSS(t) due to the 
inlet real flow rate. One-way and multivariate analysis of 
variance (ANOVA) tests with Tuckey’s multiple compar-
ison correction were performed using GraphPad Prism 
software (GraphPad Software, Inc.). A significance level 
of p-value < 0.05 was applied.

3. Results

3.1. Pressure investigation

The comparison between the experimental pressure 
(Pscaff,exp) and the computed pressure (Pscaff,FSI) showed that 
the FSI model nicely predicts the pressures acting on the 
tubular silicone scaffold into the range of 80–120 mmHg, 
with a minimum and maximum error in the FSI pres-
sure estimation of 2% and 10%, respectively (Figure 4). 
Dynamics of the pressure signals was correctly estimated 
for most of the considered SVs, except for the case with 
SV  =  1.25  ml. Furthermore, the simulated pressures 
resulted rather irregular due to the noise of the inlet flow 
rate input.

To validate the FSI model, we used it with latex and 
DSA scaffolds, by varying Young’s modulus and the scaf-
fold length.

Pscaff was adequately estimated by the model for latex 
scaffold and DSA, as well as for silicone scaffold (Figure 5(a)  
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Figure 4. pressure curves in correspondence of the silicone tubular scaffold. Pscaff,Fsi is the model-estimated pressure and Pscaff,exp is the 
experimentally measured pressure.
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Figure 5. pressure curves calculated as mean between scaffold inlet pressure and scaffold outlet pressure for (a) the latex tubular scaffold 
and (b) the dsa. Pscaff,Fsi is the model-estimated pressure and Pscaff,exp is the experimentally measured pressure.

Figure 6. εcirc,max and WSSmax for (a) silicone scaffold, (b) latex scaffold, and (c) dsa, estimated by the Fsi model. For dsa maximum 
(continued line) and minimum (dotted line) values are reported.
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thick-wall model overestimated them in comparison to the 
FSI and the experimental εcirc,max and εcirc,min, respectively. 
At the same time, WSS values calculated by the analytical 
models were significantly different from the FSI-computed 
ones. The rigid model overestimated WSSmax, as well as 
WSSmin, but the thick-wall model underestimated WSSmax 
as a consequence of the overestimation of εcirc,max.

Regarding DSA (Figure 7(c)), the FSI-computed mean 
values of εcirc,max and εcirc,min were compared with results 
from the two analytic models and the experimental values. 
Both the FSI-computed εcirc,max and εcirc,min were statisti-
cally comparable (p > 0.05) with the experimental ones. 
On the contrary, the rigid model significantly underesti-
mated (p < 0.05) εcirc,max and εcirc,min in DSA scaffold and the 

Figure 7. Comparison of εcirc,max and Wssmax among the analytic models (rigid and thick-wall) and Fsi model for (a) silicone scaffold and 
(b) latex scaffold. (c) Comparison among rigid, thick-wall, Fsi and experimental εcirc (both maximum and minimum), and rigid, thick-wall, 
and Fsi Wss (both maximum and minimum).
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materials. These evidences confirmed the importance 
of viscoelastic properties of arteries which reduce wall 
displacement (Wang et al. 2015). In the arterial wall, the 
uncoiling and the scrolling of elastin and collagen fibers 
of the arterial ECM are responsible for the reduction of 
εcirc (Sokolis et al. 2006; Silver et al. 2001). The adopted 
FSI model correctly reproduced this behavior due to the 
constitutive equations of Maxwell model for viscoelastic 
materials. Consequently, in comparison to the rigid and 
the thick-wall theories, the FSI model correctly estimates 
the circumferential strains, and provides more reliable 
results as it includes both the compliance and the viscoe-
lastic properties of the scaffold wall (Wang et al. 2015; 
Anayiotos et al. 1994).

The WSS analyses highlighted the strong relationship 
with Young’s modulus and with circumferential strains. 
The direct comparison of WSS values in silicone, latex, 
and DSA scaffolds (Figure 6) showed the progressive 
WSS decrease at increasing εcirc and Young’s modulus. 
Moreover, FSI-computed WSS of DSA resulted signifi-
cantly smaller than those in the rigid model, while WSSmax 
from the thick-wall theory was lower than that from the 
FSI model. These evidences further confirmed the impor-
tant effect of circumferential deformations on WSS esti-
mations (Bertram 2009; Reymond et al. 2013).

