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Design Optimization of Scaffold
Microstructures Using Wall
Shear Stress Criterion Towards
Regulated Flow-Induced Erosion
Tissue scaffolds aim to provide a cell-friendly biomechanical environment for facilitating
cell growth. Existing studies have shown significant demands for generating a certain
level of wall shear stress (WSS) on scaffold microstructural surfaces for promoting cellu-
lar response and attachment efficacy. Recently, its role in shear-induced erosion of poly-
mer scaffold has also drawn increasing attention. This paper proposes a bi-directional
evolutionary structural optimization (BESO) approach for design of scaffold microstruc-
ture in terms of the WSS uniformity criterion, by downgrading highly-stressed solid ele-
ments into fluidic elements and/or upgrading lowly-stressed fluidic elements into solid
elements. In addition to this, a computational model is presented to simulate shear-
induced erosion process. The effective stiffness and permeability of initial and optimized
scaffold microstructures are characterized by the finite element based homogenization
technique to quantify the variations of mechanical properties of scaffold during erosion.
The illustrative examples show that a uniform WSS is achieved within the optimized scaf-
fold microstructures, and their architectural and biomechanical features are maintained
for a longer lifetime during shear-induced erosion process. This study provides a mathe-
matical means to the design optimization of cellular biomaterials in terms of the WSS cri-
terion towards controllable shear-induced erosion. [DOI: 10.1115/1.4004918]
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1 Introduction

As a fundamental premise of tissue engineering, scaffold is
expected to provide a replicable biomechanical environment for
the damaged tissues or organ and a proper level of permeability
for cell diffusion, nutrient delivery and metabolite removal [1].
Firstly, a physiological range of wall shear stress (WSS) at the
microstructural surfaces of scaffold is favorable for promoting
cellular attachment and mechanobiological response [2,3]. Sec-
ondly, WSS plays a vital role in the shear-induced erosion of bio-
degradable polymer, which raises a key issue of how to regulate
WSS towards a controllable erosion process [4,5]. For this reason,
the design optimization of scaffold micro-architecture signifies an
important topic of research in seeking a desirable distribution of
resultant WSS, especially for achieving a better cellular mechano-
biological response and polymeric erosion outcome in tissue-
scaffold systems [6].

The bio-fluidic phase of tissue-scaffold system offers a critical
function for mass transport, in which WSS is one of the key fac-
tors that make impact on tissue regeneration. Firstly, there have

been a range of studies available to date in understanding the
mechanobiological function of WSS in bone tissue engineering
[7]. As a matter of fact, WSS plays a regulatory role in osteo-
blastic response to external mechanical stimulus [8], in which a
certain level of WSS was confirmed to increase the mRNA
expression [9] and promote tissue growth [10], thus improving
the tissue regeneration outcome. Recently, Kwon and Jacobs [2]
performed an in vitro test on time-dependent deformation of
bone cells subject to fluid flow, which was found to be a primary
physical stimulus in regulating the bone cell metabolism. Adachi
et al. [11] proposed a theoretical model for trabecular bone
remodeling, in which the role of fluid-induced shear stress in
osteocytic mechanosensory network system was verified. Sec-
ondly, WSS is also critical to the cellular attachment on scaffold
surfaces. It has been observed that, for endothelial cells, cellular
detachment would occur when the fluidic shear exceeded a cer-
tain threshold [3], which implies that a relatively lower level of
flow shear stress would be beneficial for facilitating cell attach-
ment onto the scaffold wall surfaces [12]. Taken into account
these two important issues mentioned above, an optimal level of
WSS required by the cellular ‘mechanosensory’ and ‘attach-
ment’ criteria might be somewhat contradictory. Therefore, a
uniform distribution of WSS at the physiological level that
allows promoting cellular response and attachment would be
beneficial in general.

Apart from the biological roles of WSS, its physical and
chemical concerns have also attracted increasing attention,
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particularly in the fluid-driven mechanical erosion of polymers.
It has been concluded that the shear stress represents a key factor
to induce polymeric chain scission [13], where the degradable
polymers were found to have an approximate midpoint chain
scission in dilute solution under fluid flow [14]. Furthermore,
both experimental [5] and mathematical [4] approaches were
conducted to explore the erosion and breakup of polymer par-
ticles under shear flow, which was considered a key factor for
erosion mechanism. More recently, it was validated that WSS
induced by fluid flow provides mechanical energy that leads to
the chain scission and lessens the drag reduction effectiveness
[15]. Therefore, the function of WSS that determines the surface
erosion of polymers should be addressed when designing poly-
meric tissue scaffolds, particularly under high-shear conditions,
e.g., within bioreactors [16]. To date, there have been some
reports available concerning modeling such a flow-induced ero-
sion process, in which the rate of mechanical degradation was
related to the surface shear stress [5,17]. For this reason, it is
beneficial to regulate WSS to a desirable or even uniform level
so that the flow-induced erosion can be controlled or even mini-
mized (when required) for specific purposes, e.g., maintaining
the stiffness and strength of scaffold to a level above a certain
threshold as long as possible [18].

