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Abstract

Osteochondral (OC) defects usually involve the damage of both the cartilage and its
underneath subchondral bone. In recent years, tissue engineering (TE) has become the
most promising method that combines scaffolds, growth factors, and cells for the repair
of OC defects. An ideal OC scaffold should have a gradient structure to match the
hierarchical mechanical properties of natural OC tissue. To satisfy such requirements,
3D printing, e.g., direct ink writing (DIW), has emerged as a technology for precise and
customized scaffold fabrication with optimized structures and mechanical properties.
In this study, finite element simulations were applied to investigate the effects of pore
geometry on the mechanical properties of 3D printed scaffolds. Scaffold specimens
with different lay-down angles, filament diameters, inter-filament spacing, and layer
overlaps were simulated in compressive loading conditions. The results showed that
Young’s moduli of scaffolds decreased linearly with increasing scaffold porosity. The
orthotropic characteristics increased as the lay-down angle decreased from 90° to 15°.
Moreover, gradient transitions within a wide range of strain magnitudes were achieved
in a single construct by assembling layers with different lay-down angles. The results
provide quantitative relationships between pore geometry and mechanical properties of
lattice scaffolds, and demonstrate that the hierarchical mechanical properties of natural
OC tissue can be mimicked by tuning the porosity and local lay-down angles in 3D

printed scaffolds.
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1 Introduction

Osteochondral (OC) interfaces are specialized and integrated structures in the joints
between bones in the human body; these interfaces consist of multiple tissue elements,
mainly including cartilage, calcified cartilage, and bone. OC injuries can lead to joint
malfunction and ultimately to the development of degenerative diseases such as
osteoarthritis (Mobasheri er al., 2014, Rodrigues et al., 2011). OC defects have poor
regenerative potential; clinical findings indicate that there is no existing medication to
substantially promote the healing process; surgical procedures (e.g., autografts) are
normally required for OC tissue repairing (Schroeder and Mosheiff, 2011, Chiang and
Jiang, 2009). However, these interventions are limited by the supply of autograft tissue

in the human body (Jakob ez a/., 2002).

To date, tissue engineering approaches have been used to create three-dimensional (3D)
porous scaffolds out of biocompatible materials; these porous scaffolds facilitate
adhesion, proliferation, differentiation, and migration of cells to facilitate tissue
regeneration (Shuai er a/., 2020b, Feng et al., 2019). Due to the physiological interfacial
transition from cartilage to subchondral bone in natural OC tissue, the most important
consideration is that the scaffold features (e.g., pore size and pore shape) should (a)
mimic the gradient characteristics to aid nutrient delivery and tissue regeneration, and
(b) possess compatible mechanical properties with the host tissue to achieve optimal
structural integrity (Athanasiou er a/., 1994, Boschetti et a/., 2004, Shuai et al., 2020c).
Natural OC tissue is composed of the cortical bone, the cancellous bone, and the
cartilage, which generally become more ductile towards the cartilage region with

changed orientation of collagen fibers (Gibson, 1985, Sabree er al., 2015, Athanasiou



etal., 1994, Boschetti er al., 2004, Sophia Fox ef al., 2009). This complicated structure
poses a challenge for scaffold design, especially in terms of mimicking the transition

of mechanical properties between different regions (Shuai ez a/., 2020a).

One method to develop OC tissue scaffolds involves using biphasic, triphasic or
multiphasic layers, or gradient structures to mimic the bone and cartilaginous phases of
natural OC tissue (Schek ef al., 2004). Schaefer e al. (2000) described scaffolds made
of polyglycolic acid (PGA), poly-lactic-co-glycolic acid (PLGA) and polyethylene
glycol (PEG), respectively. Those two constructs were sutured together. Jiang ef al.
(2010) presented a triphasic scaffold, where (a) the bone phase was based on PLGA
and bioactive glass composite, (b) the cartilage phase was created using agarose
hydrogel, and (c) the intermediate phase contained a combination of agarose hydrogel
(similar to the cartilage phase), PLGA, and bioactive glass. The three phases were

fabricated separately and then pre-integrated as a scaffold using a customized mold.

