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Abstract

Design of scaffolds for bone tissue regeneration through diagnostic imaging

and generative design

Bone tissue engineering focuses, in addition to other things, on the understanding of bone structures to
promote their formation with scaffolds. The manufacturing processes of scaffolds with variable density
are complicated for traditional manufacturing methods, where localized holes are drilled in structures
to mimic bone architecture. In recent years, tissue engineering has benefited from advances in the
development of additive manufacturing, which allows the creation of complex geometries such as
scaffolds. To explore this method, the use of image-based design is proposed. In this thesis, a scaffold
with variable internal density is developed, which can be fabricated by additive manufacturing by
controlling the external and internal geometry of the structure, porosity, and pore size from diagnostic

images.

Key words: cellular materials; generative design; finite element method; bone scaffold.



Resumen

Disefio de scaffolds para regeneracién de tejido 6seo mediante imagenes

diagnésticas y diseiio generativo

La ingenieria de tejidos 6sea se encarga, entre otros, de la comprensién de las estructuras de
los huesos para tratar de promover su formacién con scaffolds. Los procesos de fabricacién de
scaffolds con densidad variable se dificultan para métodos tradicionales de manufactura en
donde se realizan agujeros localizados en estructuras con el objetivo de lograr imitar la
arquitectura del hueso. En los Gltimos aios, la Ingenieria de Tejidos se ha visto beneficiada de
los avances que se han realizado en el desarrollo de la manufactura aditiva, la cual permite la
creacion de geometrias complejas como las de los scaffolds. Para incursionar en este método,
se propone el uso del disefio basado en imédgenes diagnosticas. En esta tesis se desarrolla un
scaffold con densidad interna variable, que puede ser llevado a su fabricacién por manufactura
aditiva controlando geometria externa e interna de la estructura, porosidad y tamafio de poro

a partir de imagenes diagnosticas.

Palabras claves: materiales celulares; disefio generativo; método de elementos finitos; andamio

oseo.
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Introduction

Bone tissue can be damaged for different reasons, including external mechanical factors such as
accidents or pathological lesions due to diseases related to bone tissue deficiency, such as orthogenesis
imperfecta, osteoporosis, osteomalacia, osteomyelitis, and cancer, among others [1]. Bone is the central
component of the musculoskeletal system, a complex, calcified connective tissue that protects vital
organs, supports the body's mobility, stores calcium and other minerals, and generates mesenchymal

and hematopoietic stem cells [2].

Although the bones of the human body have some self-regenerating properties, there are conditions in
which these properties are insufficient to restore damaged tissue [3]. This is the case for comminuted
fractures or significant bone defects, where the body does not have the capacity to follow normal repair
processes by ossification. Every year, 8.6 million surgical interventions are performed worldwide to
treat this type of fracture with the placement of an implant [4]. Only in Colombia in 2012 were
approximately 2,609,858 men and 1,423,559 women over 50 living with osteopenia and osteoporosis,
respectively. It is projected that the numbers will increase by 2020, and in 2050, the numbers could
reach up to 3'852,200 in the case of osteopenia and 2'101,000 in the case of osteoporosis [5]. Similarly,
in 2009, Colombia performed approximately 10,000 knee and hip implants each year. However, most
cases occur in adults over 60 years of age. In recent years, there has been a need to perform these
procedures in people in their 40 s, as well as in young people with sports injuries and motorcycle

accidents and in children who have suffered hip dysplasia or trauma to joints such as the knee [6], [7].

Currently, the development of medicine and research has provided several solutions, such as implants;
however, these have several complications, such as the generation of diseases and the need for several
surgical interventions [8]. On the other hand, tissue engineering offers another solution based on the
possibility that the regeneration of new tissue can be guided through the combination of cells,
biomaterials, and bioactive molecules. This principle, called the tissue engineering triad, comprises stem
cells, growth factors, and three-dimensional scaffolds or scaffolds [9]. The scaffold is a cellular material
whose primary function is to support the adhesion, proliferation, and migration of cells, as well as their

differentiation and maturation into an osteoblast phenotype [10].

Cellular materials offer unique functional characteristics, such as high specific strength and stiffness,
mechanical energy absorption, and heat transfer control [11]. These materials are formed by periodic
or stochastic arrangements of cells and can have configurations in two dimensions such as honeycombs
or three dimensions in arrangements of polyhedrons [12]. In nature, cellular materials contain varying

densities depending on the needs of the tissue, organ, or organism [13].