In the recent years, use of periodic scaffold microstructure has
become rather prevalent due to its more controllable effective
properties and advantageous features of design optimization [19].
Latest development of solid free-form fabrication (SFF) has
made this approach even more attractive by providing an effec-
tive means to the fabrication of highly sophisticated periodic
microstructures [20–23]. Note that, of various design methods,
topology optimization has been one of the most successful
approaches that allow the design of periodic microstructures with
desirable effective mechanical properties, ranging from stiffness
[24], conductivity [25,26] to some other multidisciplinary criteria
[27–29]. Recently, significant effort has been devoted to various
fluidic criteria, e.g., desirable or maximized permeability [30] or
diffusivity [31]. However, there have been very limited studies
available on the WSS-based design and its implication in shear
flow-induced erosion of biodegradable polymers has remained
unclear.

This paper proposes a bi-directional evolutionary structural opti-
mization (BESO) procedure for bio-fluid problems, in which the
uniformity of WSS is adopted as the design criterion to seek the
optimal scaffold architecture. As an elegant heuristic approach,
BESO has proven fairly simple and effective in coping with both
gradient and nongradient topology optimization problems [32,33].
In this paper, we will show how this approach can be extended to a
new sphere of fluidic optimization with considerable sophistications
in design conditions and topological variation.

Following the WSS-based topology optimization, a shear-
induced erosion model is developed to evaluate the erosion rate
and patterns for the baseline and optimal scaffolds. The homoge-
nization method is also implemented to obtain the effective stiff-
ness and permeability throughout the erosion process for the
baseline and optimal designs. The illustrative examples with vari-
ous initial designs under different flow conditions are presented to
demonstrate the effectiveness of proposed design and characteri-
zation approaches.

2 Materials and Methods

2.1 Bio-Fluid Characterization. Bio-fluid within scaffold
microstructures transports nutrients and metabolites for osteocytes
and forms a crucial component to maintain newly-regenerated tis-
sue alive. More importantly, it can induce various forms of me-
chanical stimuli on osteocytes via solid-fluid interaction to uphold
the mechanosensory and remodeling activities in bony tissue [34].
In this regard, understanding and characterization of bio-fluid
within bone/scaffold are of great importance.

Bio-fluid in bone mainly comprises serum and extracellular
flow, which can be characterized by the Darcy’s law of diffusion
in porous medium [35]. Similarly, the in-scaffold bio-fluid in vivo
or under static condition in vitro can also be considered as such a
flow condition with a relatively low Reynolds number. However,
for the scaffold subject to a preculturing condition within a bio-
reactor, flow status sometimes become much more complex due
to sophisticated scaffold micro-architectures and operational con-
ditions of bioreactor systems [36]. Nevertheless, to model the bio-
fluid for topology optimization and shear-induced erosion, the
flow within scaffold micro-architecture is often considered New-
tonian and incompressible [37], in which the steady-state Navier-
Stokes equation can be used as

q u � ruð Þ ¼ �rpþ lr2u (1)

where q denotes the density of fluid, u the fluid velocity, p the
pressure and l the dynamic viscosity. On the wall surface of sol-
ids, a nonslip boundary condition can be applied. Thus the wall
shear stress can be directly calculated in terms of flow velocities,
u, v and w, under Cartesian coordinate system as

sw ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
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s

(2)

2.2 BESO Method. As mentioned above, it is desirable to
generate a certain level of WSS within the scaffold microstructure
for controlling both mechanobiological tissue regeneration and
shear-induced erosion. For this purpose, topology optimization is
applied here to seek optimal 3D RVE structure that provides uni-
form WSS, which can be mathematically formulated as

min F ¼
ð

C
ðsw � �swÞ2dC ffi

XNIE

e¼1

we
Cðse

w � �swÞ2

s:t: Vs ¼
ð

Xs

qedXs ¼ Vc

8>>><
>>>:

(3)

where C ¼ @Xs [ @Xf denotes the solid-fluid interface, NIE is the
number of interfacial elements and we

C the interfacial area of ele-
ment e. Note that the design domain consists of fluid and solid
phases (X ¼ Xf þ Xs), and qe represents the relative density of ele-
ments, specifically qe¼ 0 for fluid phase Xf and qe¼ 1 for solid
phase Xs in the topology optimization procedure. The overall objec-
tive function F is defined as the least square of elemental shear stress
se

w and target (e.g., mean) shear stress �sw, subject to a volume con-
straint Vc of solid phase Vs (where Vs denotes the volume fraction of
solid phase in the topology optimization) in the design domain.