Previous reseach indicated that biphasic or triphasic scaffolds yielded good repairs of
OC defects in vitro or in vivo; however, in most cases, the fabrication of those scaffolds
requires joining individual phases together using suturing, glue, or press fitting, which
could result in delamination after transplantation due to insufficient bond strength
(Nooeaid ef al., 2012, Raghunath et al., 2007). To overcome the problem of
delamination and obtain functional gradient in a single construct, Dormer ef a/. (2010)
developed new fabrication methods to produce gradient PLGA scaffolds controlled by
a designed program. The in vitro experiments showed increased cell attachment,
production of extracellular matrix, glycosaminoglycan, and collagen content, as well as

alkaline phosphatase activity of mesenchymal stem cells in gradient scaffolds with pore



size increased from 70 to 220 pum in comparison with those having a uniform pore size.
However, traditional fabrication methods (e.g., salt leaching, gas forming, and freeze-
drying) have limited control of pore geometries, mechanical properties, and
interconnectivity. Such limitations may lead to a non-uniform distribution of cells,
which can prevent the cells from properly functioning (Do ef al., 2015, Wiist et al.,

2011).

3D printing (3DP) has emerged as a new technology in the field of tissue engineering
due to its capability to create (a) personalized scaffolds for patients and (b) scaffolds
with well-defined porous features (Yang er al., 2018). Among many 3D printing
methods, direct ink writing (DIW) has been widely used to fabricate tissue scaffolds
since this processing approach can be performed at ambient temperature, enabling the
incorporation of biomolecule and/or cells (Trachtenberg ez al., 2017, Park et al., 2011,
Gongalves et al., 2016). Using DIW, the scaffolds can be fabricated according to the
design that is specified in computer-aided design (CAD) models (Athanasiou ef al.,
1994, Boschetti er al., 2004). Moreover, the scaffold porosity as well as
interconnectivity for nutrient delivery and tissue regeneration can be readily modified
(Reichert ef al., 2011, Hutmacher and Cool, 2007). An example of using DIW to
fabricate a polycaprolactone (PCL)/hydroxyapatite (HA) scaffold based on a CAD
model is shown in Figure 1. The PCL/HA ink was formulated by adding nanoHA
particles into a PCL solution; the nanoHA particles were prepared in advance by a wet-
precipitation method (Huang ez a/., 2010). The DIW processing approach allows for
accurate control of the ink extrusion rate and motion of the nozzle by a computer

program. The final DIW-printed scaffold is shown in Figure 1c.



Final scaffold

Scaffold fabrication using DIW

CAD model

Figure 1: Schematic of printing a PCL/HA scaffold using the DIW technique.

Computational modeling has shown great potential in biomedical engineering research
(Chen et al., 2018, Guo et al., 2017, Guo et al., 2020), including the development of
bone scaffolds (Lacroix and Prendergast, 2002, Kaul ef al., 2015). It offers a precise
and easily adjustable approach for comparing the mechanical properties of different
scaffold designs in a timely and economical manner. Byrne e a/. (2007) applied fully
3D computational modeling approach to simulate tissue differentiation and bone
regeneration in scaffolds as a function of porosity, Young’s modulus, and dissolution
rate. Cahill er a/. (2009) used finite element analyses to compare the mechanical
properties between 3D printed and CAD designed scaffolds to identify the key factors
that affect the mechanical properties of scaffold structures. San Cheong e al. (2018)
proposed new finite element algorithms to predict bone ingrowth and model the effect
of surface modification on osteoconduction in porous scaffolds. Entezari er al. (2019)
developed a simple and efficient computational modeling approach for characterizing

strain and total strain energy in bond scaffolds.



The finite element method (FEM) is one of the most commonly used numerical
methods to simulate the mechanical properties of 3D scaffolds. Sandino ez al. (2008)
analyzed the strain distribution within calcium phosphate scaffolds and biodegradable
glass scaffolds. Melchels ef a/. (2010) designed CAD models with various structures
and evaluated the mechanical properties by simulation of compressive testing. Ali and
Sen (2017) analyzed the effective elastic modulus, compressive strength, permeability,
and fluid flow-induced wall shear stress as a function of porosity. Hendrikson ef al.
(2017) showed the significant impact of scaffold architecture on mechanical strain
distribution. Naghieh ef a/. (2018) developed both linear and non-linear FE models to
predict the elastic modulus of alginate scaffolds. Rodriguez-Montafo ef a/. (2018) used
poroelastic models to investigate the influence of scaffold design parameters on the
mechanical response in different load regimes. Wang er a/. (2018) evaluated the

mechanical properties of porous Ti scaffolds with different pore structures.

