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Abstract

Tissue engineering represents a new field aiming at developing biological
substitutes to restore, maintain, or improve tissue functions. In this approach,
scaffolds provide a temporary mechanical and vascular support for tissue regen-
eration while tissue ingrowth is being formed. The design of optimized scaffolds
for tissue engineering applications is a key topic of research, as the complex
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macro- and micro-architectures required for a scaffold depends on the mechanical
and vascular properties and physical and molecular queues of the surrounding
tissue at the defect site. One way to achieve such hierarchical designs is to create a
library of unit cells, which can be assembled through a computational tool.

Besides presenting an overview scaffold designs based hyperbolic surfaces,
this chapter investigates the use of two different types of triply periodic minimal
surfaces, Schwarz and Schoen, in order to design better biomimetic scaffolds with
high surface-to-volume ratio, high porosity, and good mechanical properties. The
effect of two parametric parameters (thickness and surface radius) is also evalu-
ated regarding its porosity and mechanical behavior.

1 Introduction

The loss or failure of an organ or tissue is a frequent, devastating, and costly problem
in health care. Currently, this problem is treated either by transplanting organs from
one individual to another or performing surgical reconstructions, transferring tissue
from one location in the human body into the diseased site. With the aging of the
population and higher expectations for a better quality of life, the need for substitutes
to replace or repair tissues or organs due to disease, trauma, or congenital problems is
overwhelming and increasing on a daily basis. To overcome these limitations, tissue
engineering emerged as a rapidly expanding approach to address the organ shortage
problem by creating cell-based substitutes of native tissues comprising tissue regen-
eration, organ substitution, and gene therapy (Melek 2015; Risbud 2001; Langer and
Vacanti 1993).

Tissue engineering is a multidisciplinary field focusing on the use of cells and
engineered materials, combining the principles of biology, engineering, and medi-
cine to create biological substitutes for lost or defective native tissues (Jiang et al.
2015; Eshraghi and Das 2010; Bartolo et al. 2008, 2009a, b; Gibson 2005; Tan et al.
2005; Vozzi et al. 2003; Risbud 2001). According to Skalak and Fox (1988), tissue
engineering is defined as “the application of the principles and methods of engineer-
ing and life sciences toward the fundamental understanding of structure-function
relationships in normal and pathological mammalian tissues and the development of
biological substitutes to restore, maintain, or improve tissue and organ functions”
(Jiang et al. 2015; Bartolo et al. 2008).

In tissue engineering applications, a temporary three-dimensional scaffold that
mimics the physiological functions of the native extracellular matrix is vital to
stimulate and maintain the cells’ ability to express their native differentiated
phenotypes. An optimal scaffold design can promote cell proliferation and cell-
specific matrix production, which will eventually take over the supporting role of the
biodegrading scaffold in situ (Xue et al. 2017; Fallahiarezoudar et al. 2015; Janik and
Marzec 2015; Osman et al. 2015; Selimis et al. 2015; Bartolo et al. 2009a, 2009b).
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To achieve these goals, an ideal scaffold must satisfy some biological and physical
requirements (Tajbakhsh and Hajiali 2017; Law et al. 2016; Brunello et al. 2016;
Tollemar et al. 2016; Stratton et al. 2016; Jana and Lerman 2015; Almeida and Bartolo
2012a, b). The biological requirements are biocompatibility (the scaffold material must
interact positively with the cells, allowing cell attachment, proliferation, differentiation
and with the host environment, without eliciting adverse host/tissue responses), biode-
gradability (the scaffold material must degrade into nontoxic products), controlled
degradation rate (the degradation rate of the scaffold must be adjustable in order to
match the rate of tissue regeneration), and bioactivity (promoting and guiding cell
proliferation, differentiation, and tissue growth). The physical requirements are appro-
priate porosity, pore size and pore shape to encourage tissue ingrowth and vasculariza-
tion, sufficient strength and stiffness to withstand stresses in the host tissue environment,
adequate surface finish to ensure a good biomechanical coupling between the scaffold
and the tissue, and easily sterilized by either exposure to high temperatures or immersing
in a sterilization agent, remaining unaffected by neither of these processes.

