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1. Abstract

While excellent biological and mechanical properties of ceramic scaffolds place them amongst the main
candidates for applications of bone and cartilage repair, an optimum trade-off between critical biological and
mechanical functions remains challenging during design process. These ceramic scaffolds should not only
enhance tissue regeneration function, but also be of adequate mechanical strength particularly in load-bearing
applications. One of the techniques used for the fabrication of ceramic scaffolds is robocating which has so far
received little attention in the currently available optimization analyses related to the design of these scaffolds. In
this study a vigorous optimization analysis based on finite element (FE) method is performed to maximize
compressive strengths of such scaffolds while maintaining the minimum biological functions required for tissue
ingrowth. The results demonstrate that an optimized functionality of ceramic scaffolds fabricated by robocasting
needs a careful design of critical geometrical features.
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3. Introduction

Today, there is an increasing need for the treatment of bone defects caused by trauma, infection, or injuries.
Current treatments for bone defects include autografts, allografts and other synthetic substitutes such as metals
and bio-ceramics [1] which all have their own problems and limitations. As a result, recent research has been
devoted to bone tissue engineering (BTE) which emerged in the early 1990s to address limitations of tissue
grafting [2]. In the scaffold tissue engineering strategy, a 3D scaffold populated with cells and signaling
molecules is used to provide temporary biomechanical environment for tissue regeneration for promoting cell
attachment and growth of neo-tissue. Despite remarkable progress in BTE, many challenges and limitations still
exist on the way of such scaffolds to be marketed and replace current conventional treatments of bone defects.
One of the most important challenges associated with BTE scaffolds is to optimize their mechanical and
biological functionality so that they can provide adequate mechanical support and enhance tissue regeneration.
These two functions often result in conflicting design goals, because improved mechanical support function
needs a dense scaffold while enhanced tissue regeneration function requires a porous scaffold. Therefore, an
optimum trade-off between biological and mechanical criteria is necessary in the design of bone scaffolds.

A number of different optimization studies based on numerical methods have been established in literature [3, 4].
Hollister and colleagues [5] were amongst the first who applied the finite element based homogenization theory
to relate periodic orthogonal pore diameters of a scaffold to its effective stiffness and porosity. They used
topology optimization approach to matching the effective moduli of minipig mandibular cancellous bone to
ceramic material. In other studies, the direct homogenization [6] and inverse homogenization approaches [7]
were implemented to maximize the effective modulus of BTE scaffolds. Further studies were performed by Chen
et al. [8] and Adachi et al. [9], in which the interaction process of scaffold degradation and tissue regeneration
were also taken into account in the optimization process.

While significant advances have been made in available optimization studies on tissue engineering scaffolds,
almost none of these studies have considered fabrication limitations induced by the so-called robocasting
technique. Another concern associated with currently available optimization studies is that they do not take
account of scaffold's strength as a design criterion in the optimization process because stress is a non-
differentiatable quantity [10, 11] which could have significantly limited the reliability of such optimization
approaches. Therefore consideration of fracture strength is critical to develop more trustworthy optimization
methods, particularly for ceramic scaffolds whose application in load-bearing scenarios is often limited due to
the inherent brittleness and relatively low fracture strength. Numerical methods have shown their capability to
effectively predict fracture strength of such scaffolds based on the stress fields obtained by FE simulations [12].
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In this study, FE method will be used to conduct a design optimization analysis of Hydroxyapatite (HA)
scaffolds fabricated by robocasting technique to maximize their strength for load-bearing applications.