Most previous studies focused on the influence of pore size and porosity on the
mechanical properties of scaffolds (Naghich er a/., 2016, Eshraghi and Das, 2010,
Diego et al., 2007, Lacroix et al., 2006). To the best of the authors’ knowledge, the
effect of pore shape has not been systemically investigated. Hence, the effects of
various pore shapes on the mechanical properties of scaffolds are investigated with the
aims to achieve a gradient of mechanical properties in a single scaffold construct while
still maintaining an interconnected pore network. In this paper, the finite element
method is used to evaluate the effects of pore parameters (e.g., porosity and pore shape)
on mechanical properties of the scaffolds prior to scaffold fabrication with customized

DIW. In addition to the global mechanical properties (e.g., Young’s modulus), this



study also seeks to understand the local strain distributions in various scaffold

structures.

2 Materials and methods

2.1 Design of the scaffold structure

Two types of scaffolds were designed: the first type is a cubic layered lattice structure
with a single lay-down angle. The second type is a complex structure by assembling

sections of different lay-down angles.
2.1.1 Single lay-down angle

The woodpile scaffold was designed as a cubic layered structure, based on the design
criteria in the literature (Hulbert ef a/., 1970, S. Van Bael 2012). The design criteria are
also consistent with the DIW fabrication process, in which the scaffold is printed in a
layer-by-layer manner. Each layer of the scaffold is of a square shape and has a lattice
structure (Figure 2); therefore, the entire 3D lattice scaffold forms a porous structure.

The edge length of the cubic scaffold is 9 mm (D1 = D, = L =9 mm).

The geometric properties of the lattice scaffold are defined as follows. The scaffold
pore size in the XY plane is the inter-filament spacing d.,, i.e., the distance between two
adjacent filaments on the same layer, where the filament diameter is d. The scaffold
pore size d: in the direction perpendicular to the XY plane is the distance between two
layers of filaments with the same orientation. The layer overlap f refers to the
overlapping distance between two adjacent layers. For each layer, the filaments are
placed in a parallel arrangement (i.e., they are all arranged in one direction); the

filament orientations between adjacent layers are different in order to form a lattice



structure. The angle formed by the two filament orientations between adjacent layers is
defined as the lay-down angle (viewed from the XY plane); it is measured with respect
to the X direction. Six different lay-down angles, ranging from 15° to 90° (Figure 2),
are investigated in this paper. More specifically, the effects of pore geometry are
investigated from two aspects: (a) the porosity, which can be modified by changing the
filament diameter d, inter-filament spacing d,, within the same layer, and the layer
overlap f between layers, as well as (b) the pore shape, which can be modified by

varying the lay-down angle from 15° to 90°.

Figure 2: (a) A 3D woodpile scaffold with a lay-down angel of 90° and local views to
demonstrate the design parameters; (b) Various lay-down angles and associated unit
cells in the XY plane.

2.1.2 Multiple lay-down angles

Natural osteochondral (OC) tissue covering the joint surface has a transition from hard
bone tissue to soft cartilage; this structure exhibits hierarchical/gradient mechanical

characteristics (Dorcemus and Nukavarapu, 2014). A tissue scaffold for the treatment

9



of OC lesion needs to pierce into the hard bone and be in contact with both cartilage
and bone; as such, it should mimic the gradient mechanical properties from cartilage to
a transition zone of calcified cartilage and further to bone (Vacanti and Langer, 1999,
Reichert et al., 2011, Hutmacher and Cool, 2007). Therefore, it is better to achieve the
required mechanical properties of the natural OC tissue in a single scaffold construct;
benefits of this approach include easier implantation and lower cost in terms of design
and fabrication. For this objective, a complex scaffold structure was created by
assembling six sections of layered lattices; each section has a single lay-down angle of
15°, 30°, 45°, 60°, 75°, and 90°, respectively (Figure 3). All of the sections have the
same number of layers (i.e., equal height in the longitudinal Z direction). The overall
height of the model is 15.34 mm. The cross-section (XY plane) of the scaffold is a square
(9 mm % 9 mm) and remain the same in the Z direction. Other design parameters,
including the filament diameter (600 pm), inter-filament spacing (400 pm) and layer

overlap (180 um), remain constant throughout the entire scaffold.
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Figure 3: A complex scaffold structure assembled by six sections of different lay-down
angles in a single construct; each section has three layers.