Bones are a cellular material generally with a variable internal density because the epiphyses of long
bones have trabecular bone in their interior, which may contain a higher density in locations with a

greater mechanical load [14], [15].

The design and manufacture of cellular materials for bone tissue regeneration have the following design
requirements [16]-[20]: control of the product architecture at different levels, from the external shape
to the internal structure, with an optimized pore geometry, since the structures must be highly porous
and have pore sizes greater than 400 pm; their mechanical properties must be appropriate to support
the loads and their elastic modulus must be similar to that of bone to reduce load transfer and thus
avoid failure; and they must be biocompatible and biodegradable to ensure cell survival and guarantee
adequate degradation time to allow bone tissue remodeling. These variables are important factors for
cell adhesion and proliferation processes and for meeting other clinical requirements [1]. The
mechanical performance of cellular materials depends on factors such as cell topology; cell number;
geometric parameters, including trabeculae diameter and cell size; material and manufacturing process;

and structural limits and loading conditions [21], [22].

Among the methods to be considered for the generation of the scaffold geometry, we can find the
additive manufacturing process (SLA, SLS, FDM), the design by mechanical loads from load analysis for
topological optimization (TO), the Computer-Aided Design (CAD) based on constructive solid geometry
modeling tools (CSG) or triple periodic minimum surfaces (TPMS) and the design based on diagnostic
images [1], [23]. CSG uses polyhedra as unit cells, which generate a repeating pattern extending in
multiple directions. [24], [25]. On the other hand, TPMSs are surfaces with a zero-mean curvature [26],
and they differ from the previous ones because they have a higher area/volume ratio and can have size
gradients in one direction [27]. Topological optimization is a method that distributes the material within
a given space for a set of loads, boundary conditions, and constraints to maximize or minimize the
system response for a given function [28]. Finally, diagnostic imaging presents an alternative method
for designing and manufacturing bioinspired scaffolds, which in their micro- or mesostructure resemble

the structures in bone tissue [29].

Of the methods presented above, CSG and TPMS, although widely used, have difficulties because they
form symmetry groups with a uniform distribution, which makes it challenging to create regions with
variable properties within the structure, as well as their adaptation to organic structures. On the other
hand, the results of mathematical topological optimization methods are generally represented by raster
images in grayscale, where the pixels are not primitive design entities that can be easily represented and

parameterized in CAD programs.



On the other hand, the method based on diagnostic images would allow the design of scaffolds for
specific patients and sites with controlled internal architecture. The scaffold topology is designed using
image processing techniques and then converted to data used to construct generative design tools, in
which algorithms and rules programmed by code are used to configure the scaffold or its mold [23],
[30]-[32]. With this in mind, this thesis aims to make an algorithm that generates a 3D porous structure
that considers the different parameters found in the literature for the scaffold design parameters. To

fulfill this goal, the following specific objectives have been proposed:

e Define the input and output variables to be used by the algorithm for the design of a scaffold.

e Program the algorithm using generative design CAD tools.

e Characterize the compression mechanical behavior of the generated structures through finite
element analysis and mechanical testing of specimens manufactured by additive

manufacturing.

The development of this thesis is as follows. Chapter 1 corresponds to the background that this thesis
will take into account as a starting point for the research. Chapter 2 describes a methodology for
designing scaffolds for bone tissue regeneration using CT scans. In Chapter 3, the computer simulation
of a compression test from a representative volume of a scaffold taken from a vertebra is presented.

This simulation is later validated through experimental compression tests.



1. Background

The present research took as a reference the conclusions of four previous investigations, the first three

taken from the literature review and the last one where an investigation was carried out during my

industrial design undergraduate thesis and later continued in collaboration with the GNUM research

group at the National University of Colombia. For the presentation of this last reference, the

investigation carried out will be presented, as well as some of the algorithms generated along it.

1.1. Design of the internal structure and porosity

G. Marchiori and his collaborators (2019) designed a method for optimizing scaffold design.
First, they used a CAD method to draw the scaffold architectures and calculate their porosities.
Then, they used the Taguchi method to select the main combinations of scaffold architecture
and generic material. Finally, by using finite element analysis, they simulated the mechanical
properties of each of the chosen combinations, and the results were used to generate a
regression model to determine the effect of the combinations of different architectures and
materials on the mechanical performance of the scaffolds. It is concluded that this method can
become expensive and lengthy when testing multiple design iterations and many structures
[33].