From this point of view, the FSI model provides also 
more precise WSS values, resulting more reliable for a 
direct comparison with physiological WSS. In addition, 
the FSI-computed WSS (maximum of 3.960 ± 0.082 dyne/
cm2, minimum of 0.100 ± 0.029 dyne/cm2) fully covered 
the range for EPCs differentiation towards endothelial 
phenotype (0.1–2.5 dyne/cm2) and the region of ECs pre-
conditioning to increase cellular retention to the scaffold 
(Yamamoto et al. 2003; Uzarski et al. 2015).

Thus, our FSI model nicely describes the behavior of 
viscoelastic scaffolds in term of circumferential strains and 
WSS, under pulsatile perfusion. Use of experimentally- 
obtained material properties (Young’s modulus and shear 
relaxation modulus in circumferential direction, and wall 
compliance) makes the model predictions scaffold-spe-
cific. However, the model does not take into account 
variability of the scaffold thickness along its length and 
inner diameter. Moreover, these results were related to 
the initial operation of the scaffold, since the effect of cell 
growth and the scaffold maturation were not considered. 
Modification of mechanical properties due to cell colo-
nization and ECM production could also alter Young’s 
modulus and the compliance of the scaffold, modifying 
the working pressure, circumferential strains and WSS. 
Pulsatile perfusion cultures will be performed, starting 
from the results of the FSI model and analyzing the vari-
ation of the mechanical properties due to cell remodeling.

4. Discussions

In this study, we investigated the ability of the FSI model 
to describe a perfusion bioreactor with its hydraulic circuit 
for Small-Caliber VTE and adequately identify the suita-
ble pulsatile flow rate on the basis of an a priori evaluation 
of mechanical conditioning acting on the cells-scaffold 
system.

To reach this goal, we designed the hydraulic circuit 
to achieve a working pressure in the scaffold in the range 
of 80–120 mmHg, experimentally recorded by pressure 
sensors. The FSI model adequately predicted the working 
pressures of the system, since they were comparable with 
the experimental pressure. The FSI model worked well, 
independently from scaffold mechanical properties, as 
demonstrated by the three different scaffolds used, pro-
gressively reducing Young’s modulus (from 4.26 MPa of 
silicone to 0.40 MPa of DSA) (Figures 4 and 5). This evi-
dence was mainly related to the choice of the combination 
of Rv and Cc. In fact, the minimum working pressure, com-
pletely independent from the scaffold, highly depended 
on the pressure drop due to Rv, and depended on the flow 
rate passing through the downstream hydraulic circuit. 
Furthermore, the FSI-computed pressures were affected 
by the inlet flow rate waveform, causing a mismatch in 
pressure dynamics and generating noisy signals due to 
the fluid oscillation detected by the flowmeters during 
the experiments.

The second part of this work consisted in the evalua-
tion of the main mechanical stimulations (εcirc and WSS) 
by means of the FSI model, required to generate a phys-
iological vascular homeostasis. Circumferential strains, 
εcirc,max in silicone and latex scaffolds were quite constant 
for all the considered SVs (Figure 6(a) and (b)) since the 
bioreactor-scaffold system always operated at the same 
pressure (80–120 mmHg), except for a small variability. 
For DSA, we performed also experimental measures of 
εcirc,min and εcirc,max. The FSI-computed and experimen-
tal-calculated strain values were comparable between 
them, but statistically different when compared to the 
results provided by the two analytic models (Figure 6(c)). 
The εcirc overestimation, both for maximum and mini-
mum values, produced by the thick-wall model could be 
due to the hypothesis of the scaffold being made of an 
elastic material, instead of being viscoelastic, as the FSI 
model correctly did. Interestingly, experimental εcirc,max 
resulted about 10% (11.580 ± 0.605), that is the maximum 
physiological deformations which act on VSMCs in the 
presence of a blood perfusion of 80–120 mmHg (Kona  
et al. 2009; Stoitsis et al. 2007). Instead, the thick-wall εcirc,-

max (13.174 ± 0.198), incomparable with the experimen-
tal values and closer to the lower limit for pathological 
VSMC phenotype (15%), showed its limits for viscoelastic 
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In conclusion, the developed FSI model represents a 
simple and quick method to evaluate a priori WSS and 
deformations able to ensure a physiological-like mechani-
cal conditioning on the vascular cells-scaffold system, thus 
properly driving in vitro maturation. Therefore, besides sav-
ing experimental time and costs, the FSI model is pivotal for 
in silico initial evaluations of proper physiological mechan-
ical stimulations of tissue-engineered viscoelastic scaffolds, 
based on scaffold mechanical properties experimentally 
obtained and a proper tuning of the bioreactor working 
setup, showing its innovative application in VTE field.
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