10



2.2 Finite element model

Finite element simulations were conducted to investigate the effects of pore geometry
on Young’s modulus (i.e., the apparent elastic modulus of the scaffold), compressive
strength, and strain distributions in the lattice scaffolds. All of the models used in finite
element modeling are discretized by linear tetrahedral elements. The numerical
compression tests are implemented by displacement-controlled boundary conditions.
The setup of a compression test in the vertical direction is shown in Figure 4. The
scaffold specimen is placed between two rigid plates. The bottom plate is fixed; a
displacement-controlled boundary condition is applied at the top plate to represent the
compressive loading condition. A bonded contact model is applied between the
specimen and the loading plates (i.e., no sliding or separation is allowed). The
displacement rate is 1 mm/min, which is a typical quasi-static loading rate for bone and
biomaterial testing (Luczynski ez a/., 2013, Brynk et al., 2011, Feng et al., 2018, Shuai
et al., 2020a). The final displacement is set as an equivalent vertical strain of 0.5% in
the specimen, which is within the range of elastic deformation for this composite

material.

In terms of material properties, the loading plates are assumed to be rigid; as such, the
material properties are irrelevant. The material for scaffolds is poly (g-caprolactone)
(PCL)/nanohydroxyapatite (HA) composite. For simplicity, a bilinear isotropic
hardening model is used in the simulations. The Young’s modulus value of the PCL/HA
bulk material (40 MPa) and the yield strength (3 MPa) were obtained from mechanical
compression testing of cylindrical specimens. It is worth mentioning that other
researchers (Luczynski er al., 2013, Luczynski et al., 2012) obtained different values

of Young’s modulus for similar scaffolds that were made out of other bulk materials
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(e.g., poly-l-lactide (PLLA)/tri-calcium phosphate (TCP) composite); however, the
absolute value of material Young’s modulus does not affect the correlation between the
mechanical properties of scaffolds and structural differences (as shown in the
Supplementary Figure). The Poisson's ratio is set as 0.3 (Eshraghi and Das, 2010, Van
Rietbergen et al., 1999). The PCL/HA bulk material is assumed to be homogeneous.
Some previous researchers used heterogeneous material properties (Luczynski et al.,
2012, Scheiner et al., 2009, Szlazak et al., 2019) and found that the homogeneity
assumption may lead to overestimation of the elastic modulus values in FE modeling
of biomaterials (Renders er al., 2008, Blanchard ef al., 2013, Dejaco et al., 2012).
However, a more detailed comparison (Blanchard e7 a/., 2013) using a micromechanics
model (Konigsberger er al., 2020) concluded that the difference in mechanical
properties between homogeneous and heterogeneous models becomes smaller if the
scaffold has a periodic structure and is subjected to uniform loading conditions. Since
the scaffolds investigated in this paper satisfy such requirements, the homogeneity
assumption was adopted. All the simulations were conducted using ANSYS

Workbench 17.0 (ANSYS, Inc., Canonsburg, USA).

- Displacement

. Fixed support ‘

Figure 4: Setup for the finite element simulations. An example of compressive loading
in the vertical direction is shown. The bottom plate is fixed, and the top plate moves
downwards in the vertical direction.
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3 Results and discussion

3.1 Mesh sensitivity test

The effect of the mesh size on the finite element modeling results was firstly
investigated on the scaffold specimens with a lay-down angle of 90° under compressive
loading (Figure 4). A series of different size meshes are generated based on the same
geometry; all of the other parameters are identical. The Young’s modulus of the
scaffold is calculated as an output variable to measure the convergence when the mesh
size is decreased. The values of Young’s modulus and computational time of different
meshes are listed in Table 1. The results show that the Young’s modulus changes by
12% if the minimum element size is reduced from 0.4 to 0.125 mm,; it only changes by
0.7% if the mesh size is further reduced to 0.1 mm. However, using a mesh size of 0.1
mm requires 1.5 times more computational time than using a mesh size of 0.125 mm.
Therefore, it is suggested that imposing a minimum edge size of 0.125 mm for the
tetrahedral elements generates finite element solutions with good accuracy and

affordable computational time; this mesh size is used in all of the simulations.