A. Di Luca and his colleagues (2016) present a study in which they aim to generate scaffolds
manufactured by additive manufacturing that simulate the radial porosity gradient found in
long bones due to the differences between cortical bone and trabecular bone. Additionally, the
behavior of stromal stem cells (hnMSCs) was evaluated to observe how the scaffold architecture
influences the osteogenic differentiation of the cells. It is concluded that cells residing in
different areas of the gradient demonstrated a tendency toward osteogenic differentiation due
to pore size due to greater nutrient and oxygen supply in compartments with wider pores. It is
suggested that pore size gradients be taken into consideration as an important structural factor
in scaffold design [34].

G. Staffa and colleagues (2010) described a method for cranioplasty using a custom-made,
premanufactured, biomimetic, biocompatible, and osteoconductive 3D prosthesis made of
porous hydroxyapatite. The prosthesis was manufactured under European standards. Fifty-one
patients with defects in fronto-parietal, fronto-temporal, and fronto-occipital areas were
treated. Computed tomography scans of the defects were used to produce 1:1 models of the
skull, and the prosthesis was finally manufactured based on the model and obtained images.
The personalized scaffolds were adapted to the morphology of the defect without generating
mechanical complications, and the clinical data demonstrate good performance in the

reconstruction of the defects, allowing for cell implantation and vascularization [35].



1.2. Design of the algorithm for the internal architecture.
My undergraduate thesis in Industrial Design is an important precedent for the current project, as it
dealt with a similar topic and provided valuable insights into the design process of an efficient and novel
framework (algorithm) to obtain cellular structures with variable pore density within the domain, which
can be brought to its fabrication by additive manufacturing, without relying on a given periodic cellular

structure.

The methodology was tested on grayscale images from X-ray and topological optimization algorithms
to obtain CAD models suitable for additive manufacturing. These models were subsequently
manufactured through an additive manufacturing process. The results show that the developed tool is
able to successfully obtain cellular structures; moreover, the 3D printed specimens were evaluated
through both FEM and physical tests to compare which of the trabeculae shapes was better for loading

transmission.

1.2.1. Overview of the proposed algorithms

In this section, we propose two generative design tool algorithms that, from grayscale images that
represent a density field, determine the formation of the internal cellular structure using Voronoi
diagrams or Delaunay triangulation. The first algorithm generates an initial cloud of points according to
the intensity of colors (or grayscale) of the domain. The second algorithm establishes the initial
distribution of points from different density meshes. The tools were implemented in the Grasshopper
program (McNeel, USA). Grasshopper is an algorithm editor that is integrated into the modeling
software Rhinoceros 3D Version 6 (McNeel, USA).

1.2.1.1.  Cellular structures from a cloud of points
The first group of proposed algorithms aims to build a porous structure from a cloud of points
distributed as a function of the intensity of the grayscale within a geometry. The quantity of points in

the domain can be controlled as needed.

Step 1- contour of the domain: In the first step, the algorithm creates the external contour of the figure.
This is achieved through a sampling process in Grasshopper, which extracts information from the alpha
channel of the image. This channel corresponds to the opacity (i.e., transparency) of each pixel and is
one of the four channels in which an RGBA image can be decomposed (the others being red, green, and
blue) [36]. Thanks to the image-handling capabilities of the algorithm, the order and number of colors
in the image are not important, as the algorithm always obtains the external contour. Using this
information, the algorithm draws the contour and extracts the external geometry (Fig. 1); note that the

geometry shows greater intensity of gray toward its contour and lower intensity in the central part.



Fig. 1 Contour generation. From left to right: Base image, alpha layer obtained from the image and external contour obtained.

Step 2 - distribution of seed points: Points are distributed within the domain based on the grayscale of the
image, with a distribution proportional to a value pi. Grasshopper assigns a p;i value to each pixel of the
image, with p; = 1 for absolute black and p; = O for absolute white. Areas of higher pi intensity have a
greater density of points, and each point adopts the pi value of the closest pixel. The number of points

and stochasticity of distribution can be controlled in Grasshopper (Fig. 2).

Fig. 2 Cloud of points generated within the domain.

Step 3 - Drawing of the Voronoi diagrams and Delaunay triangulation: The previously generated points can
be used to draw either a Voronoi diagram or a Delaunay triangulation. In a Voronoi diagram, each point
is the center of a polygon that divides the surface into closed polygons that coincide with adjacent
polygons [37]. In a Delaunay triangulation, the points are the vertices of a network of triangles where

no circumcircle contains any other vertex [38] (Fig. 3).

