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ABSTRACT: The microfluidic environment provided by
implanted prostheses has a decisive influence on the viabi-
lity, proliferation and differentiation of cells. In bone tissue
engineering, for instance, experiments have confirmed that a
certain level of wall shear stress (WSS) is more advantageous
to osteoblastic differentiation. This paper proposes a level-
set-based topology optimization method to regulate fluidic
WSS distribution for design of cellular biomaterials. The
topological boundary of fluid phase is represented by a level-
set model embedded in a higher-dimensional scalar func-
tion. WSS is determined by the computational fluid
dynamics analysis in the scale of cellular base cells. To
achieve a uniform WSS distribution at the solid—fluid inter-
face, the difference between local and target WSS is taken as
the design criterion, which determines the speed of the
boundary evolution in the level-set model. The examples
demonstrate the effectiveness of the presented method and
exhibit a considerable potential in the design optimization
and fabrication of new prosthetic cellular materials for
bioengineering applications.
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Introduction

Materials with cellular microstructures are commonly
observed in biological systems (Gibson, 2005). Such porous
structures provide a sophisticated network to transport
biofluids inside natural biomaterials (Katayama et al., 1999).
Recently, cellular materials have been widely used in various
biomedical areas. Tissue engineering, as one such cutting-
edge technology, has aimed to replace damaged tissue/organ
or generate neo-tissue for restoring biological functions. In
this context, artificial porous scaffolds are considered critical
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to create a desirable biomechanical condition for cell
proliferation and differentiation. One common approach to
scaffold design has been to mimic the native extracellular
matrix, thereby imitating a cell-friendly environment. In
essence, the regeneration of neo-tissue within desirable
tissue-scaffold constructs requires proper biocompatibity to
enable sufficient cell migration, nutrition delivery, meta-
bolite removal, unhindered neo-vascularization, and other
biomechanical conditions (Rose and Oreffo, 2002). With the
rapid development of various biodegradable materials and
micro/nano-fabrication technologies, porous cellular bio-
materials have been found particularly promising for their
superior capability of providing a desired biomimetic
environment (Hollister, 2005, 2009).

In general, biodegradable cellular materials used in
therapeutic tissue regeneration should possess desired
multifunctionality, including (1) adequate biocompatibility
to ensure a proper biochemical environment for cell
proliferation and differentiation, (2) sufficient porosity
for mass transfer and vascularization, (3) controllable
biodegradable rate of the matrix materials, and (4) adaptive
mechanical properties that include not only the similar
load-bearing capacities to surrounding tissues, but the cell-
favorable microfluidic properties in terms of flow velocity
and wall shear stress (WSS). Of these multifunctional
properties, the studies on microfluidic WSS have been rather
limited, though it plays a critical role in tissue regeneration
(Hillsley and Frangos, 1994).

The effects of fluidic shear stress on the success of tissue
engineering have been recognized in different ways. From a
cell perspective, it is known that flow-mediated shear stress
is a key modulator to regulate cell function (Gemmiti and
Guldberg, 2009; McAllister and Frangos, 1999). Sakai et al.
(1998) showed that a certain physiological level of fluid
shear stress can increase mRNA expression in human
osteoblast-like cell by approximately threefold, thus better
promoting bone formation. A constitutive nitric oxide (NO)
isoform was observed in osteoblasts that was significantly
affected by fluid flow, suggesting that the flow plays a
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primary role in determining bone maintenance and
remodeling (Johnson et al, 1996). The comparison of
production rates of NO and prostaglandin E2 (PGE2)
from bone cells subject to unidirectional linear strains
and fluid flow further showed that the mechanical
loading can be sensed by osteoblasts through flow-
mediated WSS rather than pure mechanical strain (Smalt
et al., 1997).