Table 1: Young’s modulus and computational time of five different meshes.

Mesh 5

Mesh

Mesh3 Mesh 4

Mesh of the 90°
lattice scaffold

VAV ALV WAV V)|

5
i
=)
=]
4
g
4
=

Minimum element

0.15 0.125 0.1

: 0.4
size (mm)
Number of 100 701 409 429 889 496 1379 586 3047 672
tetrahedral
elements
CPU time (min) 25 30 50 80 120
Young’s modulus
(MPa) 16.2 15.25 14.78 14.2 14.1
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3.2 Effects of porosity on Young’s modulus

Porosity is an important factor that affects the mechanical properties of scaffolds (Loh
and Choong, 2013); it is calculated as the percentage of the void space to the total
volume occupied by the outer boundary of the porous scaffold. There are three key
parameters that control the porosity of a 3D layered lattice scaffold: the filament
diameter d, the inter-filament spacing dx, within the same layer, and the layer overlap f
between layers (Figure 2). In this section, different combinations of various values for
these three parameters are evaluated to create a range of porosities for understanding
the effects of various porosities on the Young’s moduli of scaffolds. All of the scaffold

specimens simulated in this section have a lay-down angle of 90°.

First, different porosities are achieved by changing the design parameters within the XY
plane (parallel to the layers). Nine scaffold specimens with different combinations of
filament diameters and inter-filament spacing were created. Three values are chosen
for the filament diameter — 600 um, 400 um and 300 um; for each filament diameter,
three values of inter-filament spacing are assigned — 400 um, 700 um and 1000 pm
(Figure 5a). Next the filament diameter is fixed at 600 pm, and the inter-filament
spacing is fixed at 400 um; different porosities are obtained by changing the design
parameter in the Z direction (perpendicular to the layers). Seven scaffolds were created
by varying the layer overlap from 60 to 300 pm (Figure 5b). It can be seen from Figure
S5a that the Young’s modulus decreases when the filament diameter decreases and the
inter-filament spacing increases. This effect can be attributed to the column-like
behavior of filament junctions when undergoing compressive deformation (Domingos
et al., 2013). In other words, for a specific area in the XY plane (parallel to the layers),

the scaffold with a larger filament diameter or smaller inter-filament spacing has more

14



load-bearing capacity, hence increasing the stiffness of the scaffold. Figure 5b shows
that the Young’s modulus increases as the layer overlap increases. The overlapping
regions between layers provide the main path for load transfer in the Z direction
perpendicular to the layers; therefore, larger overlap means that the layers are more

closely bonded, thus making the scaffold structure stiffer.
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Figure 5. Plots of Young’s modulus versus the filament diameter and the inter-filament
spacing (a), and Young’s modulus versus the layer overlap (b).

The porosity values are calculated for the sixteen specimens; the relationship between
porosity and Young’s modulus is shown in Figure 6. The result shows that Young’s
modulus decreases linearly with increasing scaffold porosity; these results are
consistent with previous findings for bone (Hellmich ez a/., 2004) and bone replacement
biomaterials (Fritsch ef al., 2009, Kariem et al., 2015, Fritsch et al., 2010). As porosity
increases, there are more voids in the lattice structure, making the scaffold less bonded
and easier to deform (i.e., lower Young’s modulus). Figure 6 also shows that the range
of Young’s modulus values obtained from finite element modeling covers the range of
Young’s modulus values of natural osteochondral tissue; a porosity value of
approximately 60% separates the scaffold application between that of cancellous bone

repair and that of cartilage repair. By manipulating the parameters used to design the
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scaffolds, the desired Young’s modulus of the scaffold can be customized to match

specific osteochondral tissue.
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Figure 6: Plot of Young’s modulus versus porosity.