Fig. 3 Voronoi diagram (left) and Delaunay triangulation obtained from the point cloud.



Step 4 - Scalation of the strut and Boolean operation: The Voronoi polygons are scaled based on the value
of pi associated with the generating point. For Delaunay triangles, an extra point is calculated at the
triangle center with a value pi equal to the closest pixel. If the central point of a polygon has a value of
0, it will disappear (Fig. 4). The polygons are then used to remove material from a solid surface
generated by the external outline of the geometry using a Boolean operation. The geometry's outline is

used as the cutting edge, and excess lines are removed to clean the geometry (Fig. 5).

‘oid

Skeleton Solid Structure

Fig. 4 Initial skeleton and its transition to a porous solid structure.

Fig. 5 Final result of the Voronoi and Delaunay algorithms

Algorithms - Cellular structures from a cloud of points according to p;

Fig. 6 and Fig. 7 present the algorithms developed for this methodology. Fig. 6 illustrates an algorithm
that automatically constructs a porous structure from a cloud of points within the image contour,
generating a customizable Voronoi diagram that allows for control of pore size and density. This
algorithm results in a porous geometry that is ready for manufacturing, utilizing definitions

implemented in Grasshopper and Rhinoceros 6.



Base image

Step 1
R 2 H
i Alpha channel Definition of |
i from image image contour !
Step 2 Step 3

I
E Determination of p;
for each pixel

Populate the

# of pores ——
geometry

Assignation of p;
to each point

Scale pores
according to p;

Voronoi 2D
generation !

Fig. 6 Algorithm for the generation of a solid with pores in Voronoi.

The algorithm in Fig. 7 creates a solid with triangular pores arranged in a Delaunay mesh. This allows
control over the number and size of the pores, and the final geometry is generated using Grasshopper

definitions.
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Fig. 7 Algorithm for the generation of solids with pores in Delaunay.



1.2.1.2.  Cellular structures from a uniform trabecula

The second proposed algorithm can obtain a cellular structure with a uniform pore distance, calculated

from polygons in Voronoi, Delaunay triangulation or equilateral triangles.

Step 1- contour of the domain: The algorithm obtains the geometry contour from the image's alpha layer

and generates a rectangular surface that encompasses the image's contour (Fig. 8).

Fig. 8 Square surface generated by the algorithm.

Step 2 - distribution of seed points: The specific type of structure desired will determine the steps in this
process. For equilateral structures, triangular meshes of different sizes and densities are created, with
points extracted from each mesh (Fig. 9- top). For Voronoi or Delaunay structures, 3 clouds of points
with varying densities are proposed (Fig. 9 - bottom). The number of elements in each mesh can be
controlled, allowing for direct control over the total point density. However, it is important to consider

that computational cost increases as the number of elements, points, meshes, or clouds increases.

Fig. 9 Generation of structures with equilateral triangles. In the upper part, the three triangular meshes that are used to obtain points in
an organized way, as used in this example, are shown. In the lower part, there are three randomly generated point clouds and a cloud of
points generated in the contour for the management of the Delaunay algorithm.



10

Step 3 - elimination of points according to pi § combination of clouds: Gray intensity is assigned to each
triangular mesh or point cloud ranging from pi<1 to pi=1 (Fig. 10), with higher values of pi assigned to
denser meshes or clouds. The resulting points are combined into a single cloud, with denser meshes

given precedence in areas where multiple clouds coincide (Fig. 11).

Fig. 10 Clouds of points filtered by the density value pi of the image; each cloud obtains a range of density values on which to work.

Fig. 11 Final cloud of points obtained from the final union of the previous three. On the left is the random cloud of points; on the right is
the organized cloud of points from the equilateral triangle meshes.

Step 4 - drawing of the Voronoi diagrams and Delaunay triangulation: The point cloud is used to create a
structure of equilateral triangles or polygons in Voronoi or a Delaunay mesh. The distance between

pores is user-controlled and uniform (Fig. 12).
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Fig. 12 Voronoi diagram and Delaunay mesh obtained using the random point cloud; triangular mesh obtained using the final cloud of
points.

Step 5 - Thickening of the strut: The calculated contour delimits the internal geometry to obtain the final

structure (Fig. 13). The thickness of the contour can be controlled if necessary.