From a scaffold perspective, the tissue growth has been
explored under different flow conditions; and it is found
that the osteogenesis can be modulated by the local flow
environment (Meinel et al., 2004). It has been proven that
cell detachment is enhanced by increasing the physiolo-
gical shear stress for the endothelium lining of vessels
(Davies, 1995) and a linear relationship between cell
detachment and mechanical shear stress was established
(Powers et al., 1997). Based on these findings, Provin et al.
(2008) suggested that a certain range of flow rate and shear
stress could be crucial for both cell attachment and tissue
regeneration. Indeed, the biological advantages of a
uniform WSS distribution in bioreactors and scaffolds
have been confirmed (Gao et al.,, 1997). A uniform
hydrodynamic environment corresponded well with a
more uniform tissue growth (Cioffi et al., 2006; Gutierrez
and Crumpler, 2008; Saini and Wick, 2001; Williams et al.,
2002). Thus, in order to obtain a more desirable tissue
ingrowth within scaffold, a homogeneous WSS distribu-
tion appears important.

Design and fabrication of sophisticated biomaterial
configuration for promoting tissue growth signify an
important research topic (Lacroix et al., 2009). As a critical
issue, the understanding of the in-scaffold microfluidic
characteristics is essential. In this respect, majority of
existing studies has been experimentally oriented. Recently,
mathematical modeling has drawn increasing attention,
aiming to gain a more comprehensive understanding of the
fluidic fields and shorten a laborious trial-and-error
experimental process (Hutmacher and Singh, 2008). For
example, the flow conditions were simulated within
cylindrical scaffolds, which identified the significant needs
for optimizing the fluidic shear stress in biomaterial
microstructures (Porter et al.,, 2005). Furthermore, the
shear stress distributions in different pore geometries were
quantified in the computational fluid dynamic (CFD) model
for 3D scaffolds, showing that both pore size and porosity
could influence in-scaffold fluidic shear stress, thus affecting
the tissue ingrowth (Boschetti et al., 2006). More recently,
various numerical studies were carried out to analyze WSS
and other mechanical stimuli in a 3D porous scaffold
structure (Cioffi et al., 2006), face-centered cubic-based
structure (Lesman et al.,, 2010) and irregular 3D cellular
scaffold under direct perfusion cultures (Maes et al., 2009),
respectively. The interplays between WSS and tissue growth
in cellular cell-scaffold constructs (Chung et al., 2007) as
well as a polylactic acid—calcium phosphate glass scaffold
(Milan et al., 2009) were explored. Despite these successful
theoretical and experimental studies, how to design and
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fabricate porous cellular materials with desirable WSS levels
and patterns remains rather challenging.

Topology optimization, as a powerful tool in structural
design, has proven effective in seeking optimal porous
configurations in a range of applications. Over the last two
decades, a range of density-based algorithms (e.g., solid
isotropic material with penalization—SIMP, Bendsoe and
Sigmund, 2003 and evolutionary structural optimization—
ESO, Steven et al., 2000), in which the relative density of
each finite element is treated as a design variable and
empirically related to some material properties, have drawn
significant attention for their proven capabilities in tackling
structural topological optimization problems. In this
respect, an image-based homogenization approach to the
base-cell design of scaffolds appears fairly effective, where
the stiffness tensor calculated from the homogenization
procedure was matched to the desired stiffness of host bone
while maintaining the same porosity (Hollister et al., 2002).
Furthermore, Hollister and Lin (2007) applied homogeni-
zation-based optimization approaches for design of scaffold
architectures. Guest and his colleagues adopted the
permeability criterion to maximize the permeable fluid
capacity of a porous medium (Guest and Prevost, 2006,
2007). Recently, the permeability and diffusivity criteria
were combined with the stiffness criterion of the host bone
for the design of cellular materials and a series of optimal
topologies that match the mechanical and fluidic properties
to different bone tissues were obtained (Chen et al., 2009;
Kang et al, 2010).