3.3 Effects of pore shape

The pore shape is characterized by the lay-down angle in the layered scaffold. The focus
here is to analyze the correlation between the lay-down angle and the anisotropic
property of scaffolds from two perspectives. First, six cubic scaffold specimens were
created with a single lay-down angle of 15°, 30°, 45°, 60°, 75°, and 90°, respectively;
each layer of all scaffolds has the same number of filaments. The only difference
between these scaffolds is the lay-down angle; all of the other parameters, including the
filament diameter (600 pm), inter-filament spacing (400 um) and layer overlap (180
um), remain constant. All the specimens have a similar porosity (42%). The anisotropic
property is analyzed by the difference in Young’s moduli when the cubic scaffolds are
compressed in three orthogonal directions, respectively, by finite element modeling.
Second, a complex layered lattice scaffold was created by assembling six sections with
different lay-down angles (15°, 30°, 45°, 60°, 75°, and 90°) in a single construct. The
anisotropic property is analyzed by the difference in the local strain distributions when
the scaffold is simulated under compression loading conditions.
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3.3.1 Single lay-down angle

Six cubic scaffold specimens with a single lay-down angle of 15°, 30°, 45°, 60°, 75°,
and 90° were compressed in X, Y and Z directions, respectively, using displacement-
controlled boundary conditions. Here the Z direction is named as the longitudinal
direction because it is perpendicular to the filament layers; the other two directions (X
and Y) in the Cartesian coordinate system are named the transverse directions, which
are parallel to the filament layers. The lay-down angle is defined with respect to the X

direction.

The mechanical properties of scaffolds are normally characterized by stiffness
(Young’s modulus) and compressive strength (Shuai ez a/., 2017, Shuai et al., 2018,
Fengetal., 2014, Rezwan et al., 2006, Chen et al., 2011), which are presented in Figure
7. In the longitudinal Z direction, the Young’s modulus slightly decreases at lower lay-
down angles. Filaments with a smaller lay-down angle have more asymmetric
alignment of the connecting joints in the Z direction, which affects their force
resistance. Hence, under compression in the Z direction, filaments with smaller lay-
down angles can more easily slide from each other, thus increasing the deformability
of the scaffold. It is also worth pointing out that the Young’s modulus value of the 90°
scaffold in the longitudinal Z direction is slightly smaller than the values in the two
transverse directions (X and Y directions). This result can be explained by the different
load transfer mechanisms when the 90° scaffold is compressed in different directions.
When compressed in the longitudinal Z direction, the compressive loading is supported
by the overlapping regions between layers; when compressed in either the X or ¥
direction, the loading is mainly supported by the filaments themselves, which are stiffer

and behave like columns, therefore generating smaller deformation.

17



Different lay-down angles mainly affect the pore shape in the XY plane; as such, the
anisotropic characteristic is most prominent in the XY plane. When the specimen is
compressed in the X direction, the Young’s modulus increases when the lay-down angle
is reduced from 90° to 15°. More specifically, the Young’s modulus is 21.47 MPa at
15°, which is 34% greater than that of the 90° scaffold. When the lay-down angle is
small (e.g., 15°), the filaments of all the layers are laid in one dominant direction, which
forms a bundle of filaments and behaves like a column structure to sustain the
compressive loading. On the other hand, when the specimen is compressed in the Y
direction, Young’s modulus decreases as the lay-down angle is reduced. The lower
Young’s modulus values at smaller lay-down angles can be attributed to the large
deformation of a spring-like structure. When the filaments are arranged almost parallel
to the ones in adjacent layers, the load transfer in the direction perpendicular to the
filaments follows a spiral path, which can generate large deformation under
compressive loading and lead to a relatively low Young’s modulus. Moreover, it is
worth noting that the Young’s moduli of 30° and 15° scaffolds compressed in the Y
direction are less than 1 MPa; these values are in the range of the Young’s modulus

value for cartilage tissue.

The anisotropic nature of the lattice scaffolds in the transverse plane is reflected by the
difference in Young’s moduli in X and Y directions, so the scaffolds can be classified
as orthotropic structures (Sutcu, 1992). The orthotropic effect increases when the lay-
down angle decreases from 90° to 15°, indicating that the lattice scaffold can adapt to
different requirements of anisotropy simply by rotating the orientation of filaments. In
general, the trabecular network is complicated; for example, a highly oriented and

columnar architecture is observed in the vertebrae and tibia. This kind of trabecular
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bone is highly anisotropic, and Young's modulus values can be different in the
longitudinal and transverse directions (Williams and Lewis, 1982). In contrast, the
cancellous bone can be essentially isotropic in regions such as the proximal part of the
bovine humerus (Kaplan er a/., 1985). In general, the isotropic nature of scaffold
facilitates its use in bone defects regardless of its orientation (Gomez ef al., 2013,
Gomez et al., 2016). The scaffold with a lay-down angle of 90° is more suitable for
such an environment where isotropic mechanical properties are necessary. On the other
hand, if the bone tissue is anisotropic, then the design of the scaffold can be adjusted

by tuning the lay-down angle based on the extent of anisotropy.