Since the wall shear stress calculated from Eq. (2) is typically a
nodal quantity, it is necessary to convert the nodal WSS into an
elemental variable for the element-based BESO approach. For a
regular 3D brick element, this can be calculated in terms of aver-
age value as

se
w ¼

1

ND

XND

i¼1

si
w (4)

where se
w denotes elemental WSS, si

w the nodal solution and ND
the number of nodes in the element considered. Once the elemental
WSS is obtained, relative ranking can be made for the interfacial
solid (e [ @Xs) and interfacial fluid (e [ @Xf) elements, respectively.
Then two different algorithms are implemented herein to attain an
optimal objective defined in Eq. (3), i.e., to minimize the differ-
ence between local (elemental) and target WSS. One is to down-
grade the highly stressed interfacial solid elements into fluidic
elements at the interface (i.e., qe¼ 1! qe¼ 0); and the other is to
upgrade the lowly stressed fluidic interfacial elements into solid
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elements (i.e. qe¼ 0 ! qe¼ 1). For each iteration, if the volume
fraction of solid phase exceeds the prescribed constraint (Vs > Vc),
the solid elements (qe¼ 1) with highest WSS would be changed
into the fluidic elements (qe¼ 0); on the other hand, if the current
volume fraction is lower than the constraint (Vs � Vc), the fluidic
elements (qe¼ 0) with lowest WSS would be changed into the
solid elements (qe¼ 1). To ensure the scaffold volume converging
towards a predefined constraint, the volume variation ratio t is
gradually reduced in terms of a small rate constant R(k), as

DVðkÞ ¼ ðRðkÞtÞV (5)

where V denotes the total volume of fluid and solid phases in the
design domain and DV(k) is the volume of elements subject to
the change between solid and fluid elements at the kth iteration.
In the following examples, R(k)¼ 0.01 and volume variation ratio
t¼ 0.97 are adopted. As the optimization progresses, the volume
change in the BESO algorithm gradually decreases in each itera-
tion. As such, a more uniform distribution of WSS is achieved in
the solid-fluid interface; at the same time the prescribed constraint
of volume fraction can be attained.

There are some numerical issues to be addressed herein. Firstly,
the number of solid elements that are removed (downgraded) or
added (upgraded) in the early stage can be relatively greater than
that in a traditional BESO procedure [38]. Thus the design can
quickly evolve from initial topology towards the optimum. Sec-
ondly, newly-formed solid elements are allowed to present only
when a solid element exists at the adjacent places, thereby avoiding
the ‘checkerboard’ pattern or isolated islands [39]. Finally, symme-
try conditions are applied in the examples below wherever possible.

With regard to the convergence of BESO procedure, the stand-
ard deviation of objective values over the last five consecutive
iterations is used [33]. The optimization is considered convergent
when it is within a certain convergence tolerance e, mathemati-
cally expressed as ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1

5

X5

k¼1

½FðkÞ � �F�2
vuut � e (6)

where F(k) is the kth objective value and �F is the average of last
five consecutive objectives.

2.3 Shear-Induced Polymer Erosion. In the topology opti-
mization scheme, as given by Eq. (3), the elemental density is
used as the design variable. Meanwhile, elemental density can
represent the normalized dimensionless average molecular weight
provided that the number of elements is sufficiently high, as sug-
gested in the previous study of modeling polymer degradation
[40]. In other words, elemental density qe (1 or 0) in the BESO
approach also represents the local polymer status in order to
model the shear-induced polymeric erosion, i.e., 1 representing
the noneroded status while 0 the eroded status. Following the ero-
sion mechanism proposed by Culter et al. [41], a WSS threshold
[sero] is adopted to determine whether or not the chain scission
would take place, i.e.,

qe ¼ 1; se
w < ½sero�

0; se
w � ½sero�

�
(7)

If the elemental WSS on the solid wall surface exceeds the
threshold, the polymer chain in this element is assumed to be
fully dissolved in the specific time step and then it will be
washed away from solid boundary into a fluid element. If ele-
mental WSS is below the erosive threshold, this element
remains unaffected in the structure at the current time step. This
process continues until all the solid elements are eroded or the
WSS of all remaining elements are below the erosive threshold,
leading to a stabilized status of shear-induced erosion process.