As a relatively new technique, the level-set method that
was developed originally in image processing (Osher and
Sethian, 1988) has demonstrated superior capability of
tracking dynamically propagating interfaces in topology
optimization, ranging from structural (Sethian and
Wiegmann, 2000; Wang et al., 2003) to fluidic designs
(Challis and Guest, 2009; Zhou and Li, 2008). Sethian and
Wiegmann’s (2000) early work showed the applicability of
the level-set technique in optimizing elastic structures,
where local von Mises stress was directly taken as the level-
set velocity for driving the structural boundaries. In fluidic
optimization, a level-set algorithm for the steady-state
Navier—Stokes flow, where the solid—fluid interface was
determined for maximizing permeability and minimizing
energy dissipation in the periodic cellular materials, was also
established (Zhou and Li, 2008). On one hand, the
explorations in fluidic problems exhibited some evident
advantages due to a smooth mathematical representation of
fluid—solid boundaries. On the other hand, these studies
aimed to optimize the fluidic structures and materials for
some energy-type objectives, where design sensitivity can be
derived for the level-set velocity. Unfortunately, none of the
existing studies has been related to the WSS criteria despite
its critical importance in determining cell function and
tissue differentiation. Thus in this paper, we will develop a
level-set-based procedure to seek optimal base-cell topology
for the uniformity of WSS in periodic cellular biomaterials,
thereby providing a new class of porous medium for such



biomedical applications as tissue scaffolds, cardiologic
stents, and porous coated implants.

Materials and Methods

To develop the level-set procedure specifically for the WSS
criterion in cellular microstructural materials, descriptions
of the design problem, the level-set model, and the
numerical algorithm are presented in this section.

Design Optimization

Biomaterials with periodic cellular microstructure are
widespread in natural and synthetic constructs and generally
involve two significant length-scales, one in macroscopic
material level and another in microscopic base-cell level.
Both experimental and mathematical analyses show that the
effective (bulk) material properties can be largely affected by
the microstructural configuration (Gibson, 2005; Hassani
and Hinton, 1998), indicating that the microstructural
design of cellular biomaterials is of crucial importance.

Mathematically, WSS can be defined as a total shear stress
in 3D Cartesian coordinates as

Ty = u(g—;+%)
tyzzﬂ(%‘i’%’) (1

T = (G + )

where 1 denotes the dynamic viscosity and u, v, w are the
velocity components in the coordinate directions. The
magnitude of WSS is calculated as

twss = (Ty, + 7, + )" (2)

Following this, to achieve a uniform WSS distribution at
the fluid-solid interface, the design problem can be
mathematically defined as

min 3 (twss — Twss)’
I (3)
s.t. fQ“ " dQ) Z VO

where Twss denotes the mean or a target WSS (twss) at
fluid interface I'} and V, is the volume constraint of fluid
domain.

Level-Set Method in Topology Optimization

The basic idea of the level-set method is to represent the
topological boundaries implicitly by using a zero-level
contour of a higher-dimensional scalar function @(x). The
boundary movement is driven in terms of either sensitivity
(Zhou and Li, 2008) or an optimality design criteria (Sethian

and Wiegmann, 2000). In general, @(x) can be defined as

D(x) <0 Vx€ Quma\l (4)

CD(X) >0 Vxe Qvoid\f‘b (5)

where 2.6 $2voie» and I3, denote the solid domain,
void/fluidic domain and interface, respectively. To obtain
accurate results, @(x) is often initialized and maintained as a
signed distance to the given boundary (®(x) =0 Vx € I')
with a negative value as defined in Equation (4) and a
positive value as Equation (5). &(x) satisfies the Eikonal
equation (Wang et al., 2003),

VD (x)| = 1 (6)

As such, a zero-level contour describing the boundary
interface can be defined as

Iy ={x:x€Q,d(x) =0} (7)

The zero-level contour of the level-set function ®(x)
represents the topology to be optimized (Fig. 1b). For a
given initial guess of @(x), it is important to determine how
it evolves in order to optimize the objective.