4. Method

Different parameters such as porosity, pore size, and interconnectivity of scaffolds affect the quality of tissue
regeneration, among which porosity is the main design variable known to influence tissue regeneration [13],
which has often been considered as a biological design criterion in different optimization studies. Here, while a
constraint is imposed on the porosity of scaffolds in order to satisfy biological functions, the effect of different
geometrical features will be investigated on strength and effective modulus of the scaffolds. Since the scaffolds
are assumed to be fabricated by the robocasting technique, fabrication limitations related to this technique should
be taken into account. Robocasting or direct ink writing (DIW) technique is a solid free form (SFF) fabrication
method in which a filament of ink is extruded from a nozzle in a layer-wise fashion and ultimately forms a 3-D
mesh of interpenetrating struts whose structure can have different patterns depending on design requirements
[14]. Figure 1 shows three of most common patterns fabricated by this technique.

(a) (b) (c)

Figure 1 : Three of most common patterns fabricated by robocasting technique; (a) square pattern; (b) honey
comb pattern; (c) triangle pattern

In the first step, a comparison will be made between the fracture strengths related to each of the above patterns.
For this purpose, three different scaffolds based on these patterns are created in SolidWorks software. All three
scaffolds have similar porosity, strut and pore size. Then FE simulations are carried out using ABAQUS/CAE
software in which the scaffolds are placed in between two parallel analytical rigid plates. One of the rigid plates
is fixed while the other can move under the action of a linearly increasing applied force. The force is applied
perpendicular to the printing plane (x-y plane) simulating a compression test in the z direction. Fracture strength
for each test is predicted based on a critical stress criterion by assuming an opening fracture mode (mode I),
which is the most commonly activated in brittle materials [15]. This fracture mode is known to induce cracking
perpendicular to the rod axes over the entire structure at the points experiencing the highest tensile stress (oy)
[12]. Hence, in the current analyses, fracture is presumed to occur when the maximum of o in the structure
equals the inert fracture strength (of) of the rods reported in [12]. For instance, Figure 2 represents FE stress
contours corresponding to the highest range of tensile stress in the square pattern. Since an applied compressive
stress of 39 (MPa) on the top surface leads to the maximum tensile stress equivalent to oy in the structure, it will
be taken as the compressive strength of the scaffold. For the determination of the maximum of tensile stress,
stress at near-contact regions and singularities are ignored. Intrinsic mechanical properties of HA [12] used in
current numerical simulations have been given in Table 1.

Table 1 : Intrinsic mechanical properties of HA

E (GPa) v ot (MPa)
Hydroxyapatite (HA) 85 0.28 80

Table 2 represents the mechanical properties related to the three different configurations of tissue scaffolds
obtained by FE analysis.



Table 2 : Mechanical properties for the three different configurations of scaffolds

Square pattern Honey comb pattern Triangle pattern
Compressive strength (MPa) 39 6.5 33.8
Compressive effective modulus (GPa) 11.7 4.08 11.7

The results show that square pattern offers the highest compressive strength compared with the other two
topologies. Another fact that can be concluded from the above results is that effective modulus of scaffolds may
not be correlated to their strength, because as it can be observed, while square and triangle patterns have similar
effective modulus, their strengths are not the same. Moreover, honey comb pattern offers an effective modulus
which is almost three times less than the one related to square pattern, nevertheless, its strength is more than 6
times smaller than the one for square array. All these results signify the importance of considering strength as an
optimization criterion for the design of bone tissue engineering scaffolds.
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Figure 2 : FE stress contours corresponding to the highest range of tensile stress in the square pattern when a
compressive stress of 39 MPa is applied perpendicular to the top surface (note that the stress contour shows only
the top range of tensile stresses and the rest in grey indicates the lower stress)

Since it was observed that the square pattern offers better mechanical properties, the geometry of this pattern will
be optimized as follows. In order to define controllable geometrical features, a representative volume element
(RVE) whose repetition forms the entire scaffold needs to be defined. A RVE can often be found within
scaffolds fabricated by the robocasting technique. Figure 3a clearly shows how the repetition of a RVE forms a
scaffold with a square pattern.

