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ABSTRACT: Bone tissue engineering strategies use fluid flow dynamics inside 3D-scaffolds  

in perfusion, bioreactors mechanically stimulate cells in these scaffolds. Fluid flow dynamics 

depends on the bioreactor’s inlet flow rate and 3D-scaffold architecture. We aimed to employ  

a computational evaluation to assess fluid dynamics in 3D-printed scaffolds with different angular 

orientations between strands in each layer inside a perfusion bioreactor at different inlet flow rates. 

3D-printed cubic scaffolds (0.6×0.6×0.6 cm; total volume 216×10-3 cm3) containing strands 

(diameter 100 µm) with regular internal structure and different angular orientation (30°, 45°, 60°, 

and 90° between strands in each layer) were used for modeling. The finite element method showed 

that the perfusion bioreactor’s inlet flow rate (0.02, 0.1, 0.5 mL/min) was linearly related to average 

fluid velocity, average fluid shear stress, and average wall shear stress inside 3D-printed scaffolds 

with different angular orientation (30°, 45°, 60°, 90°) between strands in each layer. At all inlet 

flow rates, strands at 30° angular orientation increased average fluid velocity (1.2-1.5-fold), 

average fluid shear stress (6-10-fold), and average wall shear stress (1.4-2-fold) compared to 

strands at 45°, 60°, and 90° angular orientation providing similar results. In conclusion, significant 

local changes in fluid dynamics inside 3D-printed scaffolds result from varying the degree  

of angular orientation between strands in each layer, and the perfusion bioreactor’s inlet flow rate. 

By decreasing the angular orientation between strands in each layer and increasing the inlet flow  
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rate of a perfusion bioreactor, the magnitude and distribution of fluid velocity, fluid shear stress, 

and wall shear stress inside the scaffold increased. The average fluid velocity, average fluid shear 

stress, and average wall shear stress inside the scaffold within the bioreactor increased linearly 

with the inlet flow rate. This might have important implications for bone tissue engineering 

strategies using cells, scaffolds, and bioreactors. 

 

KEYWORDS: Bone tissue engineering; Fluid flow dynamics; Perfusion bioreactor; 3D-printed 

scaffold; Finite element modeling; Strand orientation. 

 

INTRODUCTION 

A bone tissue-engineered construct has structural  

and mechanical characteristics that closely mimic natural bone 

tissue to allow successful clinical application. Dynamic 

bioreactors are used to overcome the drawbacks of static 

cultures, such as poor nutrient and waste exchange [1]. 

These bioreactors provide viable and homogeneous bone 

constructs with excellent osteogenic properties, thus 

providing an alternative for autologous grafts [2]. 

Although a clear relationship exists between mechanical 

loads, osteogenic differentiation of Mesenchymal Stem 

Cells (MSCs), and extracellular matrix mineralization [3], 

the assessment of local fluid dynamics sensed by cells 

inside 3D-scaffolds is almost impossible. Therefore,  

new methods are needed to assess local fluid dynamics inside 

dynamic bioreactors.  

Dynamic bioreactor systems improve the quality of 

engineered bone tissue in 3-dimensions (3D) by allowing 

reproducible and controlled changes in specific 

biochemical and biomechanical factors. These systems 

allow rapid vascularization of bone constructs by 

stimulating proliferation and differentiation of endothelial 

progenitor cells, as well as vascularization of scaffolds 

implanted in vivo [4]. Perfusion systems enhance in vitro 

growth, differentiation [5], and mineralized matrix 

production [6]. Low perfusion flow rates (0.01-0.2 mL/min) 

increase osteoblast proliferation, while high rates  

(>1 mL/min) are associated with substantial cell death 

throughout a 3D-porous scaffold in a perfusion  

bioreactor [7]. Furthermore, perfusion fluid flow 

stimulates osteogenic differentiation of human MSCs, 

compared to static culture [3]. 

Fluid shear stress and mass transport modulate the 

fabrication of large-scale tissue engineered bone [3]. 

Mechanical stimulation by fluid shear stress is known  

to enhance bone tissue regeneration in vitro [8]. Osteocytes, 

the most sensitive bone cell type to mechanical 

stimulation, are also especially sensitive to fluid shear 

stress and transduce these mechanical stimuli into 

biochemical responses [9, 10]. Bone cells in vivo 

experience fluid shear stress from 800 to 3000 mPa  

in response to mechanical loading [11, 12]. Moreover, 

fluid shear stress determines lineage commitment [13].  