It must be pointed out that there is no specific time scale
involved in the proposed erosion model and we use the term
‘time step’ to denote the iteration process. Throughout the
entire process, the WSS threshold [sero] is predefined and
remains unchanged, which allows yielding comparable erosion
outcomes between initial and optimized scaffolds under the
same conditions. Nevertheless, any experimental data of WSS
threshold from fluid-induced erosion tests can be implemented
into the algorithm to generate a time-specific simulation once
available.

2.4 Scaffold Periodicity and Homogenization Method. In
this study, we would like to focus on a specific category of scaf-
folds, i.e., those with cellular (periodic) microstructures, which
has drawn significant attention due to its designable architectures
and programmable effective properties via the solid free-form
fabrication (SFF) technique [20]. To characterize the periodicity
of scaffold, the design domain is extracted from scaffold peri-
odic microstructure as a base cell or representative volume ele-
ment (RVE), where the periodic conditions are applied and
given as

qmð~xÞ ¼ qMðx; dÞ
~xh i � xh i

(8)

where qm and qM are two different expressions of elemental den-
sity under microscopic coordinates ~x and macroscopic coordinates
x. d represents the periodicity index and �h i denotes the span mod-
ulus in micro- or macro-scales [42].

Since it has been well-known that the microstructure of porous
or multiphasic materials plays a decisive role in effective (bulk or
macroscopic) properties [43], it is thus crucial to quantitatively
define the relationship between these two distinct length scales. Fol-
lowing the mathematical derivations of the homogenization method
(interested readers may wish to refer to the article by Hassani and
Hinton [42] for a detailed review of the homogenization procedure),
the energy form of effective stiffness tensor C

H can be given as

CH
pqrse

0ðklÞ
pq e0ðijÞ

rs ¼ 1

Yj j

ð
Y

h
ðe0ðklÞ

pq � e	pqðuklÞ
iT

Cpqrs

h
e0ðijÞ

rs � e	rsðuijÞ
i
dY

(9)

where C is the stiffness tensor of a solid base material and Y the
periodicity. e0 denotes the test strain field and e* the fluctuation
strain field induced by the inhomogeneity of RVE. The character-
istic displacement field u

kl can be obtained by solving

ð
Y

Cijpq

@ukl
p

@yq

@vi

@yj
dY ¼

ð
Y

Cijpqe
0ðklÞ
pq

@vi

@yj
dY (10)

where e0 is chosen as the unit vectors for simplicity [43]
By introducing the finite element method (FEM) into the ho-

mogenization equations, the effective stiffness tensor can be
rewritten by substituting unit test strains e0 into Eq. (9), as

CH
ijkl ¼

1

Yj j
X

e

Yej j½ðue
0ðe0

ijÞ � ueðe	ijÞ�
T
Ke

ijklðqeÞ½ue
0ðe0

klÞ � ueðe	klÞ�

(11)

where KeðqeÞ is the local stiffness matrix of element e as a func-
tion of elemental density qe. ue

0ðe0
ijÞ and ueðe	ijÞ are the nodal dis-

placements associated with the unit test strain e0
ij and fluctuation

strain field e	ij, respectively. Thus, if the structure (often character-
ized by the density distribution function) of RVE and the periodic-
ity Y are given, it is convenient to obtain the effective stiffness
tensor CH through Eq. (11).

Similarly, the effective permeability of scaffold microstructure
can be defined as [28]
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PH
ij ¼

1

Yj j
X

e

pe
ijðqeÞ 1� @vi

@yj

� �
(12)

where peðqeÞ is the local permeability tensor as a function of ele-
mental density qe. vi is a solution to the characteristic equation

@

@yi
pijðyÞ � pijðyÞ

@vðyÞ
@yj

� �
¼ 0 (13)

Based on the homogenization procedure, the effective stiffness
and permeability of scaffold microstructure can be obtained;
therefore the evolution of mechanical properties can be modeled
during erosion process.

2.5 Numerical Implementation. In the recent years, compu-
tational fluid dynamics (CFD) has been found particularly
promising for predicting the fluid behavior within scaffold micro-
structures. Existing studies explored the flow conditions in a num-
ber of tissue engineering scenarios, such as cylindrical scaffolds
[44], shear stress in 3D scaffolds with different pore geometries
[45], and WSS and other mechanical stimuli in porous scaffold
structures in bioreactors [46,47], which offered vital biomechani-
cal insights into the characterization of bio-fluidic environment
within porous scaffolds, thereby overcoming the difficulties of
various experimental means and shortening the traditional trail-
and-error process. Following such existing work, the design do-
main is discretized into 60
 60
 60 elements in all the following
examples. The density and dynamic viscosity of fluidic phase are
both considered constant with the values of 1000 kg/m3 and
8.2
 10�4 kg m�1 s�1, respectively [45].