Let us consider the dynamic form of Equation (7),
expressed as

I(t)= {x(r) : ©(x(z), )= 0} (8)

By differentiating both sides with respect to time, a speed—
evolution equation of @(x) is derived as

d(x) dx _
Tl —V@(x)a = —Vo(x)S(x, D) 9)

where S(x,®) can be considered as an evolution speed of the
level-set function, which is a critical parameter in the level-
set model and determines the propagation speed of the
zero-level contour. In addition, the techniques of velocity

level-set function Quoia

Qmat

. 3 I
7 zero-level

Figure 1. The level-set model. a: The level-set function @(x) that is initialized
and maintained as a signed distance with a constant gradient (as shown in Eg. 6) to the
given boundaries (the edge cut by zero-level plane). b: The zero-level contour that
determines the topological boundary to be optimized. [Color figure can be seen in the
online version of this article, available at wileyonlinelibrary.com.]
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extension and reinitialization of @(x) are employed in the
presented level-set procedure (Sethian and Wiegmann,
2000; Wang et al., 2003). To achieve the desired volume
constraint during optimization process, a bisection algo-
rithm is implemented in the following design examples
(Zhou and Li, 2008).

Computational Fluid Dynamics (CFD) Modeling

This paper considers the design problems of 2D cross-
sectional topology (or namely, quasi-3D) and full 3D base-
cells (Fig. 2). Since the fluid domain is determined by the
level-set model, it is convenient to extrude the 2D
configuration into a 3D fluidic channel (Fig. 2a), where
I, and I, are the inlet and outlet boundaries, respectively.
The WSS at the boundary of the cross-sectional design plane
is determined by the CFD analysis in a commercial software
ANSYS. In the full 3D problems (Fig. 2b), the design aims to
optimize the 3D fluidic porous topologies that are extracted
from a 4D level-set function. In the topology optimization
procedure, level-set function @(x) will be updated in terms
of the deviation between local WSS and its target, which will
gradually make the WSS distribution more and more
uniform.

In the 2D cross-sectional channel designs, since the region
of interest is axisymmetrical and located at the middle part
of the flow channel, the WSS obtained from CFD analysis is
independent on the flow directions. In the 3D base-cell
designs, the flow direction can however affect the WSS
distribution. Therefore, an additional CFD analysis with the
flow from an opposite direction is required. The data
gathered from both the analyses will be used for the design
optimization to accommodate multi-directional flows.

Design Criterion: Uniformity of Wall Shear Stress

As abovementioned, the propagation velocity S(x,®) plays a
critical role in optimizing the interfacial configuration. For

a Level-set contour

WSS-driven boundary velocity

g
)@ &

Cross-sectional design plane

Flow condition

Figure 2. Two different design cases: (a) quasi-3D micro-channel model and
(b) full 3D model. [Color figure can be seen in the online version of this article, available
at wileyonlinelibrary.com.]
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the problem defined in Equation (3), a WSS-based velocity
S(x,®) should be defined. In literature, the von Mises stress
criterion was directly adopted to calculate the level-set
velocity, aiming to achieve a uniform von Mises stress
distribution in the solid structures (Sethian and Wiegmann,
2000). Specifically, the scaled velocity is considered as a
function of the von Mises stress, depending on the deviation
between local stress and a so-called non-shear region.
Following this success, we adopt the WSS deviation to
determine the propagation velocity of level-set model. If the
local twss at a point is higher than the desired value, for
example, mean Twss, the corresponding velocity will be
defined as the positive squared difference between them,
moving the interface outwards from the fluid domain. In
contrast, if the local yss at a point is lower than target Twss,
the velocity will be defined as the negative squared
difference, moving the interface inwards to the fluid
domain.

Parameter Settings for Numerical Simulation

In tissue engineering, it has been shown in vitro that a certain
level of fluid flow can stimulate cells to respond more
positively (Klein-Nulend et al., 2005). To better simulate the
in-scaffold microfluid, the dimension of design domain and
fluidic properties are set in line with the experimental
parameters. For synthetic scaffolds, the diameter of spherical
pores usually stays within 50-200 wm, depending on the
function and property of the host tissue (Hollister, 2009).
In this paper, the dimension of the design domain is set as
200 wm, subject to the predefined volume fraction (or
porosity) constraint. Although topology optimization
is independent of the absolute size, fluidic properties used
in numerical computation are size-dependent and must
be chosen properly to simulate the real flow conditions
in porous biomaterials. In this study, the fluid is modeled
as an incompressible, homogeneous, Newtonian fluid
with a density of 1,000kgm > and viscosity of 8.2 x
10 *kgm~'s~'. For the CFD analyses, the non-slide
condition is applied at the solid—fluid interfaces. The inlet
velocity is set as 50 m s~ and zero static pressure condition
is applied at the outlet boundaries to simulate the fluidic
behaviors in porous structures, unless otherwise stated.