It determines whether MSCs differentiate along the 

osteogenic or chondrogenic pathway [14]. Fluid shear 

stress stimulates osteogenic differentiation of bone 

marrow stromal, periosteum, and adipose-derived MSCs, 

and enhances extracellular matrix deposition [15]. 

Moreover, fluid shear stress can promote the efficiency of 

the differentiation protocols of adipose stem cells through 

independent mechanisms [16]. Therefore, quantification 

of flow-induced fluid shear stress within 3D-scaffolds  

in dynamic bioreactors is crucial for further development 

of bone tissue regeneration strategies in vitro. 

Engineered 3D-scaffolds can overcome the limitations 

of autografting and allografting. Conventional 3D-scaffold 

fabrication techniques, e.g. material injections [17], 

solvent casting [18], phase separation [19], and freeze 

drying [20] do not precisely control the internal scaffold 

architecture or complex architecture fabrication. Scaffolds 

fabricated using these techniques have compressive 

moduli of maximally 0.4 MPa, i.e. much lower than 

compressive moduli of hard tissue (10–1500 MPa) [21]. 

Hence, rapid prototyping techniques, like 3D-printing, 

show improved design repeatability, part consistency,  

and control of scaffold architecture [22]. 3D-printing involves 

the laying down of successive layers of material to form 

3D-models, thus enabling excellent control of pore size, 

pore morphology, and matrix porosity [23]. 3D-printed 

scaffolds can be produced at low cost, in a quick process, 

and have multimaterial capabilities which are useful  

for bone tissue engineering [22]. 3D-printing of scaffolds for 

bone tissue-engineering applications requires the fabrication
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of highly porous scaffolds, which is achieved by fabrication of 

lay-down patterns of strands that are interconnected [24]. 

Scaffold architecture, e.g. angular orientation between 

strands inside 3D-printed scaffolds, influences osteogenic 

differentiation of pre-osteoblasts in perfusion culture [25]. 

Modeling and simulation of bone tissue-engineering 

systems are helpful to determine the effect of a 3D-scaffold 

architecture [25, 26] and bioreactor parameters (e.g. inlet 

flow rate [27]) on tissue engineered outcomes. Since 

the 3D-scaffold geometry is complex, it is difficult or even 

impossible when using experimental techniques to obtain 

biomechanical information inside the 3D-scaffolds and 

bioreactors. Mathematical modeling and simulation 

techniques of the fluid dynamics in the bone tissue growth 

process are helpful to investigate fluid flow dynamics  

and nutrient transport in  complex porous tissue scaffolds 

inside perfusion bioreactors [28]. Simulation studies  

have shown that in circular scaffolds with a homogeneous 

geometry, the pore size (diameter 50 to 150 m) influences 

the shear stress magnitude at the walls [29]. Furthermore, 

a flow rate of 0.04 mL/min leads to a surface area averaged 

wall shear stress of 1.41 mPa for titanium and 1.09 mPa 

for hydroxyapatite [30]. These studies show that input 

flow rate as well as scaffold architecture and porosity 

affect the wall shear stress on the scaffold surfaces. These 

simulations can be used to predict in vitro experimental 

and parametric study outcomes indicating which factors 

significantly affect the engineered output. 

In the current study, we aimed to employ computational 

evaluation to assess fluid dynamics in 3D-printed cubic 

scaffolds (0.6×0.6×0.6 cm) containing strands of 100 µm 

diameter with different angular orientation between  

the strands in each layer inside a perfusion bioreactor  

with different inlet flow rates using a numerical (finite element) 

method. Varying angular orientation (30°, 45°, 60°, and 90° 

between strands in each layer) inside the 3D-printed scaffold 

and inlet flow rate (0.02, 0.1, and 0.5 mL/min) of a perfusion 

bioreactor, as controllable parameters, were used to simulate 

magnitude and distribution of fluid velocity, fluid shear 

stress, and wall shear stress within the 3D-printed scaffolds 

in perfusion bioreactors. 

 
THEORETICAL SECTION 

Design of scaffolds 

3D-printed cubic scaffolds (0.6×0.6×0.6 cm; total 

volume 216×10-3 cm3) containing strands (diameter 100 µm) 

with regular internal structure and different angular 

orientation (30°, 45°, 60°, and 90° between strands in each 

layer) were designed by COMSOL Multiphysics (v5.2). 

