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Statement of Purpose: Fluid shear has been found to 
be an important stimulatory factor in preosteoblastic 
cells seeded in 3D porous scaffolds and cultured under 
continuous flow perfusion.  Local fluid shear forces 
promote osteoblastic differentiation, matrix deposition, 
and calcification.1-2 Due to the complicated architecture 
of the internal structure of porous scaffolds, analytical 
estimation of the local shear forces on the internal 
structure is impractical.  The goal of this work is to 
understand the fundamental behavior of the flow inside 
the porous scaffolds via computation, enabling, thus, the 
design of optimized 3D scaffold structures. 

Methods: Poly-L-Lactic Acid (PLLA) random porous 
scaffolds of different porosities are prepared by using 
particulate leaching with various combinations of NaCl 
mass and grain size. Micro-Computed Tomography 
(�CT) with 10 �m to 42 �m resolution is used to obtain 
3D digital representation of the scaffolds structure. 
Flows of osteogenic media through the scaffolds are 
modeled via fluid dynamics simulations (Lattice 
Boltzmann Method – LBM). High performance 
computing in conjunction with a custom-written hybrid 
MPI/Open MP parallelized scheme is employed in order 
to take advantage of the inherent LBM parallelizability. 
Scaffolds are characterized based on their geometric 
characteristics (i.e., tortuosity, surface area to volume 
ratio, and porosity) in order to parameterize the 
obtained results as a function of different scaffold 
structures.  Fluid dynamics results are validated against 
known analytical solutions for forced flow in an infinite 
channel, in a pipe and in an infinite array of spheres. 

Results and Discussion: Aside from the computational 
attractiveness of the LBM method for fluid dynamics 
computations, its main advantage is that it can handle 
complex boundary conditions such as the ones 
encountered in random porous scaffolds (See Figure 1-
a).  Using this approach it is possible to calculate the 
local fluid shear stresses at any point inside the scaffold 
architecture, which is not possible using the 
conventional bulk/order of magnitude type of methods. 
Figure 1-b is a representative histogram of surface fluid 
shear stresses that osteoblastic cells would experience 
under typical culturing conditions (95% porous scaffold 
prepared with 250-355�m NaCl grains and a pressure 
drop of �P/L=10 g/cm2s2). 
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Figure 1. a) Surface Stress Histogram obtained from an LBM 
simulation b) TEM  of a Typical  Scaffold  

It is interesting to note that the shear stresses 
experienced by cells inside the scaffold vary over a 
wide range:  with a long tail of high stresses that lays to 
the right of the average, and low values of stress of 
roughly the same magnitude to the left of the average.  
This is an important consideration when designing 
scaffolds for bone tissue growth, since osteoblastic cells 
require to be stimulated by shear for proper growth.  
The asymmetry of the shear stress histogram indicates 
that there are different regions within the scaffold that 
may experience surface shear stresses that differ by 
orders of magnitude. Being able to predict this, the 
scaffold design can be optimized for the desired surface 
shear stresses.  Moreover, cell detachment can occur 
when the fluid shear is too high, thus, placing an upper 
limit on the scaffold design. 
Over 30 different scaffold geometries (combinations of  
NaCl mass and grain size) were tested at different flow 
conditions in order to explore how the scaffold structure 
affects the fluid shear stresses (See Figure 2).  It was 
found that at a constant pressure drop different 
porosities of the scaffolds result in different flow rates 
through the scaffold and therefore in different surface 
stresses (with the least porous materials resulting in the 
highest surface stresses).   

 
Figure 2.  Surface Stress as a function of superficial velocity 
and pressure drop for various scaffold geometries. 

This means that experimentally controlled parameters 
can be used in conjunction with data such as in Figure 2 
in order to achieve the optimal desired fluid shear stress 
that will be experienced by the cells attached to the 
surface of the scaffold. 
Conclusions: The theoretical framework developed 
allows for improved 3D porous scaffold design with 
random architecture for optimum fluid shear stress 
stimulation of osteoblastic cells.  Moreover, with 
knowledge of the maximum shear stress that causes cell 
detachment from the scaffold, this type of a regime can 
be avoided by appropriately designing the scaffold.  The 
approach presented here can be used for any type of 
scaffold that can be imaged with �CT. 
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