Alongside the listed biological and physical requirements, an optimum scaffold
should also have functional and anatomical requirements, in other words, a gradient
functionality of the organ or tissue, meaning that the external geometry and size of
the scaffold should be the same of the natural tissue, in order for the scaffold to fit
and anchor onto the defected location. By applying these design concepts, a better
fixation can be achieved by the scaffold, while facilitating better stress distribution in
the interface between the surrounding tissue and the scaffold (Jazayeri et al. 2017;
Giannitelli et al. 2015; Bartolo et al. 2012).

Several research works developed methodologies to control the topological
architecture of scaffolds, aiming at obtaining better biological and mechanical
properties and scaffold performance (Almeida et al. 2007a, b). As a result, several
libraries and computational systems have been developed and applied for optimal
scaffold design (Almeida and Bartolo 2008). This chapter gives an overview of
mathematical design methodologies that have been applied to optimize scaffold
design, namely, periodic-based geometric modeling approaches.

2 Mathematical-Based Scaffold Modeling

Most works on scaffold design for tissue engineering applications are either based on
lattice structures with straight edges and sharp corners or in shapes obtained through
Boolean operations with geometric primitives. Recently, hyperbolic surfaces,
namely, triply periodic minimal surface (TPMS), have received increasing attention,
as they enable the design of biomimetic scaffolds allowing the design of scaffolds
with very high surface-to-area ratios, enhancing cell proliferation and cell-cell
interactions, maximizing both porosity and mechanical performance (Qi and Wang
2009; Jung et al. 2007; Wang 2007; Gandy et al. 2001; Nesper and Leoni 2001,
Hyde and Oguey 2000).
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Fig. 1 Built PDLLA scaffold with gyroid architecture showing a gradient in porosity and pore size.
(a): pCT visualization. (b): Change in the average porosity with scaffold height (solid line) in
comparison with the designed porosity (dotted line) (Melchels et al. 2010b)

Rajagopalan and Robb (2006) obtained results in the first effort regarding
computer-controlled fabrication, modulation, and mechanical characterization of
tissue engineering scaffolds based on TPMS. They designed simple cube models
of P-scaffolds and manufactured them with a layer-based fabrication device.
They also presented novel strategies to realize coterminous seeding-feeding net-
works, thereby assuring blood/nutrient supply to the proliferating cells at close
proximity with the proposed geometries. The work provided insights on the reason
behind the natural choice of TPMS forms in biological systems, by performing
uniaxial and bulk compressive simulation using the finite element code.

Melchels et al. (2010b) used the K3DSurf software to generate scaffolds based on
gyroid (G) and diamond (D) architectures. The gradient in pore size and porosity of
the gyroid structure was introduced by adding a linear term to the equation for
z-values (Fig. 1). They also demonstrated that, in the gyroid architectures, stress and
strain are much more homogeneously distributed throughout the structure than
for regular cubic architectures. A tissue engineering scaffold with gyroid architecture
will expose adhering cells to a more equal mechanical stimuli throughout the
structure. As cells respond to the deformation of the matrix to which they adhere
(Bao and Suresh 2003), these structures present optimum mechanobiological
stimulation.

Melchels et al. (2010a) assessed the influence of scaffold pore architecture on cell
seeding and static culturing, by comparing a computer-designed gyroid architecture
fabricated by stereolithography with a random pore architecture resulting from salt
leaching. The scaffold structures showed comparable porosity and pore size values,
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Network solid Sheet solid

Fig. 2 Scaffold designs of 50% volume fraction derived from the gyroid minimal surface. Left:
Network solid architecture. The minimal surface partitions space into two interwoven domains. One
is filled with an isotropic elastic material, the other is left empty (void domain). Right: Sheet solid
architecture: The solid domain is given by a sheet of thickness 7, folded onto the gyroid minimal
surface. The value of r is adjusted to yield a volume fraction of 50% (Kapfer et al. 2011)

but the gyroid type showed a 10-fold higher permeability, due to the absence of size-
limiting pore interconnections. The results also demonstrated that it is possible to
control the cell seeding upon the scaffold with the geometric gyroid variation within
the scaffold.