The size, shape, and distribution of the void channels 

inside the scaffolds were regular, and the channels  

were interconnected. The strands inside the scaffolds  

were assumed as solid, i.e. incompressible and impermeable 

for fluid, and the strands topography was considered 

constant during the computational evaluation. A schematic 

of the side view and top view of the scaffolds with strands 

used for the simulation is shown in Fig. 1. Since the 

scaffolds were considered as solid material, the physico-

chemical composition of the scaffolds was undefined. 

 

Perfusion bioreactor configuration 

The inlet fluid was flowing homogenously through  

the top surface of the 3D-printed scaffolds, and down  

the z axis. The outlet fluid did exit from the bottom surface 

of the 3D-printed scaffolds. As a result the internal fluid 

was perfusing the whole volume of the 3D-printed scaffolds, 

thereby creating fluid flow dynamics (fluid velocity, fluid 

shear stress, and wall shear stress) distribution inside  

the 3D-printed scaffolds in the perfusion bioreactor. 

 

Computational model 

Computational models were implemented using  

the finite element software COMSOL Multiphysics (v5.2) 

to simulate fluid flow dynamics inside the 3D-printed 

scaffolds in a perfusion bioreactor. Structured volume 

mesh with 317219 elements (tetrahedral elements: 

231206, pyramids: 648, triangles: 55696, edge elements: 

5448) was used to accurately calculate the fluid flow 

dynamics inside the scaffolds by the finite element model. 

The meshed state of the simulation volume of  

the 3D-printed scaffold geometry was indicated (Fig. 1). 

 

Governing equation 

Navier-Stokes equation (momentum (equation 1) and 

continuity (Equation (2)) was used to model a fully 

developed laminar fluid flow [31]. 

𝜌
𝜕𝑢

𝜕𝑡
− 𝜇∇2𝑢 + 𝜌(𝑢. ∇)𝑢 + ∇𝑃 = 𝐹    (1) 

∇. 𝑢 = 0       (2) 

Where u, ρ, µ, and p are the fluid velocity field, fluid 

density, fluid dynamic viscosity, and fluid pressure 

respectively. Moreover, F indicates forces such as gravity 
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Fig. 1: Schematic illustration of a 3D-printed scaffold containing strands with different angular orientation (30°, 45°, 60°, and  

90° between strands in each layer) used to simulate fluid velocity, fluid shear stress, and wall shear stress inside a perfusion 

bioreactor. Side view of the 3D-printed scaffold containing strands showing the inner surface of the scaffold. Top view of the  

3D-printed scaffold containing strands showing strands geometry between each layer inside the scaffold. Simulation volume 

showed boundary conditions (inlet flow rate, outlet zero static pressure, no wall slip) and mesh grid applied in the numerical 

method. 3D-printed scaffold length×width×height: 0.6×0.6×0.6 cm; total volume: 216×10-3 cm3; strand diameter: 100 m. 
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and centrifugal force; F was set to zero in the present study 

[31, 32]. 

Solving the Navier-Stokes equation numerically 

yielded the fluid velocity field and fluid pressure.  

From the fluid velocity information, the fluid shear stress (τ)  

was attained by using the following constitutive relation 

for a Newtonian fluid: 

ji

i j

j i

UU
 

X X

 
    
  
 

      (3) 

 

Boundary conditions 

In a perfusion bioreactor, the inlet fluid enters  

the scaffolds homogeneously from the top surface of the  

3D-printed scaffolds. A constant flow rate boundary condition 

was imposed at the inlet section located at the top surface of 

the scaffolds. The magnitude of the inlet flow rate (0.02, 0.1, 

and 0.5 mL/min) was chosen based on that in peristaltic 

pumps (range 0.02 to 1 mL/min) generally used in experimental 

and simulation studies on perfusion bioreactors [7, 30, 33]. 

The flow connects with the inside flow of the 3D-printed 

scaffolds and the outlet fluid, which is located at the bottom 

surface of the scaffolds, through the open channels between 

the strands. The lateral fluid walls were treated as closed walls 

with a no slip condition. The average fluid pressure  

at the outlet surface of the scaffolds was set to zero (Fig. 1). 

The fluid flow was considered laminar since the fluid velocity 

was low (<1200 μm/s) in combination with micro-dimension 

of channel width (200 μm) inside the 3D-printed scaffolds. 