(AT
Py F;,?t's":

Fig. 13 Final result of the algorithms with uniform trabeculae of Voronoi and Delaunay, as well as the algorithm of uniform trabeculae
with equilateral triangles.

Algorithms - Cellular structures from a cloud of points

The algorithms proposed in these methodologies are shown in Fig. 14, Fig. 15 and Fig. 16. The algorithm
used to develop Voronoi's uniform trabeculae is shown in Fig. 14; Delaunay’s uniform trabeculae
algorithm is shown in Fig. 15; and finally, the algorithm and uniform trabeculae with equilateral

triangles are shown in Fig. 16. For explanatory purposes, all algorithms are shown as if only 3 clouds of

points or meshes are considered.
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Fig. 14 Algorithm for the generation of a Voronoi solid with uniform trabeculae.
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Fig. 16 Algorithm for the generation of a Voronoi solid with uniform trabeculae.

1.2.2. Illustrative examples and mechanical behavior
After the mentioned degree project, research was carried out within the GNUM research group at the
National University of Colombia, in which the resulting algorithm was applied to a series of mechanical
tests and applications to better describe the compressive mechanical behavior of the generated
structures. The aim was to decide and characterize an internal structure for future work.
The proposed algorithms will be applied to an X-ray of a human femur head, the result of a bone-

remodeling algorithm, and the geometry obtained by topological optimization to test their feasibility.

1.2.2.1.  Application in the interpretation of trabeculae in bones
The algorithm's ability to generate regular trabeculae for internal bone geometry is tested using
diagnostic imaging such as radiographies and CT scans, which display the density of different bone types
in grayscale [39] The test uses an X-ray of the proximal end of a femur (Fig. 17, left). and one of the
proposed algorithms (1.2.1.2), which analyzes the grayscale to extract the bone's cellular structure and

density.
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Fig. 17 Left: Radiography of the femoral head used for the example of the method. Center: Alpha layer of the radiography. Right: Outline
obtained.

Fig. 17 (center) displays the alpha layer from the radiography, which defines the external bone
geometry. Next, two clouds of points are generated according to the algorithm in section (1.2.1.2): a
random cloud (Fig. 18- left) and another organized in a triangular grid (Fig. 18 - right). For each
approach, three different density clouds of points are proposed, with decreasing densities (Fig. 18). The
final clouds of points are obtained after eliminating points according to pi and combining them, as seen

in Fig. 18 (bottom-left for random and bottom-right for organized).

Fig. 18 Results obtained from the random point cloud (left) and the organized point cloud (right).
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The two point clouds were used to develop Voronoi and Delaunay structures, as well as triangular
organized structures. These structures were delimited by the contour of the analyzed geometry to create
final cellular structures Fig. 19, which were saved as STL files and manufactured using a three-
dimensional Object Eden 260 printing system (Stratasys, Eden Prairie, Minnesota, USA). The printed
structures were embedded in support material that was later removed and were manufactured at a high

resolution of X-axis: 600 dpi; Y-axis: 600 dpi; Z-axis: 1600 dpi. (Fig. 20).
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Fig. 19 CAD models obtained from the application of the method by regular algorithms. From left to right: regular Voronoi, regular
Delaunay and regular triangular mesh.
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Fig. 20 Additive manufacturing results of CAD models derived from radiography.

Furthermore, as shown in Fig. 21, the method allows control over the thickness of the trabeculae, the

thickness of the external wall of the structure, and the number of pores to be handled.

Fig. 21 Results on the possibility of iteration of the method: Voronoi with 581 pores, Voronoi with 1266 pores, increasing the thickness
of internal trabeculae and increasing the thickness of the external wall.
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For further analysis of the application of the proposed methodology, it is important to evaluate the

porosities obtained, to which the definition of absolute porosity is applied (Eq. 1):

Q) — & Eq. 1
Ve
where @ is the absolute porosity of the scaffold, V, equals the volume of empty spaces and V. the total
volume (empty spaces plus the total mass of the solid). The results for different tests are shown in Fig.
22. Bones have a layer of cortical bone with a porosity ranging between 10-30% and a spongy interior
with a porosity that varies between 30-90% [40], [41], which are equivalent to the porosity obtained

with values between 49-70% of porosity.

Voronoi with Voronoi with Delaunay with Delaunay with Triangular with Triangular with
regular regular regular regular regular regular
trabeculae trabeculae trabeculae trabeculae trabeculae trabeculae
Porosity: 69,6% Porosity: 65.03% Porosity: 59,5% Porosity: 49,77% Porosity: 59.67% Porosity: 50.21%
Pores: 581 Pores: 1266 Pores: 582 Pores: 1041 Pores: 1038 Pores: 1808

Fig. 22 Porosity values for the results obtained from the application of the algorithm of regular trabeculae as presented in [42].