In the BESO algorithm, each element in the RVE domain has
only two status, either void (bio-fluid; q¼ 0) or solid (material;
q¼ 1). Thus, for the homogenization approach, the elemental iso-
tropic stiffness and permeability tensors of bio-fluid and scaffold
matrix are also linked to the elemental status (density) in terms of
Young’s modulus E and permeability coefficient p, respectively.
To be more specific, the Young’s modulus and Poisson’s ratio of
polylactide (PLA) materials are adopted here as 1 GPa and 0.35,
while the permeability coefficient of void phase is set as
1
 10�14 m4/N/s

E ¼ 1 GPa; q ¼ 1 ðsolid=materialÞ
1
 10�5 GPa; q ¼ 0 ðvoid=bio-fluidÞ

�
(14)

p ¼ 1
 10�19m4=N=s; q ¼ 1 ðsolid=materialÞ
1
 10�14m4=N=s; q ¼ 0 ðvoid=bio-fluidÞ

�
(15)

To simulate the fluid characteristics in a periodic scaffold micro-
structure, it is assumed that the flow in structural (macroscopic)
scale undergoes the same level of pressure loss throughout each
RVE in macroscopic scale. Thus the periodic boundary conditions
can be approximated by a pair of velocity and pressure boundaries
on the opposite faces with prescribed pressure difference [46].
Without loss of generality, the inlet velocity is set as 50 lm s�1

and zero-pressure condition is applied on the opposite surface,
indicating a constant pressure drop through each RVE.

A flow chart is provided in Fig. 1 to clarify the whole procedure
of BESO topology optimization and shear-induced erosion algo-
rithms, which specifically describes:

• Topology optimization of scaffold micro-architecture (Do
iteration):
(1) Determine the initial guess and proper boundary condi-

tions for CFD analysis
(2) Calculate elemental WSS and its relative ranking for

interfacial solid and fluidic elements
(3) Apply the BESO procedure: downgrade solid elements

and/or upgrade fluidic elements towards a more uniform
WSS until convergence

• Shear-induced erosion simulation for scaffold microstructure
(For time step):
(1) Calculate the elemental WSS in the scaffold microstructure
(2) Compare the WSS magnitude against the prescribed ero-

sive threshold [sero] to determine the elemental erosive
status

3 Results

To demonstrate the effectiveness of the proposed methods, sev-
eral examples with different flow conditions and initial designs
are presented below.

3.1 90 deg Turn Pipe – A Benchmark Test. To validate the
proposed BESO topology optimization method, a benchmark
problem of a 90 deg turn pipe is firstly presented here [48–50]. An
initial design with only 5% solid material is considered, which is
allocated in the 12 edges (i.e., a truss structure) of the cubic design
domain. The volume constraint Vc of solid phase is set as 90%,
where a volume difference of 85% between initial design and pre-
scribed constraint is deliberately presented in order to validate the
proposed BESO approach. A circular inlet (A) is placed on the
bottom surface, while a circular outlet (B) is connected to the lat-
eral surface as shown in Fig. 2(a). Figure 2(b) illustrates the opti-
mized fluid domain in terms of the WSS criterion, in which the
design domain converges to a single bent pipe. The optimized
configuration shows good agreement with the benchmark solution
in literature [48,49]. Figure 2(c) plots the evolutionary history of
objective function and volume fraction. It can be seen that the vol-
ume fraction of solid phase gradually converges to its constraint
from 5% to 90% over these 120 iterations. In addition, the WSS
spectrum in Fig. 2(d) exhibits a relatively narrow band of distribu-
tion, confirming that wall shear stress within the optimized struc-
ture becomes more uniform after the optimization.

3.2 Designs Under Tri-Directional Flow. In the second
example, the initial design is defined as four isolated bars in the
vertical direction. To generate a tri-directional flow within RVE,
the prescribed pressure conditions are applied on all three pairs of
corresponding faces. Figure 3(a) shows the evolutionary history
and snapshots of topological changes during the optimization. It is
observed that, the solid material is shifted from the highly-
stressed region to the lowly-stressed region. As such, the initial
design of four columns gradually evolves into a typical Schwarz-
P structure [51].

Fig. 1 Flow chart of BESO topology optimization and shear-
induced erosion algorithms
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Fig. 2 Benchmark design example of a 90 deg turn pipe. (a) Design problem; (b) Optimal fluid
structure; (c) Evolutionary histories of objective function and volume fraction of solid phase;
and (d) WSS histogram after the optimization.