Yoo (2011a) presented a computer-aided porous scaffold design method based on
TPMS. In this work, Yoo proposed a novel method for extracting surface and solid
models directly from the approximated implicit surfaces for TPMS, based on the
periodic surface model. The TPMS were described with periodic surfaces, composed
of simple trigonometric functions, thus enabling easy generation of TPMS for use in
various mechanical, chemical, and physical applications. A new control approach for
pore size distribution was also presented, based on the pore-making element com-
posed of TPMS, and conformal refinement of all hexahedral mesh, showing the
practical applicability of the newly suggested modeling approach. The proposed
modeling method was successfully validated through many designs of bone scaffold
models.

Kapfer et al. (2011) observed that two types of scaffold architectures can be
generated using TPMS-based unit cell libraries (Fig. 2). In this work, two types of
solids based on minimal surface network solids and minimal surface sheet solids
were designed. They showed that, for the same solid volume fraction, sheet solids
have a substantially higher effective bulk modulus and direction-averaged Young’s
modulus than network solids, for a wide range of volume fractions and material
parameters. The sheet solids also present a larger surface area for cell adhesion and
proliferation.
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Fig. 3 Porous scaffolds designed with intricate internal architectures and high-quality external
surfaces (Yoo 2011b)

Yoo (2011b) proposed an effective method for the design of 3D porous scaffolds,
based on a hybrid method of distance field and TPMS. By the creative application
of a traditional distance field algorithm into the Boolean operations of the anatomical
model and TPMS-based unit cell library, an almost defects’ free porous scaffolds
with a complicated microstructure and high-quality external surface, faithful to
a specific anatomic model, can be easily obtained without difficult and time-
consuming trimming and re-meshing processes. Figure 3 illustrates the Boolean
operations between the anatomic models and TPMS-based unit cell libraries.

Yoo (2012a) proposed a heterogeneous porous scaffold design scheme, which is a
direct extension of the control approach for pore size distribution in a previous work
(Yoo 2011a). In this work, he proposes a novel heterogeneous modeling
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Fig. 4 (a) Heterogeneous iliac scaffold design with controlled porosity. (b) Heterogeneous iliac
scaffold design with controlled internal architectures (Yoo 2012a)

methodology for designing tissue engineering scaffolds, with precisely controlled
porosity and internal architectures using TPMS. The major contribution of this work
was to extend the range of heterogeneity, from the porosity only, to the combination
of porosity and internal architecture type. In addition, by introducing a fourth scalar
value at the nodes of eight-node hexahedral element related to the porosity and
internal architecture type, he could determine the internal architecture type and
porosity at the spatial locations, uniquely and continuously within arbitrary and
complex 3D anatomical shapes. Another advantage of the proposed method is the
possibility to control the pore size distribution without changing the size of hexa-
hedral element, while maintaining perfectly interconnected pore networks. Figure 4
illustrates a heterogeneous iliac scaffold design showing either a controlled porosity
or internal architecture.

Yoo (2012b) presented a general design framework for 3D internal scaffold
architectures to match desired mechanical properties and porosity simultaneously,
by introducing an implicit interpolation algorithm based on the radial basis function
(RBF) (Fig. 5). Similarly to his previous work, the work focused on the computa-
tional heterogeneous tissue engineering scaffold design. While using all the strate-
gies developed in previous works, such as Boolean operations based on the distance
field and internal architecture construction using the TPMS-based unit cell libraries,
special emphasis was given to an automated porosity distribution control algorithm
based on the RBF. With the developed computer program, he demonstrated that the
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Fig. 5 Heterogeneous sphere-shaped scaffolds having P-surface internal architectures with various
gradients in porosity in the radial direction (Adapted from Yoo 2012b)

method can produce highly porous and heterogencous structures matching the
required anisotropic stiffness, using a set of porosity levels defined at some points
selected by the user. In a later work, Yoo (2013) developed a hybrid method which
combines radial basis functions with the TPMS transformation strategy. Experimen-
tal results show that the proposed scaffold design method is capable of controlling
the internal pore architectures within an arbitrarily shaped scaffold while preserving
the advantages of the distance field and TPMS-based pore architectures as illustrated
in Fig. 6.

Yoo (2014) developed another design concept of multi-void TPMS-based scaf-
folds that increase the surface area to volume ratios of conventional TPMS scaffolds.
Yoo suggests that the proposed novel design methodology can be applied to create a
variety of design models for biomimetic scaffolds and bioartificial tissues. Figure 7
illustrates the multi-void design algorithm that was implemented for the scaffold
design.