Figure 3 : A scaffold with square array fabricated by the robocasting technique; (a) the scaffold and a section
displayed in black color represents a RVE within the scaffold; (b) controllable geometrical features in a RVE



Once a RVE is extracted from the scaffold, its geometrical features can be defined in terms of three controllable
parameters as shown in Figure 3b. These parameters include scaffold's pore size in the printing plane (Py.),
radius of each strut's cross section (r), and overlapping depth of two struts at top of one another (f). Given that
the RVE is used to represent the entire scaffold, the porosity of scaffold can be expressed as:

27r*(p,_, +2r) -2V,
(4r-2f)(p,_, +2r)
where V; represents the intersection volume of two overlapping struts at top of one another, expressed as:

r N Jri-(2r-f-x)?
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Given that a desirable minimum value is required for porosity in order to satisfy tissue ingrowth function, the
effect of other geometrical features on the strength and effective modulus of scaffolds can be investigated. It is
obvious that at least two of the aforementioned geometrical features must change simultaneously, in order to
maintain a constant desirable porosity of the scaffold. In this study a constraint is imposed on the porosity of
scaffold (porosity = 60%), and 8 scaffolds with similar strut's radius (r) but different pore size (P,.,) and
overlapping depth (f) will be compared. Ratio of overlapping depth to radius (f/r), which can be easily adjusted
during fabrication process by changing layer spacing, has a range from 10% to 80% in this study [16, 17]. The
details of geometrical features related to these 8 scaffolds are given in Table 3.

Porosity =100x|1-

@

Table 3 : Details of geometrical features related to 8 different scaffolds

fir Pyy (um) f (um) Porosity
Scaffold 1 0.1 1140 30 60%
Scaffold 2 0.2 1080 60 60%
Scaffold 3 0.3 1020 90 60%
Scaffold 4 0.4 960 120 60%
Scaffold 5 0.5 900 150 60%
Scaffold 6 0.6 840 180 60%
Scaffold 7 0.7 780 210 60%
Scaffold 8 0.8 720 250 60%

5. Results and discussion

Figure 4 draws a comparison between compressive strengths related to these 8 different scaffolds with varying
pore sizes (P.,) and overlapping depths (f) listed in Table 3. While a constant porosity is maintained for all
scaffolds, a change in their controllable geometrical features can result in significant improvement of their
compressive strength. It was observed that the optimum ratio of f/r for the geometry of such scaffolds is around
0.4. In fact, this optimized geometry could enhance the compressive strength by 32% and 17% compared with
the cases in which f/r was 0.1 and 0.8 respectively.
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Figure 4 : Comparison between compressive strengths related to scaffolds with different f/r ratio



Since effective modulus of bone tissue engineering scaffolds plays an important role on their biomechanical
functions, a comparison is also drawn between the compressive effective modulus related to these 8 scaffolds,
which is presented in Figure 5. The results demonstrate that the optimized geometry will possess a greater
effective modulus as well. Interestingly, it was observed that effective modulus for the optimized geometry (f/r =
0.4) was enhanced by 52% compared with the worst case (f/r = 0.1), whereas this improvement was only 32%
for the compressive strength, a fact that shows it is important to take into the account the mechanical strength of
scaffolds in the design optimization of bone tissue engineering scaffolds.
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Figure 5 : Comparison between effective modulus related to scaffolds with different f/r ratio

6. Conclusion

This article could provide valuable insight into the optimization of ceramic scaffolds for bone tissue engineering
applications fabricated by the robocasting technique. The results demonstrated that an optimized functionality of
such scaffolds needs a careful control over particular geometrical features during design process. The square
patterns showed better mechanical properties in terms of compressive strength compared with honey comb and
triangular patterns. Moreover, for a square pattern, the results confirmed that an optimum relationship exists
between its geometrical features which would significantly increase the compressive strength of such scaffolds
while a constraint is imposed on its total porosity. It was also observed that effective modulus of scaffolds may
not always represent their strength, a fact that signifies the importance of fracture strength to be considered as a
design criterion in optimizations analyses of scaffolds.
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