The fluid flow was modeled as an incompressible  

and homogeneous Newtonian fluid with ρ = 1,000 kg/m3  

and dynamic viscosity of 8.9×10-4 Pa.s [34].  

 

RESULTS AND DISCUSSION 

We employed computational evaluation to assess  

the distribution and magnitude of fluid velocity, fluid shear 

stress, and wall shear stress inside 3D-printed scaffolds 

containing strands with different angular orientation 

between strands in each layer within a perfusion 

bioreactor. The simulation volume, boundary conditions, 

and mesh grids applied to the finite element model  

are depicted in Fig. 1, where the inlet flow was assumed  

to enter homogeneously from the top surface to the bottom 

surface of the scaffolds, and the fluid was assumed to flow 

inside the scaffolds through open channels between 

strands. We found that 3D-printed scaffold architecture 

and inlet flow rate of a perfusion bioreactor dictate fluid 

velocity, fluid shear stress, wall shear stress distribution 

and magnitude inside the scaffolds, which is highly 

relevant since mechanical stimuli affect cells [25, 35]. 

The fluid velocity corresponding to 0.02, 0.1, and  

0.5 mL/min inlet flow rate inside a 3D-printed scaffolds 

(30°, 45°, 60°, and 90° angular orientation between strands  

in each layer) within a perfusion bioreactor was evaluated 

by computational analysis, and illustrated along the yz plane 

(Fig. 2). The fluid velocity was symmetric about the xz 

plane, and the magnitude of the fluid velocity was negative 

since the fluid was flowing down the z axis (Fig. 2).  

The perfusion bioreactor provided a strong forward flow 

without reverse flow within the scaffolds. At 0.02 mL/min 

inlet flow rate at all angular orientations between strands 

in each layer, the fluid velocity accelerated from -10 to -50 µm/s 

through the gap between two strands, and the maximum 

fluid velocity (-50 µm/s) was found between two strands 

in each layer (Fig. 2). The magnitude of the fluid velocity 

was low (< -10 µm/s) in the outlet region and wall planes. 

At 0.1 ml/min inlet flow rate at all angular orientations 

between strands in each layer, the fluid velocity 

accelerated from -50 to -250 µm/s through the gap between 

two strands, with maximum fluid velocity (-250 µm/s) 

between two strands in each layer. The magnitude  

of the fluid velocity was low (< -50 µm/s) in the outlet region 

and wall planes (Fig. 2). At 0.5 ml/min inlet flow rate at all 

angular orientations between strands in each layer,  

the fluid velocity accelerated from -250 to -1250 µm/s through 

the gap between two strands, and maximum fluid velocity 

(-1250 µm/s) was found between two strands in each layer 

(Fig. 2). The magnitude of the fluid velocity was low  

(< -250 µm/s) in the outlet region and wall planes. When 

the inlet flow rate was increased by 5-fold (from 0.02 to 

0.1 mL/min), the fluid velocity also increased by 5-fold 

within the scaffolds inside the bioreactor. Spatial 

inhomogeneity and magnitude of the fluid velocity inside 

the scaffolds decreased by increasing the angular 

orientation between strands in each layer as well as  

by decreasing the inlet flow rate. The fluid velocity decreased 

at the bottom of the 3D-printed scaffolds due to the 

increase in the available field of the fluid flow. Since fluid 

has the tendency to flow in the median available fields 

between the strands inside the scaffolds, and because there 

was an effect of pressure difference between inlet flow and 

outlet flow on the fluid flow inside the scaffolds, the exit 

fluid velocity was higher than the entrance fluid velocity. 
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Fig. 2: Effect of angular orientation between 3D-printed strands in each layer at 0.02, 0.1, 0.5 ml/min inlet flow rate of a perfusion 

bioreactor on the distribution and magnitude of fluid velocity from inlet flow to outlet flow inside the scaffolds. The fluid velocity 

simulation profiles within the scaffolds with different angular orientation between strands in each layer and different inlet flow 

rate were calculated. For clarity, five planes were plotted in the x direction. Note, the axes are dissimilar to allow visualization of 

differences in fluid velocity. Increasing the angular orientation between the strands in each layer (30°, 45°, 60°, and 90°) decreased 

the magnitude of fluid velocity and the distribution of fluid velocity through the scaffolds. Increasing the inlet flow rate (0.02, 0.1, 

0.5 ml/min) increased the magnitude of fluid velocity inside the scaffolds. The x, y, z axes unit; centimeter. 