Dinis et al. (2014) developed an open source software tool for the design of
scaffolds (Fig. 8). With the aid of the developed software and its geometric database
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D-surface

Fig. 6 Heterogeneous talus bone porous scaffolds with continuous gradients in pore architectures
between D-surface and P-surface (Adapted from Yoo 2013)

based on TMPS, different highly complex geometric models with different levels of
porosity and permeability can be obtained. Based on the results, it is possible to
observe that with the same construction parameters, the Neovius present the highest
levels of porosity followed by the Gyroid, Schwartz P, Schwartz D, and (IWP)
respectively.

3 Triply Periodic Minimal Surfaces
3.1 Definition

In the 1880s, Schwarz described the first periodic minimal surface (Dinis et al.
2014). A minimal surface is a surface that is locally area minimizing, in other words,
a small piece presents the smallest possible area of a surface spanning the boundary
of that same piece. The surfaces were generated using symmetry arguments: given a
solution to a Plateau’s problem for a polygon, and the reflections of the surface
across the boundary lines also produce valid minimal surfaces that can be continu-
ously joined to the original solution (Dinis et al. 2014; Karcher and Polthier 2014).
Among the various hyperbolic surfaces, the minimal surfaces are the most studied. If
a minimal surface presents a space group symmetry, it is both infinite and periodic in
three independent directions; therefore, it is called triply periodic minimal surface
(TPMS). Another geometric characteristic of TPMS is that they present a mean
curvature of zero. Examples of TPMS are illustrated in Fig. 9 (Kapfer et al. 2011).
Triply periodic minimal surfaces are also considered biomimetic surfaces as they
commonly exist in natural structures, such as lyotropic liquid crystals, zeolite
sodalite crystal structures, diblock polymers, hyperbolic membranes (prolamellar
structure of chloroplasts in plants), echinoderm plates (interface between the
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Fig. 7 A sphere-shaped scaffold model with: (a) 1 void, (b) 2 voids, (¢) 3 voids, and (d) 4 voids
(Yoo 2014)

inorganic crystalline and organic amorphous matter in the skeleton), cubosomes and
certain cell membranes (Dinis et al. 2014; Karcher and Polthier 2014; Almeida and
Bartolo 2012a, b; Larsson et al. 2003; Sun and Lal 2002; Hyde 1996; Andersson
1983; Scriven 1976).

3.2 Periodic Surface Modeling

A periodic surface can be defined by the following mathematical model (Wang 2007;
Rajagopalan and Robb 2006; Lord and Mackay 2003; Andersson et al. 1988):

K
o(r) =Y Mycos 21 (L 1) /B + Psi] = C W
k=1
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Fig. 8 Example of the “interface scaffold” developed in Python (Dinis et al. 2014)

where r is the location vector in the Euclidean space, L is the k lattice vector in the
reciprocal space, M} is the magnitude factor, f; is the wavelength of periods, Ps;, is
the phase shift, and C is a constant (Wang 2007; Rajagopalan and Robb 2006; Lord
and Mackay 2003; Andersson et al. 1988).

In the TPM case, the Weierstrass formula can be used to describe these surfaces in
a parametric way (Wang 2007; Rajagopalan and Robb 2006; Lord and Mackay
2003; Andersson et al. 1988):

X = Ref (1 — w*)R(w)dw
y =Im f")l ’(" + 0*)R(w)dw (2)

z=—Re J"Z)()l ’9 20)2)R(w)da)
where  is a complex variable, 0 is the so-called Bonnet angle, and R(w), Re, and Im
are geometric functions varying for different surfaces.

Within the several TPMS models, only the Schwarz Primitive and Schoen I-WP
surfaces were considered in this research work (Fig. 10).
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Fig. 9 Various examples of triply periodic minimal surfaces. From top left to bottom right,
translational unit cells of Fischer Koch Y, Diamond, Disphenoid, Batwing, F-RD, Gyroid, Manta,
Schwartz, and Fischer Koch S (Kapfer et al. 2011)

3.3 Schwarz TPMS Primitives

A periodic Schwarz Primitive surface can be mathematically described by the
following nodal approximation (Wang 2007; Rajagopalan and Robb 2006; Lord
and Mackay 2003; Andersson et al. 1988):