Fig. 3 Design optimization of scaffold micro-architecture under tri-directional flow with the ini-
tial design of four isolated vertical bars. (a) Convergence history and topological snapshots dur-
ing optimization; and (b) Shear-induced erosion histories of initial and optimized designs;
(c)–(d) Effective stiffness and permeability components of the initial and optimized scaffold
designs.
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After the optimization, the erosion processes of both initial
design (four vertical columns) and optimized architecture
(Schwarz-P) are examined. Note that all the elements will be
eroded if the threshold is too high while no elements are eroded if
it is too low, the threshold is chosen such that degradation is
allowed to take place in a progressive way but will remain
unchanged for each problem, making the comparison of erosive
processes between the initial and optimal designs possible. The
results are plotted in Fig. 3(b), where the change in scaffold vol-
ume and relevant structural snapshots during shear-induced ero-
sion are displayed. It is clear that the optimal design exhibits a
significantly slower erosion rate than the initial design all the way
through the entire shear-induced erosion process and takes a con-
siderably longer lifetime to be fully dissolved.

The variations of effective stiffness and permeability compo-
nents of both initial and optimized scaffold designs predicted by
the homogenization method are shown in Figs. 3(c) and 3(d),
respectively. For the effective stiffness, it can be found that all the
stiffness components in both designs decrease dramatically as the
erosion progresses, while the stiffness of the optimized scaffold
can last more than 17 time steps compared to the initial design
which lasts much fewer time steps. On the other hand, the flow-
induced erosion significantly enhances the effective permeability
in both cases. Increase of the effective permeability is slower in
the optimal design than that in the initial design, indicating an op-
posite trend to the variation of the effective stiffness. Neverthe-

less, it should be noted that the optimized design maintains its
main architectural features over almost 20 time steps while the
microstructure of initial design quickly disappeared under flow-
induced erosion within 10 time steps, losing almost all stiffness
and strength.

3.3 Designs Under Mono-Directional Flow. The third
example adopts the same initial design as the second one, but using
a smaller constraint of volume fraction (Vc¼ 0.1). Only one pair of
prescribed velocity-pressure conditions is applied to generate a
mono-directional flow, while periodic conditions are applied on
the other pairs of lateral surfaces to mimic the scaffold microstruc-
ture. Figure 4 illustrates the initial, intermediate and final designs,
respectively. It is observed that these four columns stretch along
the flow direction in the first 10 iterations, and gradually form two
thin plates parallel to the flow direction (k¼ 25). Interestingly,
these two thin plates further form two thick bars (k¼ 100), which
finally merge into a single and thicker bar (k¼ 200).

Figure 5(a) compares the WSS distributions in the initial and
optimal designs. It can be seen that the WSS spectrum changes
from a spread-out distribution into a very sharp peak that indicates
a much more uniform WSS. Following the optimization, the ero-
sion process is simulated as illustrated in Fig. 5(b). Similarly to
example 2, the optimized design exhibits a much longer erosion
lifetime than the initial one.

To investigate whether the solution is dependent on the initial
guess, we attempted another trusslike structure subjected to a hori-
zontal flow. The topological evolutions are illustrated in Fig. 6(a).
It is seen that the through-holes on the lateral surfaces gradually
shrink, while the channel in the flow direction grows progres-
sively, resulting in a single through channel for such a mono-
directional flow. Figure 6(b) exhibits the WSS spectrums of initial
and optimal designs.

The erosion simulations of initial and optimized designs are
shown in Fig. 7. It is found in Fig. 7(a) that, although the initial
design has a slightly slower erosion rate in the first 18 time steps,
the optimal design erodes much more slowly in the later stage.
Moreover, since the lateral surfaces of optimized structure are dis-
connected under mono-directional shear flow, only effective stiff-
ness and permeability components in the x direction are presented
in Figs. 7(b) and 7(c), in which they present similar trends to the
results shown in Fig. 3(c)–3(d).

4 Discussion

This paper proposes a bi-directional evolutionary structural
optimization (BESO) approach to seeking the optimal scaffold
microstructures in different circumstances, in which an elemental
manipulation algorithm is implemented for the WSS uniformity
criterion, i.e., the solid elements with a higher level of WSS are

Fig. 4 Topological evolutions during design optimization
under mono-directional flow (k denotes the iteration number).
Initial design: four isolated vertical bars.