The compressive strength is recorded as the stress when the scaffold structure reaches
yielding on the stress-strain curve. The compressive strength of cubic scaffolds
decreases with the lay-down angle varying from 90° to 15° when loaded in the
longitudinal Z direction or in the transverse Y direction; the compressive strength shows
a plateau around 45° when compressed in the transverse X direction. As a layered
structure, the scaffold is more stable if the filaments are arranged in orthogonal
directions within the layer when compressed in the Z direction (perpendicular to the
layers). When compressed in the transverse directions (X or Y), the filaments that are
aligned with the compressive direction provide the most support to sustain the loading.
Therefore, the compressive strength in the Y direction decreases when the lay-down
angle (defined with respect to the X direction) changes from 90° to 15° as the orientation
of filaments rotates from the Y direction to the X direction. When compressed in the X
direction, however, the structure lacks constraints in the lateral direction to maintain

compressive stability when all the filaments are aligned dominantly in the X direction

19



(e.g., 15°); as such, the compressive strength drops after reaching a plateau between

60° and 45°.
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Figure 7: Young’s moduli and compressive strength values of cubic scaffolds with
different lay-down angles compressed in three orthogonal directions, respectively. The
lay-down angle is defined with respect to the X direction.

3.3.2 Multiple lay-down angles

In this section, a complex layered scaffold was created by assembling individual
sections of six different lay-down angles — 15°, 30°, 45°, 60°, 75°, and 90°. As the
anisotropy mainly exists in the transverse XY plane, it is compressed in the transverse

X and Y directions, respectively.
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In the previous section, the anisotropic nature of the scaffold is mainly reflected in the
difference in Young’s moduli between different compressive loading directions. The
assembled complex scaffold presented here retains this characteristic because the local
stiffness of each section still depends on the loading direction applied to that individual
section; the bonding regions between sections of different lay-down angles behave as
transition zones. In this section, the anisotropic property is analyzed from another
perspective: strain distribution. The strain distribution is also an important factor
because the strains generated from mechanical loading are transmitted to cells attached
on the surfaces of scaffolds, which in turn stimulate various types of cell differentiation
according to the deformation magnitude (Meyer er al., 2006). Different strain
magnitudes may lead to chondrogenic or osteogenic differentiation to rebuild the
functions of damaged OC tissue (Carter ez al., 1998, Prendergast et al., 1997). The
assembled scaffold is placed in a uniform loading environment (i.e., no variation of
loading between different sections), and the strain distributions from different sections

of the scaffold are examined.

Figure shows the maximum principal strain on the surface of the central layer in each
of the six sections from 90° to 15°. The light grey filaments in the background represent
the underlying layer, where the filaments are arranged in a fixed orientation (i.e., along
the X direction) (Figure 3). The grey “holes” within the filaments are the overlapping
areas (joints) with adjacent layers in the longitudinal Z direction. Since the strain
contours are only visualized on the filament surfaces, these overlapping areas lie within
the filaments; as such, the strains are not shown. It can be seen from Figure that the
strain magnitudes are generally higher around these joints, which is consistent with

previous findings of localized stress and strain peaks at the joints (Luczynski et al.,
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2012, Szlazak et al., 2019). Although the pore shape becomes increasingly skewed as
the lay-down angle decreases from 90° to 15°, all of the scaffold specimens exhibit
periodic strain distributions due to the uniform and repetitive pattern of cell
arrangement in the lattice structure. The section with higher strains supports more load
than the other lay-down angles. For example, when the specimen is compressed in the
X direction, it is the 15° section that has the highest strain magnitude because the
filament orientation is the closest to the compressive direction (Figure f); when
compressed in the Y direction, the 90° section sustains most of the load and therefore
has the largest strain (Figure g). As the 45° orientation exhibits the same angle on X
and Y directions, the 45° section shows similar patterns of strain distributions when

compressed in either X or Y direction (Figure 8d and j).
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Figure 8: Maximum principal strain on the filament surface of the central layer in each
section (three layers) of the assembled scaffold specimen. The lay-down angle changes
from 90° to 15° (top to bottom). The block arrows are used to illustrate the direction of
compressive loading. The left column (a-f) shows the strains when the scaffold is
compressed in the transverse X direction, and the right column (g-1) shows the strains
on the same surface but compressed in the transverse Y direction. The red dashed lines
are used to calculate average strain values along these lines.