Fluid Velocity (m/s) 

0.02 mL/min 0.1 mL/min 0.5 mL/min 

Inlet flow rate 
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The fluid shear stress corresponding to the 0.2, 0.1, and 

0.5 mL/min inlet flow rate inside the 3D-printed scaffolds 

(with 30°, 45°, 60°, and 90° angular orientation between 

strands in each layer) within a perfusion bioreactor  

was simulated, and illustrated along the yz plane (Fig. 3). Since 

no slip boundary condition was assumed, the gradient of 

fluid velocity enhanced near the strands surfaces. Thus, 

maximum fluid shear stress was shown near the strands 

surfaces. At 0.02 ml/min inlet flow rate at all angular 

orientations between strands in each layer, the perfusion 

flow rate produced high shear stress (> 0.25 mPa) through 

the gap between two strands inside the scaffolds, and 

maximum fluid shear stress (0.3 mPa) also occurred  

on the strands surface (Fig. 3). At 0.1 mL/min inlet flow rate 

at all angular orientations, the perfusion flow rate produced 

high shear stress (> 1.2 mPa) through the gap between  

two strands, and maximum fluid shear stress (1.5 mPa) also, 

occurred on the strands surface (Fig. 3). At 0.5 ml/min inlet 

flow rate at all angular orientations between strands in each 

layer, the perfusion flow rate produced high shear stress  

(> 6 mPa) through the gap between two strands, and 

maximum fluid shear stress (7 mPa) also occurred  

on the strands surface (Fig. 3). When the inlet flow rate  

was increased by 5-fold (from 0.02 to 0.1 mL/min), the fluid 

shear stress magnitude increased by 5-fold within  

the scaffolds inside the bioreactor. Spatial inhomogeneity 

of the fluid shear stress inside the scaffolds decreased by 

increasing the angular orientation between strands in each 

layer as well as by decreasing the inlet flow rate. The fluid 

shear stress magnitude and distribution inside the scaffolds 

coincided with the fluid velocity gradient. Thus at the 

entering site the fluid shear stress was high due to  

a significant change in fluid velocity. Due to increased fluid 

velocity changes resulting from the passing of the fluid 

between the strands in each layer inside the scaffolds,  

the fluid shear stress reached a maximum magnitude inside 

the 3D-printed scaffolds. Due to slowing down of the fluid 

velocity changes resulting from the passing of the fluid 

from each layer of strands inside the scaffolds, the fluid 

shear stress decreased to a minimum value. The fluid shear 

stress magnitude decreased at the bottom surface  

of the scaffolds, as a result of decreasing fluid velocity gradient. 

The fluid velocity variation on the surface of the 

strands inside the scaffolds resulted in wall shear stress, 

which will affect cells attached to the scaffolds [36, 37]. 

Variation in angular orientation between strands in each 

layer inside the 3D-printed scaffolds and in inlet flow rate 

of the perfusion bioreactor affect the discrete probability 

distribution of the wall shear stress magnitude (Fig. 4).  

For all scaffolds with different angular orientation between 

strands in each layer, the variation of maximum wall shear 

stress (2 to 0.6 mPa) at 0.02 mL/min inlet flow rate was 

less than the variation of maximum wall shear stress  

(from 50 to 15 mPa) at 0.5 mL/min inlet flow rate (Fig. 4). 

The wall shear stress on the maximum relative area (0.06) 

was observed at 30° angular orientation, and on the 

minimum relative area (0.008) at 90° angular orientation. 

Thus the wall shear stress distribution was more equally  

at 30° than at 90° angular orientation between strands  

in each layer of the scaffolds (Fig. 4). The distribution and 

magnitude of the wall shear stress increased by decreasing 

the angular orientation between strands in each layer inside 

the scaffolds, as well as by increasing the inlet flow rate  

of the perfusion bioreactor.  

3D-printed scaffolds with 45°, 60°, and 90°, but not 30° 

angular orientation between strands in each layer, at inlet 

flow rates 0.02, 0.1, and 0.5 mL/min showed a wall shear 

stress of 0.1–10 mPa. Computational fluid dynamics models 

estimated that a wall shear stress of 0.1–10 mPa on the surface 

of scaffolds allows bone cell differentiation [38, 39].  