$(r) = M,| cos (2zx/p,) + cos (2zy/B,) + cos (2xz/B,) | 3)

Since the previous equation only defines the surface model, the solid geometric
modeling of the Schwarz units was obtained using a commercially available CAD
software (Solidworks from Dassault Systemes, www.3ds.com) through offset and
thickening operations in order to obtain solid models for production and simulation.
Through these operations, the solid geometric modeling enabled to define two
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b

Fig. 10 (a) Schwarz’ Primitive and (b) Schoen I-WP surfaces

important geometric modeling constraint parameters, namely, thickness and radius.
Based on these two geometric modeling parameters, two sub-models were defined as
follows:

» Thickness variations (the obtained models varied their geometric thickness while
maintaining the same geometric radius as illustrated in Fig. 11a and similarly in
Fig. 12a)

* Radius variations (the obtained models varied their geometric radius while
maintaining the same geometric thickness as illustrated in Fig. 11b and similarly
in Fig. 12b).

The variation of these geometric parameters enables changes to the architectural
topology of each basic unit of a scaffold, varying its porosity and mechanical and
vascular behavior (Fig. 11).

3.4 Schoen TPMS Primitives

The mathematical description of a Schoen’s I-WP surface is given by the following
nodal approximation (Wang 2007; Rajagopalan and Robb 2006; Lord and Mackay
2003; Andersson et al. 1988):

2cos (27 x/p,) cos (2z y/p,) + 2cos (2 y/B,) cos (27 z/B.)
@(r) =M, 2cos (2mz/p,) cos 2z x/p,) 4)
—cos (47 x/p,) — cos (4z y/p,) + cos (4w z/B.)

Similarly to the Schwarz Primitive solid modeling, the solid Schoen units were
obtained through the same design offset and thickening operations. By varying the
thickness (Fig. 12a) and radius (Fig. 12b) values, different solid geometric models
can be obtained as illustrated in Fig. 12.
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Fig. 11 Schwarz’ Primitive surfaces obtained through (a) surface thickness variation with constant
radius and (b) surface radius variation with constant thickness

Fig. 12 Schoen’s I-WP surfaces obtained through (a) surface thickness variation with constant
radius and (b) surface radius variation with constant thickness




Mathematical Modeling of 3D Tissue Engineering Constructs 237

4 Numerical Implementation of the Designed Models

The main goal for simulating the scaffold mechanical behavior is to evaluate the
porosity dependence on the elastic and shear modulus. The mechanical behavior of
these structures is assessed through the finite element method (4bagus from
Dassault Systemes, www.3ds.com). For a given unit block with a specific open
pore architecture, boundary and loading conditions considered for evaluating
mechanical properties are shown in Fig. 13:

» For the numerical computation of the elastic modulus (Fig. 13a), a uniform
displacement in a single direction is considered (in this case the X direction),
which is equivalent to the strain in the same direction (e,), imposed to a face of the
block (Face A). The displacement value is a percentage of displacement (Pd,)
equivalent to 0.1% of the unit’s block length (Z,). The opposite face (Face B) of
the scaffold unit is constrained and unable to have any displacement. The average
reaction forces (Rf,) produced on Face B of area (4,) are used to determine the
elastic modulus (E) (eq. 5) due to the imposed displacement.

* For the numerical computation of the shear modulus (Fig. 13b), a uniform
displacement in a single direction is considered (in this case the Y direction),
which is equivalent to the strain in the same direction (yyy), imposed to a face of
the block (Face B). The displacement value is a percentage of displacement (Pd,)
equivalent to 0.1% of the unit’s block length (L,). The opposite face (Face A) of
the scaffold unit is constrained and unable to have any displacement. The two
lateral faces (Faces C) are also constrained and unable to have any displacement
in the X direction. The average reaction forces (Rf,) produced on Face A of area
(4,) is used to determine the shear modulus (G) (Eq. 6) due to the imposed
displacement.

Face B

Face C Face

Fig. 13 Loads and constraints for the numerical analysis of scaffolds under a (a) tensile solicitation
and (b) shear solicitation
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The material considered for simulation purposes is Poly(e-caprolactone) (PCL), a
semicrystalline biodegradable polymer with a melting point of ~60 °C and a glass
transition temperature ~ —60 °C. The elastic modulus (E), shear modulus (Gy), and
Poisson’s ratio of the PCL material considered in the numerical simulations were
400 MPa, 150.38 MPa, and 0.33, respectively (Almeida and Bartolo 2013).