1.2.2.2. Model validation by FEA
The proposed methodologies in sections 1.2 and 1.3 were validated using FEA simulation. A rectangular
structural element subjected to compression was optimized using the power law approach [43], [44].
The optimized geometry had full density passive zones at the top and bottom and a fixed bottom
boundary, except for the center node, which was allowed to move horizontally (Fig. 23). The
optimization objective was to minimize compliance (deformation energy), and the optimization
problem was solved using optimality criteria (OC), which is a heuristic updating scheme. A filtering
process was used to ensure the existence of solutions in the design space, resulting in an optimal

solution for minimal compliance and maximum stiffness.
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Fig. 23 Boundary conditions for the optimization algorithm as presented in [42].

The TO algorithm enables control of the desired volume fraction for material optimization. The study
analyzed results for volume fractions of 40%, 60%, and 80% (Fig. 24). with material properties based on
GREY FLGPGRO4 resin. The optimized geometries featured three columns (two lateral and a central)

and a roof, with the central column and roof diminishing as the volume fraction decreased.

Fraction volume = 80%

Fraction volume = 60%

Fraction volume = 40%

Fig. 24 Results obtained from the TO algorithm for different volume fractions: 40%, 60%, and 80%, as presented in [42].
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Afterwards, following the methodology explained in section (1.2.1.2), 3 sets of random and organized
point clouds were generated for each Fraction Volume model. The random clouds were used to create
a Delaunay and Voronoi mesh, while the organized clouds were used to create a triangular equilateral

mesh. Three meshes were evaluated for each Fraction Volume (Fig. 25).

Finite element analysis was performed on the tessellated geometries using a frame formulation with
properties based on 3D CAD measurements of the cellular materials. The boundary conditions were the

same as those used in the optimization algorithm (Fig. 23).

The displacement distribution was calculated for each of the fraction volumes (Fig. 25). with the
Voronoi structure showing greater displacements at 40% and 60% Fraction Volume, while the triangular

equilateral structure deformed the most at 80% (Fig. 25).

40% 60% 80%

Delaunay
Del.

D fom] Dewp. ()]
2004

Triangular equilateral
ngular equilateral

Fig. 25 Displacement fields in specimens using frame elements as presented in [42].

1.2.2.3. Experimental model validation
Further confirmation for the proposed method is carried out via compression tests on 10 cellular
structures - random Voronoi (40%, 60%, 80%), random Delaunay (40%, 60%, 80%), equilateral triangles
(40%, 60%, 80%), and a geometry without TO (100%, a square of material) - which were AM by using
Formlabs-2 printing system (Formlabs, Somerville, Massachusetts, USA) (Fig. 25). This system uses
stereolithography technology that operates by focusing an ultraviolet (UV) laser on a container of

photopolymer resin. The structures were printed on Gray resin at a 0.1 mm layer thickness resolution.
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Fraction volume: 80% 60% 40%

Delaunay

Voronoi

Equilateral
triangles

Fig. 26 3D-printed structures with Delaunay, Voronoi and equilateral triangles for fraction volumes of 80%, 60% and 40%, as presented
in [42].

The 10 specimens were subjected to a compression test in which a compression load was applied with
a velocity of 0.5 mm/min, and specimens were tested for failure by fracture. The testing apparatus used
was a Shimadzu model AG-X plus of 300 kN (30 Ton), with the software Trapezium X. The load and
crosshead displacement data were recorded using the A/Data hardware and software solution produced
by the same manufacturer. The recorded force vs. displacement for all 10 specimens is shown in Fig. 27.
It can be observed that the behavior of the different cellular structures was similar with a fraction
volume of 40%. When the fraction volume increases (60%), the Voronoi structure is able to hold more
loading. At the greatest fraction volume (80%), Delaunay and Voronoi structures had a similar behavior
(Fig. 27).



21

FORCE VS. DISPLACEMENT
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Fig. 27 Force (kgf) vs. displacement (mm) for all the tested specimens [42].