In addition, a wall shear stress of 5–15 mPa in a scaffold 

increases mineralization and accelerates osteogenic 

differentiation of MSCs [3]. This correlates with our 

results that >60% of 3D-printed scaffold surface area with 

30° angular orientation between strands at all inlet flow 

rates of the perfusion bioreactor experienced a wall shear 

stress of 5 to 15 mPa, indicating enhanced osteogenic 

differentiation of MSCs in these areas. These values  

of wall shear stress (> 57 mPa) have been shown  

to be associated with apoptosis [7]. Wall shear stress  

in the range of 1-33 mPa has been shown to affect cell 

viability of primary hepatocytes and transformed hepatocyte 

cell lines [40, 41]. This is in agreement with our findings 

showing that wall shear stress inside the 3D-printed 

scaffolds surface area with all angular orientation between 

strands at 0.1 Lmin and 0.5 mL/min inlet flow rate of  

the perfusion bioreactor experienced a wall shear stress of 

1 to 33 mPa which affects cell viability of primary 

hepatocytes and transformed hepatocyte cell lines.. Moreover 

0.01 mPa wall shear stress significantly alters hepatocyte 

cytochrome P450 gene expression [42], which agrees  

with our results that the total surface area of the 3D-printed 
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Fig. 3: Effect of angular orientation between 3D-printed strands in each layer at 0.02, 0.1, 0.5 mL/min inlet flow rate of  

a perfusion bioreactor on the distribution and magnitude of fluid shear stress from inlet flow to outlet flow inside the scaffolds.  

The fluid shear stress simulation profiles within the scaffolds with different angular orientation between strands in each layer and 

different inlet flow rate were calculated. For clarity, five planes were plotted in the x direction. Note, the axes are dissimilar to 

allow visualization of differences in fluid shear stress. Increasing the angular orientation between strands in each layer  

(30°, 45°, 60°, and 90°) decreased the magnitude of fluid shear stress and the distribution of fluid shear stress through the 3D-

printed scaffolds. Increasing the inlet flow rate (0.02, 0.1, 0.5 ml/min) increased the magnitude of fluid shear stress inside the 

scaffolds. The x, y, z axes unit; centimeter. 

0.02 mL/min 0.1 mL/min 0.5 mL/min 

Inlet flow rate 

Fluid shear stress (mPa) 
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Fig. 4: Angular orientation between strands in each layer of a 3D-printed scaffold and inlet flow rate of a perfusion bioreactor 

affect the distribution and magnitude of wall shear stress on the strands where cells are attached. Relative area represents the area 

with a specific wall shear stress, divided by the total area inside the 3D-printed scaffold. The angular orientation between  

the strands in each layer (30°, 45°, 60°, and 90°) and inlet flow rate (0.02, 0.1, and 0.5 mL/min) of the perfusion bioreactor did 

affect the magnitude and distribution of wall shear stress inside the scaffold within the perfusion bioreactor. 

0.02 mL/min 0.1 mL/min 0.5 mL/min 

Inlet flow rate 
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scaffolds  at all inlet flow rates of the perfusion bioreactor 

experienced a wall shear stress of 0.01 mPa. Our findings 

suggest that for optimal regulation of the wall shear stress 

in 3D-printed scaffolds in perfusion bioreactors allowing 

cell proliferation and/or differentiation, 90° angular 

orientation between strands in each layer of the scaffold 

was the best choice due to the lowest wall shear stress 

dispersion compared to the other angular orientations 

studied. In addition, the wall shear stress sensitivity  

at 30° angular orientation between strands was higher than 

at 45°, 60°, and 90° angular orientation. In other words,  

a small change in the bioreactor’s inlet flow rate will affect 

the wall shear stress inside the scaffold with 30° angular 

orientation between strands in each layer more than  

with 45°, 60°, and 90° angular orientation. 

Average fluid velocity, average fluid shear stress,  

and average wall shear stress inside 3D-printed scaffolds 

(30°, 45°, 60°, and 90° angular orientation between strands  

in each layer) within the perfusion bioreactor with 0.02, 0.1, 

and 0.5 mL/min inlet flow rate related linearly to the inlet 

flow rate (Fig. 5). At 0.02 ml/min inlet flow rate, strands 

with 30° angular orientation increased average fluid 

velocity (1.2-fold), average fluid shear stress (6-fold),  

and average wall shear stress (1.4-fold) compared to strands 

at 45°, 60°, and 90° angular orientation. At 0.1 mL/min 

inlet flow rate, strands at 30° angular orientation increased 

average fluid velocity (1.3-fold), average fluid shear stress 

(8-fold), and average wall shear stress (1.8-fold) compared 

to strands at 45°, 60°, and 90° angular orientation (Fig. 5). 