Results and Discussion
2D Cross-Sectional Designs for Fluid Channels

Uniform Fluid Velocity: Shape Optimization

The examples shown here aim to seek the optimal
configurations of uniaxial fluidic channels for uniform
distribution of WSS at the cross-sectional area (Fig. 2a).
Figure 3 shows the optimization processes, starting from a
curved cross channel (iteration step m =1). As the fluidic
domain (top row) and level-set function @(x) (bottom row)
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Figure 3. Caset: design from a curved cross initial shape (100 mesh x 100 mesh). The porosity V; is 35%. a: Upper row: fluid domain; lower row: level-set function. m s the
iteration number. b: Initial and optimized WSS distribution. [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.]

evolve, the WSS criterion drives the configuration of fluid
domain towards a circular shape, yielding a more uniform
WSS distribution at the fluid—solid interface (Fig. 3b). It is
observed that driven by the deviation between the local WSS
and the mean value, the ends of the cross bars progressively
shrink inwards while, in contrast, the central region dilates.
Finally, the bar-ends vanish and gradually form a circle at
the center of design domain.

Figure 4 shows a similar optimization process but starting
from a rectangular initial shape. Once again, one can see that
a centrally positioned circle is finally formed. To observe
the WSS distributions, Figures 3b and 4b compare the
WSS histograms in the initial and optimized fluid channels
for these two cases, respectively. It can be clearly seen that
the initial WSS (green) distribution was fairly spread out,
while the final distributions (blue) become much more
uniform.

Gradient Fluid Velocity: Topology Optimization

In the abovementioned two cases, a uniform inlet flow was
presented at [}, and finally the optimization takes a circular

shape. For a uniform inlet flow, one may argue that multiple
circular channels can also achieve the objective of a uniform
WSS as defined in Equation (3). However, if the inlet
flow presents in a fully developed laminar pattern in a given
sectional area, for example, in a blood vessel or bioreactor
chamber, such a multi-hole design may not be applicable.
Under this circumstance, we assume that the inlet flow at I,
is prescribed in a theoretical solution to an incompressible
laminar flow through a tube with a long rectangular cross-
sectional guide, where the velocity at the domain center
reaches its highest value, while the one at the boundary of
design domain is reduced to zero.

To deal with such a flow case, we consider an initial design
consisting of four symmetrical circles as shown in Figure 5.
The design progresses in two ways: on one hand, the
interface close to the center presents a higher WSS, leading
to the fluid boundary propagating outwards; on the other
hand, the fluid interface next to the boundaries has a lower
WSS, resulting in an inward movement. As a result, these
four initial circular fluidic channels tend to gradually move
towards the center and finally form a bigger circle to
minimize the WSS deviation in the domain.

<<
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Figure 4. case2 design from a rectangular initial shape (100 mesh x 100 mesh). The porosity Vg is 35%. a: Upper row: fluid domain; lower row: level-set function. m is the
iteration number. b: Initial and optimized WSS distribution. [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.]
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m=160

m=1 m=15 m=60 m=80

Figure 5. Case3: design from multi-circles under a developed flow pattern generated by a long guide (100 mesh x 100 mesh). The non-uniform inflow leads to a unique
optimal solution. The porosity Vy is 35%. Upper row: fluid domain; lower row: level-set function. [Color figure can be seen in the online version of this article, available at

wileyonlinelibrary.com.]