Moreover, the failure trajectories were also analyzed for each structure and percentage of fraction
volume (Fig. 28, Fig. 29 and Fig. 30). For low percentages (40% and 60%), the first element to fail was
one of the lateral columns; however, for high percentages (80%), the first failure occurred between one

of the lateral columns and the one in the middle.
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Delaunay

80%

60%

40%

Fig. 28 Failure of the Delaunay cellular structures with fraction volumes: 80%, 60% and 40% [42].

Voronoi

80%

60%

40%

Fig. 29 Failure of the Voronoi cellular structures with fraction volumes: 80%, 60% and 40% [42].



Triangular

Fig. 30 Failure of the triangular cellular structures with fraction volumes: 80%, 60% and 40% [42].
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2. Proposed algorithm for the design of scaffolds for bone tissue

regeneration using diagnostic images.

The scaffold architecture will be determined and controlled using an algorithm that implements
different image-based design parameters. Image-based design is an alternative method for designing
and manufacturing scaffolds for specific patients and sites [23], [30]. This method blends available
image processing and management techniques, computer-aided design software, and different
manufacturing methods to accelerate the design process and subsequent fabrication of scaffold

microarchitectures [23].

2.1. Parameters for the design of 3-D scaffolds

There are many parameters that can affect cell behavior in a controlled manner. The complex interaction
of these parameters makes it necessary to have as much control as possible over the scaffold design. In
this way, the influence of different physical, chemical, and biological properties on cell behavior can be

tested [45], [46].

Some of the most important parameters to consider are:
e Pore size determines cell infiltration, migration, and proliferation. It also affects oxygen and
nutrient exchange [47]-[49].
e Porosity affects cellular accommodation and adhesion, as well as bone vascularization [47], [50]-
(53].
e Pore interconnectivity: Determines the final geometry and its vascularization [49], [54]-[56].
e Mechanical properties: Ideal for obtaining an equivalence in stress distribution and retaining a
three-dimensional structure that allows tissue growth [57]-[60].
e Degradation: This process allows deposition of the extracellular matrix by the growing tissue and
provides structural support until the native matrix is deposited [51], [54], [61]-[64].
e Biochemical signaling: Provides stimulation for vascularization, adhesion, proliferation, and cell

differentiation [60], [65]-[67].

Since the algorithm focuses mainly on the physical geometry of the scaffold, three initial parameters of
those mentioned above will be used: pore size, porosity, and pore interconnectivity. On the other hand,
the mechanical behavior will be evaluated to obtain feedback. Additionally, as an image-based design

method, the definition will also be fed from diagnostic images obtained by computed tomography.
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These parameters are interrelated, allowing the control of the geometry through different methods,
such as the location of the porogenic points, initial concentration of points, pore size, scaffold shape,
trabecula thickness, and percentage of porosity. At the same time, to have greater control over the
generation of a specific internal microarchitecture for the patient, the information obtained from the

processing of diagnostic images will be used as a basis for obtaining the final result [30].

2.2. Code generation

A generative and parametric design algorithm is proposed, which, from diagnostic images representing
a field of densities, determines the formation of the internal structures using Voronoi diagrams. The tool
was implemented in the Grasshopper program (McNeel, USA). Grasshopper is an algorithm editor

integrated into the modeling software Rhinoceros 3D Ver. 7 (McNeel, USA).

2.2.1. Adapting the algorithm with Voronoi to 3D

The algorithms proposed in section 1 were adapted for handling computed tomography images, and
with this, it is possible to generate a solid in 3 dimensions. Likewise, the algorithm and the development

of the CAD model are designed in Rhinoceros 7.

Step 1. The algorithm processes each bone scan and divides them into their AHSL channels, which
correspond in their order to Alpha channel, Hue, Saturation, and Luminance. Using the luminance

channel, the image density pi values are determined, which are then assigned to each image pixel.

Step 2. The algorithm detects each bone scan's internal and external contours using the alpha channel

and generates the corresponding curves for each diagnostic image (Fig. 31).

Fig. 31 The white curves form the general external geometry of the bone.
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Subsequently, each curve is placed on the Z-axis at the correct distance using the information obtained
from the diagnostic images. In this case, each image was located 0.6 mm from the other (Fig. 32).

Additionally, the contours are used as topographic lines to generate a solid surface (Fig. 33).

Fig. 33 Solid surface created from the topographic lines.