To further compare the strain distribution and transition between different lay-down
angles, three different thicknesses were tested for each lay-down angle. In addition to
the assembled scaffold in Figure 3, which has three layers in each section of different
lay-down angles, two new structures were created, with two and four layers for each
section, respectively. The average values of maximum principal strains are calculated
along six straight lines on the filament surfaces (red dashed lines in Figure 8) for each

layer, respectively (Figure 9). The layers are numbered from 90° to 15°.

It can be seen that all of the three scaffolds show uniform strain distribution within each
section, which is independent of the number of layers in the section. When the scaffold
is compressed in the transverse X direction, the maximum principal strain increases
with decreasing lay-down angles; however, the opposite trend is found when the
loading direction is rotated to the transverse Y direction. It can be seen that the strain
magnitudes in transverse directions highly depend on the angle between the direction
of compressive loading and the filament orientation; the strain is greater when this angle
approaches 0° and decreases when this angle approaches 90° (when the loading is
perpendicular to the filaments). When the filaments are aligned with the direction of
compressive loading, they provide the most preferable path to sustain the mechanical

load. On the other hand, when the filaments are perpendicular to the compressive

24



direction, the load is mainly transferred to neighbor layers, where the filaments are

more aligned with the compressive direction.
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Figure 1: Plots of maximum principal strains on filament surfaces compressed in X or
Y direction, which are calculated as average values along the red dashed lines defined
in Figure . Three scaffold structures are compared, with two layers (a, b), three layers
(c, d), and four layers (e, f) for each section of different lay-down angles, respectively.

The layers are numbered from 90° to 15°.
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Tunable properties are desirable for bone scaffolds (Feng e a/., 2018). The combined
results of the assembled scaffold and the individual cubic scaffolds with different lay-
down angles show that the deformability of the layered lattice scaffolds can be tuned
by adjusting the lay-down angles, which represent the pore shapes in porous scaffolds.
The various strain magnitudes in different sections of the assembled scaffold are the
result of different stiffness values, measured by Young’s modulus, in different parts of
the scaffold. This approach also indicates that by assembling sections of different lay-
down angles together, the final scaffold retains the distinct Young’s modulus values

exhibited by the individual sections.

It is known that different strain magnitudes can lead to changes in cell differentiation
on bone scaffolds (Sumanasinghe ef a/., 2006, Michalopoulos et al., 2011, Delaine-
Smith and Reilly, 2011). By using an assembled lattice scaffold with multiple lay-down
angles, various strain magnitudes and hierarchical/gradient transitions can be achieved
in a single construct; a specific strain range at a given location can be accurately
adjusted by tuning the local lay-down angle. Using this approach, it is possible to guide

cell differentiation in different parts of a given scaffold.

4 Conclusions

This study has investigated the effects of porosity and pore shape on the mechanical
properties of 3D lattice scaffolds using finite element modeling. The results show a
linear relationship between scaffold porosity and Young’s modulus values in the range
of osteochondral bone; specifically, the Young’s modulus decreases with increasing
scaffold porosity. The results also suggest a scaffold porosity value of approximately

60% to separate the scaffold application between cancellous bone repair and cartilage
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repair. The cubic scaffolds with a single lay-down angle exhibit the most pronounced
isotropic characteristics when the lay-down angle is 90°; the orthotropic effect increases
when the lay-down angle decreases from 90° to 15°. Various strain magnitudes and
gradient transitions are achieved in a single construct by assembling individual lattice
sections with different lay-down angles. These results demonstrate that the hierarchical
mechanical characteristics of natural OC tissue can be mimicked by tuning the porosity
and local lay-down angles in specific parts of the assembled scaffold. The results also

provide guidance on the design of personalized scaffolds using 3D printing technology.
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