The results will be displayed in function of the scaffold’s tensile stress ratio (E/E)
and the scaffold’s shear stress ratio (G/Gy). The scaffold’s tensile stress ratio (E/Ey) is
determined between the scaffold’s tensile modulus (E) obtained from the numerical
simulations and the material’s tensile reference modulus (Eg). Similarly, the scaf-
fold’s shear stress ratio (G/Gy) is determined between the scaffold’s shear modulus
(G) obtained from the numerical simulations and the material’s tensile reference
modulus (Gy). Figures 14, 15, 16, 18, and 19 contain two charts with two data curves
each, whereas each data curve corresponds to either the Schwarz Primitive or the
Schoen I-WP surfaces. Accompanying each data curve, there are two figures asso-
ciated with the type of corresponding TPMS and its geometric variation.

The variation of the scaffold’s porosity as a function of surface thickness and
surface radius for both Schwarz’ Primitives and Schoen’s I-WP surfaces are pre-
sented in Fig. 14. Results show that the porosity decreases with the increasing of
surface thickness (Figs. 14a).

Regarding the surface radius for the Schwarz Primitive surfaces, it is possible to
observe its effect on the porosity (Fig. 14b). The porosity tends to decrease with
increasing surface radius till a threshold value, from which it starts to increase. In this
case, the relationship between porosity and surface radius has a hyperbolic behavior.
In the case of the Schoen I-WP surfaces, the effect of changing the surface radius, as
illustrated in Fig. 14b, shows that the porosity increases with increasing surface
radius.

4.1 Elastic Modulus Evaluation

The variation of the elastic modulus as a function of surface thickness and surface
radius for both Schwarz’ Primitives and Schoen’s I-WP surfaces are presented in
Fig. 15. Results show that the elastic modulus tends to increase with the increase of
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Fig. 14 Variation of the scaffold’s porosity with the (a) surface thickness and (b) surface radius for

both geometries

surface thickness, for both geometric surfaces (Fig. 15a). Regarding the influence of
the surface radius in both TPMS models, as the surface radius increases, the elastic
modulus tends to decrease in a nonlinear way, as illustrated in Fig. 15b).

Figure 16

illustrates the variation of the elastic modulus of both TPMS models

based on the variation of the surface thickness (Fig. 16a) and surface radius (Fig. 16b).
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Fig. 15 Variation of the scaffold’s elastic modulus with the (a) surface thickness and (b) surface
radius for both geometries

Regarding the thickness variation, both models present an almost linear dependence
between the scaffold’s porosity and the elastic modulus. In both TPMS models, the
elastic modulus decreases with the increasing surface thickness (Fig. 16a).
Regarding the surface radius, a similar hyperbolic behavior was observed for the
Schwarz Primitive surfaces between the elastic modulus and porosity (Fig. 16b), so
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Fig. 16 Variation of the scaffold’s elastic modulus as a function of porosity with the (a) surface
thickness and (b) surface radius for both geometries

we may decrease or increase the elastic modulus of the scaffold while maintaining
high porosity values, which offers great flexibility regarding scaffold design. High
porosity is critical for vascularization and tissue ingrowth. In the case of Schoen’s
I-WP surfaces, the elastic modulus tends to increase with the increase of porosity
(Fig. 16b).
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Fig. 17 Variation of the scaffold’s tensile stress for (a) Schwarz’ Primitive surface with surface
thickness and (b) Schoen’s I-WP surface with surface radius

Figures 15 and 16 illustrate the scaffold’s basic unit mechanical behavior on a
macroscale level regarding geometric parameters, such as radius and thickness, for
both Schwarz’ Primitive and Schoen’s I-WP surfaces. Figure 17 illustrates the tensile
stress variation of the scaffold on a microscale level, considering the variation of
both the thickness (Fig. 17a) for the Schwarz Primitive geometry and the radius for
the Schoen I-WP (Fig. 17b)).