Fig. 5 Design optimization under mono-directional flow. Initial design: four isolated vertical
bars. (a) Wall shear stress histogram and (b) erosion processes of the initial and optimal
structures.
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switched to fluid elements, while the fluid elements with a lower
level of WSS are turned into solid elements. Following the pro-
posed BESO procedure, the shear-induced mechanical erosion
of polymers is also modeled. The examples demonstrate the
applicability of proposed topology optimization method and
shear-induced erosion model. It is important to mention that,
within the context of scaffold micro-architectural design, there
have been some reports available in which topology optimization
technique was employed for the design of scaffold solid (polymer)
phase. In this regard, Hollister and the coworkers [52] were
among the first to introduce the homogenization approach to char-
acterizing the trabecular bone micro-architectures. Further devel-
oped by Lin et al. [24], an inverse homogenization method was
also implemented to seek optimal scaffold microstructures with
desired (host-bone like) effective stiffness and porosity [28,53].

Following these successful attempts, increasing interest has been
consistently placed to the design of solid phase in scaffold micro-
architectures [53,54]. Having understood the necessity for gener-
ating a physiological uniform level of WSS distribution in the bio-
fluidic phase for promoting cellular attachment and mechanobio-
logical response, this paper presents a novel approach to the scaf-
fold design for tissue engineering with a new criterion of bio-
fluidic WSS.

Since the optimization problem presented herein aims to obtain
a uniformly-distributed WSS on scaffold wall surfaces, while
WSS represents a local quantity whose derivation of stress sensi-
tivity is by no means easy (if not impossible), it is thus rather chal-
lenging to solve the optimization problem by using gradient-based
algorithms. For this reason, various nongradient topology optimi-
zation approaches have been established to deal with stress

Fig. 6 Design optimization of scaffold micro-architecture under mono-directional flow. Ini-
tial design: inter-connected bars. (a) Convergence history and topological snapshots during
optimization and (b) WSS histograms of initial and optimized designs.

Fig. 7 Shear-induced erosion of optimized design under mono-directional flow. (a) Evolu-
tions of scaffold volume loss in the initial and optimized designs and corresponding RVE
structures. (b)–(c) Effective stiffness and permeability in the x direction of both initial and
optimized scaffold designs. Since the lateral surfaces of optimized structure are weakened
under mono-directional shear flow, only the component in the x direction is presented.

Journal of Biomechanical Engineering AUGUST 2011, Vol. 133 / 081008-7

Downloaded 14 Oct 2011 to 111.187.77.149. Redistribution subject to ASME license or copyright; see http://www.asme.org/terms/Terms_Use.cfm



problems [48,55,56]. In this study, the bi-directional evolutionary
structural optimization (BESO) is adopted.

In the first benchmark example, an obvious convergence history
can be observed for the WSS objective function with a large
volume variation, demonstrating the effectiveness of the proposed
BESO approach. However, the objective function exhibits a cer-
tain fluctuation during the first 120 iterations as shown in Fig.
2(c), mainly caused by the continuous elemental manipulations
between fluidic and solid elements subject to the prescribed vol-
ume constraint, which may deteriorate the smoothness of solid-
fluid interface; thus influencing the interfacial flow characteristics.
Meanwhile, introducing the volume variation ratio t into Eq. (5)
to reduce the volume change in each iteration results in a conver-
gence trend in the BESO procedure, as seen in Fig. 2(c). It is also
noteworthy that the resultant WSS distribution seems not com-
pletely uniform. This is because the optimized structure in this
benchmark problem exhibits a certain curvature, where the flow
flux is not perfectly uniform inside the fluid structure [48]. None-
theless, the topological change taken place in this example is
rather noteworthy, emerging an initial structure of 12 square bars
into a single 90� turn tube. Although this example is not a direct
scaffold-related application, it benchmarked the effectiveness of
the proposed BESO-based optimization algorithm for the pro-
posed WSS uniformity criterion.

In the second example for the tri-directional flow, a Schwarz-P
structure is finally obtained. It is important to note that such an op-
timum seems to well correlate with those obtained from minimal
energy dissipation [50], and extremal stiffness and permeability
[30] in literature, which has been found particularly promising in
the previous studies of scaffold design [51]. The Schwarz-P struc-
ture obtained in this example also provides some further implica-
tions in the design of scaffold micro-architecture for the proposed
WSS criterion. It should be pointed out that although the flow con-
dition is tri-directional and orthogonal, the erosive process in
Fig. 3(b) undergoes somewhat nonorthogonal evolutions, showing
the fact that the final design after the optimization is not perfectly
orthogonal due to numerical errors.