At 0.5 ml/min inlet flow rate, strands at 30° angular 

orientation increased average fluid velocity (1.4-fold), 

average fluid shear stress (10-fold), and average wall shear 

stress (2.3-fold) compared to strands at 45°, 60°, and 90° 

angular orientation. Thus variation of average fluid 

velocity, average fluid shear stress, and average wall shear 

stress inside 3D-printed scaffolds with different angular 

orientation (from 30° to 90°) increased by enhancing  

the inlet flow rate from 0.02 to 0.5 mL/min. The maximum 

variation of average fluid velocity, average fluid shear 

stress, and average wall shear stress at different angular 

orientation between strands occurred at 0.5 ml/min inlet 

flow rate of the perfusion bioreactor. 

The simulations numerically predicted the wall shear 

stress at the strands’ surface containing attached cells,  

as a function of several parameters modulating the flow regime 

and scaffold geometry. We found that the angular  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5: Angular orientation between strands in each layer  

of a 3D-printed scaffold and inlet flow rate of a perfusion bioreactor 

affect average fluid velocity, average fluid shear stress,  

and average wall shear stress inside the scaffold. The angular 

orientation between the strands in each layer (30°, 45°, 60°, and 90°) 

of the scaffold and the inlet flow rate (0.02, 0.1, 0.5 mL/min) 

did affect (a) average fluid velocity, (b) average fluid shear 
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orientation between strands in each layer inside  

the scaffold and the inlet flow rate of the perfusion bioreactor 

are variables strongly influencing the predicted magnitude 

and distribution of fluid velocity, fluid shear stress, and 

wall shear stress for a given 3D-printed geometry. Scaffold 

architecture has been shown to affect fluid flow dynamics 

within the scaffold [25, 38], which modulates cell 

deformation. With increments of the inlet flow rate of  

the perfusion bioreactor, we observed a linear and independent 

increase in average fluid velocity, average fluid shear stress, 

and average wall shear stress inside the scaffolds. A similar 

linear relationship has been computed by others [43, 44]. 

The fluid velocity, fluid shear stress, and wall shear stress 

distributions within the scaffold were distributed throughout 

the scaffolds, since the channels inside the scaffolds were 

interconnected. The angular orientation between strands  

in each layer of the scaffold and inlet flow rate  

of the perfusion bioreactor modulated fluid flow dynamics 

inside the 3D-printed scaffolds as revealed by using  

the finite element method. 

The presented models lack experimental validation  

of the estimated shear stress distribution, since it is nearly 

impossible to quantify fluid flow dynamics (fluid velocity, 

fluid shear stress, and wall shear stress) distribution inside 

a scaffold. Measurement of the local velocity field  

at the scaffold outer walls only is possible (e.g. using laser 

Doppler velocimetry [45, 46], or particle image 

velocimetry [47]), but this affects cell growth inside  

the scaffold. Currently we can only use simulations to predict 

fluid flow dynamics inside 3D-printed scaffolds. 

 

CONCLUSIONS 

We conclude that the angular orientation between 

strands in each layer inside 3D-printed scaffolds (30°, 45°, 

60°, and 90°) in a perfusion bioreactor, and the inlet flow 

rate of the bioreactor, as controllable parameters, 

significantly affect the magnitude and distribution of fluid 

velocity, fluid shear stress, and wall shear stress inside the 

scaffold. By decreasing the angular orientation between 

strands in each layer and increasing the inlet flow rate  

of a perfusion bioreactor, the magnitude and distribution of 

fluid velocity, fluid shear stress, and wall shear stress 

inside the scaffold increased. The average fluid velocity, 

average fluid shear stress, and average wall shear stress 

inside the scaffold within the bioreactor increased linearly 

with the inlet flow rate. Our findings provide quantitative 

insight into the fluid flow dynamics within 3D-printed 

scaffolds with different geometries containing cells  

in a perfusion bioreactor, which will have important 

implications for bone tissue engineering strategies using 

cells, scaffolds, and bioreactors. 

 

Nomenclatures 

u               Flow velocity field, m/s  

𝜌       Fluid density, kg/m3  

𝜇            Dynamic viscosity, Pa×s  

p      Pressure, Pa 

𝜏             Viscous stress tensor, Pa 
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