Figure 17a shows that by increasing the thickness in the Schwarz Primitive
geometries, the tensile stresses tend to assume lower values at the two lateral
faces, resulting in an uneven tensile stress distribution. The scaffold presents a
more homogenous tensile distribution for lower thickness values. Regarding the
radius variation, there is no significant tensile stress variation with the radius
increase.
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Fig. 18 Variation of the scaffold’s shear modulus with the (a) surface thickness and (b) surface
radius for both geometries

A similar behavior is observed for the Schoen I-WP thickness variation. The Schoen
geometries present a more homogenous tensile stress for lower thickness values.
Regarding the radius variation (Fig. 17b), results show that, as the radius increases, a
more differentiated tensile stress distribution is observed, namely, in the central sphere
of the Schoen geometry. In this case, Schoen geometries with lower radius values
present a more homogenous tensile distribution for cell differentiation and proliferation.
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Fig. 19 Variation of the scaffold shear modulus as a function of porosity with the (a) surface
thickness and (b) surface radius for both geometries

4.2 Shear Modulus Evaluation

Figure 18a shows that the shear modulus ratio increases with thickness. This figure
also demonstrates that the Schwarz Primitive surface presents a higher shear mod-
ulus behavior compared to the material’s reference shear modulus. In other words,
the Schwarz Primitive surface increases the shear performance above reference for
high thickness values. For the Schoen I-WP surface, Fig. 18a shows that the shear
modulus ratio increases with thickness. Regarding the effect of the Schwarz
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Primitive surface radius variations, Fig. 18b shows that the shear modulus ratio
increases and then begins to decrease as the Schwarz Primitive surface radius
increases. Regarding the Schoen I-WP surface, the shear modulus ratio decreases
by increasing the surface radius (Fig. 18b).

A linear dependence between the scaffold porosity and the shear modulus ratio
was obtained as observed in Fig. 19a. For the Schoen I-WP surface, Fig. 19a shows
that the shear modulus ratio decreases with porosity. In spite of the porosity and the
radius having a hyperbolic behavior, the shear modulus ratio with the Schwarz
Primitive surface radius has a sinusoidal behavior, while the shear modulus ratio
with the porosity has an approximated hyperbolic behavior (Fig. 19b). In this case,
we may decrease or increase the shear modulus of the scaffold while maintaining
high porosity values. Regarding the Schoen I-WP surface, the shear modulus ratio
decreases by increasing the porosity (Fig. 19b).

Figures 18 and 19 illustrate the scaffold’s basic unit mechanical behavior on a
macroscale level regarding geometric parameters, such as radius and thickness, for
both the Schwarz Primitive and Schoen I-WP surfaces. Figure 20 illustrates the shear
stress variation of the scaffold on a microscale level, considering the variation of
both the thickness (Fig. 20a) for the Schwarz Primitive geometry and the radius for
the Schoen I-WP (Fig. 20b).

Figure 20a shows that by increasing the thickness in the Schwarz Primitive
geometries, the shear stresses tend to assume lower values at the two lateral faces
that present either no constraint or solicitation, resulting in an uneven shear stress
distribution. The scaffold presents a more homogenous tensile distribution for lower
thickness values. Regarding the radius variation, there is no significant shear stress
variation with the radius increase.

A similar behavior is observed for the Schoen I-WP thickness variation. The
Schoen I-WP geometries present a more homogenous shear stress for lower thick-
ness values. Regarding the radius variation (Fig. 20b), results show that, as the radius
increases, a more differentiated shear stress distribution is observed, namely, in the
central sphere of the Schoen geometry. In this case, Schoen’s I-WP geometries with
higher radius values present a more homogenous shear distribution for cell differ-
entiation and proliferation.

5 Design of a Functionally Gradient Scaffold Using TPMS
Basic Units

Figure 21 illustrates the Boolean operations by the addition of the repeating units
into an arbitrary unit with thickness variation, resulting in a scaffold with a thickness
gradient. Figure 22 illustrates the production of both scaffolds in ABSPIus material
through an extrusion-based additive manufacturing system, called the uPrint SE 3D
Printer from Stratasys.

Structural simulations were performed on the combined model, including several
the Schwarz Primitive and Schoen I-WP elementary scaffold units with a thickness
gradient. A displacement solicitation along the direction of the thickness gradient
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Fig. 20 Variation of the scaffold’s shear stress for the (a) Schwarz Primitive surface with surface
thickness and (b) Schoen I-WP surface with surface radius

was defined, in order to undergo the simulations. For both scaffold models, results
show that as the thickness of the elementary units increase, the tensile variations tend
to lower in value and become more homogenous, as illustrated in Fig. 23.