It must be noted that due to different chemical properties, more
in vitro experiments are needed to measure the WSS threshold for
shear-induced erosion of different scaffold materials and different
bio-fluids. In this respect, the WSS threshold [sero] for shear-
induced polymer erosion is selected empirically in this paper,
which results in dimensionless data plotted in the x-axis (time step
rather than specific time (e.g., day)) in the erosion figures. How-
ever, no matter what the specific threshold is adopted, the compar-
ison of qualitative assessment of shear-induced erosion for the
comparison of initial and optimal scaffold micro-architectures is
valid. Under the same shear flow condition, optimal structures
consistently exhibit a better stability and a longer lifetime in the
erosion processes modeled.

In addition to the volume loss of scaffold under the shear-
induced erosion shown in Figs. 3(b) and 7(a), the homogenization
procedure provides us with a ‘real-time’ insight into the changes
of macroscopic effective properties of scaffolds. As erosion pro-
gresses, more and more scaffold elements are eroded under shear
flow, resulting in significant drop in effective stiffness and
increase in effective permeability. It is found that the effective
stiffness of the optimized scaffolds is higher than those of the ini-
tial designs in the examples. This would be rather beneficial to
maintain long-lasting mechanical properties (when required) for
scaffolds under shear flow. As a result, the operational lifetime of
optimized scaffold is expected more persistent (approximately
twice higher in the given examples) and provide a longer mechan-
ical support to the desired tissue regeneration [53,57].

In this study, a simplified in-scaffold flow induced by a pair of
velocity and pressure boundary conditions is considered.
Although this approach has been successfully implemented in
exploring the in-scaffold flow characteristics [37], more realistic
mechanical boundary conditions, such as the contact interfaces
between scaffold and surrounding tissue [58], the inlet and outlet

locations of interstitial fluid and vascularization obtained from
micro-CT or MRI imaging techniques can be applied to current
flow model to characterize the realistic in-scaffold flow. It should
be pointed out here that, no matter what values that one assigns to
the velocity boundary condition, the optimal topology would
remain similar since the optimal criterion given in Eq. (3) took the
relative value of se

w � �sw. In other words, the topology optimiza-
tion algorithm relies on the difference of se

w and �sw. For the ero-
sion model, the erosion process does not solely rely on the
magnitude of inlet velocity, but on the relative relation between
the WSS generated from the inlet velocity and threshold [sero].
Thus for a given [sero], the comparison of erosion processes
between initial and optimized scaffold microstructures is valid.

For the erosion model, the mesh density may affect the erosion
process. This is because we adopted ‘time step’ rather than ‘real
time’ as the unit of time frame in the erosion model. In each time
step, only interfacial elements are allowed to erode; therefore it
might take more time steps to erode the whole scaffold when a
denser mesh is adopted for modeling scaffold solid. Nevertheless,
the comparative relation between the erosion processes of initial
and optimized cases still holds as long as the mesh sizes are the
same.

Figure 8 shows the assembled optimized scaffold macrostruc-
tures (4
 4
 4 RVEs) obtained from the two representative
examples, i.e., under tri- and mono-directional flows. It has been
illustrated clearly that the optimal scaffold exhibits a considerably
more uniform WSS distribution, which is considered rather bene-
ficial to the cellular mechanobiological response to the in-scaffold
bio-fluid. As the rapid development of solid free-form fabrication
technique [19], the optimal designs have good topological features
to be prototyped for in vitro and in vivo tests.

Note that flow-accelerated corrosion, erosion and degradation
signify a special and important class of bioengineering problems,
where erosion of polymeric scaffolds under a shear flow in bio-
reactor represents a typical application. In this respect, WSS plays
a critical role in influencing erosion rate, which could determine
the service life of some key components that are directly contact-
ing with fluids. It is noted that although the effect of WSS on ero-
sion has been well recognized in many experimental studies, the
mechanism of real shear-erosion is rather complex, involving a
range of chemical and physical complications, which have not
been specifically addressed in this study. Other mechanical fac-
tors, such as pressure, flow velocity, solid-state stress and strain
deformation etc., may also be the important parameters in regulat-
ing the performance of tissue scaffolds in vivo and in vitro. It
must be also pointed out that slow erosion and long-lasting me-
chanical and structural features would depend on the applications
and sometimes may not be required. The future work can be
devoted to the studies on the tissue regeneration within optimized
scaffold micro-architectures and/or explore other design criteria
abovementioned, both numerically and experimentally.

Fig. 8 Two representative optimal scaffold macro-structures
(4 3 4 3 4 RVEs) designed by the WSS uniformity criterion. (a)
Design under tri-directional flow as obtained from Fig. 3(a); (b)
under mono-directional flow as obtained from Fig. 6(a).
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