3D Designs for the Cellular Microstructure

To optimize the topology of a 3D base-cell, periodic
boundary conditions are applied to both level-set function
@(x) and CFD simulations at all the exterior faces of the
base-cell domain. Two different cases, namely single- and
tri-directional flows, are considered respectively.

Single-Directional Flow Design

In the first 3D case, only one pair of inlet and outlet is
prescribed to the design domain as shown in Figure 2b,
which indicates a single directional flow through the base-
cell. The intermediate and optimal results are presented in
Figure 6. In the optimization process, the radius of flow
cylinder along the inlet—outlet direction increases, while the
other four lateral guides gradually shrink and finally
disappear. Thus, a single cylindrical fluidic channel with a
larger diameter is created inside the cell unit. It can be
observed that the distribution of WSS finally becomes much
more uniform in the optimal base-cell topology. Thus, such
a periodic scaffold has multiple parallel channels in the flow
direction. As shown in the WSS histogram diagram, it is
interesting to note that, as green elements gradually dis-
appear, the high percentage of zero or very low level of WSS
shifts to a more desirable mean level. Figure 7 provides the
convergence history of the objective function (Eq. 3) as well
as some evolving snapshots of resultant cellular structures.

Tri-Directional Flow Design With Bi-Connected
Solid Domain

In this case, the optimal design of a tri-directional flow
through porous material is presented. For the purpose of
ensuring the effectiveness and stability of proposed level-set-
based algorithm, an initial design with four parallel bars
(i.e., a bi-connected structure) is adopted herein. From
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Figure 6. 3D single-directional flow design, a mono-cylindrical fluid domain is
obtained. The volume fraction V; is 40%. Fluidic domain is represented by the level-
set function. WSS at interfaces is regulated to 0-1, as indicated by a color bar. The
final design shows that the WSS distribution has become much more uniform. [Color
figure can be seen in the online version of this article, available at wileyonlinelibrary.
com.]
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Figure 1. Convergence history of the objective function and corresponding
cellular structures (2 x 2 x2) for 3D single-directional flow design. [Color figure
can be seen in the online version of this article, available at wileyonlinelibrary.com.]

Figure 8, it can be seen that a Schwarz-P like topology
(Rajagopalan and Robb, 2006), a representative mosaic of
minimal surfaces, gradually emerges. During the design
process, the WSS distribution becomes more and more
uniform, though the topology appears more complicated
than that in the mono-directional flow case due to the
sophistication required for accommodating tri-directional
flow in the base-cell. Since the pairs of inlet and outlet
regions are perpendicular and close to one another, the WSS
reaches its maximum at the corners but lowest at the center
of the design domain. Hence, based on the WSS criterion, a
tri-continuous pore configuration has gradually taken shape
and connected tri-directionally with adjacent base-cells
through the periodic boundaries. From the resemblance to a
Schwarz-P surface, it is suggested that a general constant
mean curvature (CMC; Zhou and Li, 2007) interface can
also lead to a uniformly distributed WSS in the optimized
cellular structures. It is seen that although a certain degree
of oscillation occurs at the early stage of optimization
(Fig. 9), the objective function reaches its minimum after
about 60 iterations.

Iter | Level-set function | Solid domain Flow domain WSS at interfaces WSS histogram
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Figure 8. 3D Tri-directional flow design. The bi-connected solid domain starts to aggregate and finally forms a Schwarz-P-like structure in which its solid—fluid interface has a
constant mean curvature, leading to a uniform WSS distribution. [Color figure can be seen in the online version of this article, available at wileyonlinelibrary.com.]

Chen et al.: Design of Cellular Porous Biomaterials 743

Biotechnology and Bioengineering



150 1
=
=
3]
é 100 ]
2
2
©
o
50 1
QJ\J\W
0 20 40 60 80 100 120 140 160
Iteration

Figure 9. Convergence history of the objective function and corresponding
cellular structures (2 x 2 x 2) for 3D tri-directional flow design. [Color figure can
be seen in the online version of this article, available at wileyonlinelibrary.com.]