6 Conclusions

The design of optimized scaffolds for tissue engineering applications is a key topic
of research, as the complex macro- and micro-architectures required for a scaffold
depends on the mechanical and vascular properties and physical and molecular
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Fig. 21 CAD models illustrating thickness gradient within the scaffold structures for the (a)
Schwarz Primitive and (b) Schoen I-WP geometries

queues of the surrounding tissue at the defect site. One way to achieve such
hierarchical designs is to create a library of unit cells which can be assembled
through a computational tool. Several scaffold design methodologies were pre-
sented. The initial designs contemplated regular geometric designs, either based on
geometric designs (struts, spheres, beams, rods, etc.), medical images, or
homogenization theories. Recently, periodic surface modeling was implemented
into the scaffold design process, presenting higher mechanical, vascular, and bio-
logical performance in tissue engineering applications.

Understanding the mechanical properties of highly porous scaffolds, from the
knowledge of its microstructure, is a topical research area in tissue engineering. In
this work, porous scaffolds were designed, and its mechanical behavior was simu-
lated using triply periodic minimal surfaces, namely, Schwarz and Schoen geome-
tries. These geometries allow the design of highly porous structures with optimum
mechanical and vascular properties.
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Fig. 22 Physical models of (a) the Schwarz Primitive and (b) Schoen I-WP geometries produced
through extrusion-based additive manufacturing
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Fig. 23 Variation of the Tensile Stress along the thickness gradient for both scaffold structures for
the (a) Schwarz Primitive and (b) Schoen I-WP geometries

Based on the tensile simulations, both geometries, results show that an increase
in the surface thickness implies both a decrease in the porosity and improved
mechanical performance. Nevertheless, as the thickness increases, and despite an
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increase in the mechanical properties, the tensile stress distribution of the geometries
becomes less homogenous inside the models.

Results also show that, for Schoen’s I-WP surfaces, the increase of the surface
radius increases the porosity and decreases the mechanical performance. The Schoen
I-WP surfaces also have less optimum mechanical distributions as the radius
increases. In the case of the Schwarz geometries, as the radius increases, the porosity
tends to decrease until a certain threshold value, after which it starts to increase again
(parabolic behavior). The mechanical performance decreases with the radius
increase. A parabolic behavior is also observed for the mechanical performance, as
a function of the porosity for the Schwarz geometries.

Based on the shear simulations, the Schwartz geometries, the results show that
porosity decreases with the P-minimal surface thickness, decreasing also till a
threshold value for the P-minimal surface radius. From this threshold value, the
porosity then starts to increase. The shear modulus ratio increases with the
P-minimal surface thickness and presents an approximated hyperbolic behavior by
increasing the P-minimal surface radius.

Regarding the Schoen geometries, the results show that porosity decreases and
the shear modulus ratio increases with the P-minimal surface thickness. On the other
hand, the porosity increases and the shear modulus decreases with the P-minimal
surface radius. In both cases, the shear modulus ratio decreases with the porosity.

When comparing both geometries, concerning the thickness variation, Schoen
geometries present both lower values of porosity and lower values of shear modulus
ratio. Regarding the radius variations, Schoen geometries present slightly higher
porosity levels but still lower values of shear modulus ratio when compared to the
Schwartz geometries. Schwartz geometries present a more versatile behavior, for one
given porosity, you may have a structure with a lower or higher shear modulus, and
they also present a higher range of values for both shear modulus ratio and porosity
levels, when compared to Schoen geometries.

Minimal surfaces (surfaces of zero mean curvature or an average negative
Gaussian curve) enable the design of smooth biomorphic constructs, providing an
optimal biomechanical environment for cell attachment, migration, and prolifera-
tion, enabling optimization of the relationship between surface area, porosity, and
mechanical properties. By using triply periodic surfaces in scaffold design for tissue
engineering applications, it is possible to use highly porous structures with optimum
mechanical properties. Several of the previous works performed by Yoo presented
design schemes on how to developed bone scaffold implants, but by associating the
mechanical behavior, it is possible to optimize the designs and produce bone scaf-
folds as a function of both geometric design and mechanical performance.
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