Solid Free-Form Fabrication (SFF) of Designed 3D
Cellular Structures

The above computational designs generate specific topol-
ogies with considerable geometric sophistication, which
may be very difficult to manufacture via random fabrication

techniques. With the development of solid free-form
fabrication (SFF) technology, rapid-prototyping of
biomaterials with cellular structures has shown significant
benefits to in vivo and in vitro studies (Hutmacher et al.,
2004; Lin et al., 2004, 2007; Starly et al., 2006; Sun et al,,
2004). To demonstrate how these designed cellular
structures are fabricated, we prototyped two samples with
6 X 6 x 6 assembly of base-cells as shown in Figure 10.

The computer-aided design (CAD) parts are created by,
firstly extracting the zero-level contours (solid—fluid
interfaces) from level-set functions; secondly constructing
the solid-phase topologies of base-cells using 3D CAD
software; and finally converting those models into STL
(stereolithography) format with smoothed surface repre-
sentation. To better observe the architectural details, the
base-cell dimension in the both models is scaled up from
200 pm to 1.4 mm, though the latest SFF technology allows
implementing an even higher resolution (Hollister, 2009;
Hutmacher et al., 2004). It can be clearly seen that the
fabricated models exhibit a good topological resemblance to
those optimized base-cells, which are expected to generate a
desired uniform WSS distribution.

Conclusions

After understanding the significance of WSS in cell
responses and tissue growth, this study developed a level-

Figure 10. 3D cellular biomaterial designs for WSS criterion. The cellular material model is fabricated by the solid-free form fabrication (SFF) technology (Perfactory™ Il
Standard, Envisiontec, Gladbeck, Germany), using SI-300 ABS simulant material. The printing resolution is 50 um voxels in the X, Y, and Zdimensions. al-a4: Single-directional flow
design with cylindrical channels. b1-b4: Tri-directional flow design. Computational models (a1 and b1) are derived from the level-set functions of optimal designs, and smoothed for
finer surface representation. Dimension of base-cells are scaled up from 200 m to 1.4 mm in both cases, in order to reveal better architectural characteristics. [Color figure can be
seen in the online version of this article, available at wileyonlinelibrary.com.]
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set-based topology optimization approach to the design of
porous biomaterials for a uniform WSS criterion. The main
methodological features include: (1) the level-set function
was used to trace boundary propagation in a smoother way
compared with other density-based topology optimization
methods; (2) the fluidic channels and porous base-cells were
used to calculate the WSS at fluid interfaces; (3) the
deviation between the local WSS and its target was adopted
to drive the boundary movement in the level-set model; and
(4) the CFD analysis was embedded in the level-set
procedure. In this paper, designs of 2D cross-sectional
(namely quasi-3D) and full 3D periodic base-cell were
presented. In the quasi-3D examples, a microfluidic channel
was extruded from the zero-level contour of a 3D level-set
function. In the 3D design cases, mono- and tri-directional
flows are considered in the different initial designs that were
extracted from the 4D level-set functions. It is observed that
in all these design cases, more uniform WSS distributions
were achieved at the optimal fluidic interfaces. Interestingly,
the optimized topologies of base-cells exhibited a CMC
surface, regardless of the different predefined initial designs
and flow conditions. From this perspective, the topological
design appears critical in achieving desirable biomechanical
features of cellular biomaterials. Following this design, SFF
technique was exploited to prototype two such 3D WSS-
based structures. In summary, the paper provides a means to
developing a porous medium with a desired WSS pattern. It
is expected that these uniform WSS designs can potentially
enable cells to differentiate and tissue to grow in a more
uniform and controllable way (Cioffi et al., 2006; Gutierrez
and Crumpler, 2008; Williams et al., 2002). This study
contributes a novel approach to the existing fluidic
characterization techniques and successful scaffold design
methods (Lin et al., 2005, 2007; Zhang et al., 2009). The
proposed method exhibits considerable potential in devel-
oping novel cellular biomaterials for new prosthetic
applications, for example, in tissue scaffold, vascular stent
and porous coated implant.
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