Once the outer limits are set, two point clouds are generated and distributed within the contour. The
first point cloud will have a number of points = a, designated by the user, while the second point cloud
will have a number of points = b, which always satisfies the condition of b < a. The points are then
distributed using the density pi, which is directly related to the gray values of the image, with the
absolute black value density pi = 1 and absolute white density pi = 0. Because of this, the areas of the
image where the density pi is close to 1 will obtain a higher point density, and the areas where pi is close

to O will obtain a lower point density (Fig. 34).
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Fig. 34 The two point clouds generated within the contours of the bone are shown.

Step 3. The pi density values are separated into two distinct domains, which are assigned for each point
cloud generated in the previous step. Once the values are assigned, both clouds are merged into a single
group containing all the points along with the pi values corresponding to the bone domain. The final
point cloud generates a 3-D Voronoi diagram where the solid surface will be divided into closed
polyhedra, with the condition that each one coincides with the face of the adjacent polyhedron (Fig.
35).



Fig. 35 The generated Voronoi diagram is placed inside a bounding box with the minimum dimensions corresponding to those of the bone.

Step 4. Using the solid surface resulting from step 2 (Fig. 33), a Boolean operation is performed to
eliminate the parts outside the solid surface that do not correspond to the bone (Fig. 36). Likewise,
other different geometries can be used to segment parts of the bone. Finally, using the edges of the
polyhedra and a designated width, the corresponding trabeculae are generated inside the solid, resulting

in a porous material (Fig. 37).



Fig. 36 Outer surface of the bone, generated after the Boolean operation.
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Fig. 37 Axial and sagittal cross-sections demonstrating the internal architecture of the bone generated using the established trabeculae
width.

The result is a porous structure whose internal architecture is built by trabeculae forming a network of
interconnected pores, ready to be fabricated by additive manufacturing (Fig. 38). In addition, the
relative density of the material is controlled from the diagnostic images, and it is directly related to the
density information obtained from them (Fig. 39). In this way, the different density and porosity ratios

found in the bone are preserved (Fig. 40).
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Fig. 39 Three slices at different heights of the Z-axis of the generated structure and their relation to CT scans at the same height in the
bone are presented.
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Fig. 40 The relation of the low and high material density zones concerning their counterparts in the generated porous structure.

The proposed algorithm is shown in Fig. 41. With this algorithm, a porous solid is generated from CT
scans, in which the number of pores will be controlled, as well as the size of the trabeculae, and they

are directly related to the information obtained from the initial diagnostic images.
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Fig. 41 Algorithm for the generation of a porous solid from diagnostic images.
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The resulting algorithm was finally implemented in Grasshopper, which is a tool within Rhinoceros 7
that allows the different geometry variables of the scaffold to be easily and quickly altered. In addition,
it has tools for the development of generative design through the use of Galapagos, an internal tool of

the software, for the use of genetic algorithms to generate multiple responses for the same structure.

Step 3 Step 4

Fig. 42 Algorithm for the generation of a porous solid from diagnostic images as implemented in Grasshopper.
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3. Application of the algorithm in the interpretation of bone

The proposed algorithm was used on a series of human neck and skull CT scans, focusing on the C7
vertebra. For comparison of the results, a 5 mm x 5 mm x 5 mm pig bone specimen was also scanned.
Additionally, to maintain the same dimensions of the pig specimen and to be able to compare results,
the geometry obtained by the algorithm was segmented into a 5 mm cube within the body of the human
vertebra and subjected to finite element analysis, determining its apparent Young's modulus.
Subsequently, 4 types of specimens were fabricated using additive manufacturing, and these specimens

were later used in a compression test to review the results and characterize the mechanical behavior.

3.1. FEA Simulations
A schematic of the process to generate a porous solid is illustrated in Fig. 41. Rhinoceros software and
its Grasshopper module are used to design the scaffold architecture and calculate its different porosities
to generate different combinations of parameters to obtain different specimens. Finite element analysis
(FEA) simulates the mechanical performance of each specimen to aid in the final selection and
characterization of the scaffold. The different architectures were selected to observe the influence of

the trabeculae width on the porosity of the solid and with the apparent Young's modulus. In conjunction

with this, the results are compared with a control specimen from a pig bone scaffold (Fig. 43).

Fig. 43 Pig bone scaffold, with its main faces in the X, Y, and Z axes.

The scaffold geometry was defined based on literature parameters and adjusted according to the
information obtained from the diagnostic images. For the solid domain, a 5 mm cube was placed
according to the area of the vertebra with the highest compressive mechanical loads, approximately
500 N in axial compression, which is the average value of loading force taken for a person of 70 kg [68],

[69]. Between the posterior medial and posterior external parts of the vertebral body (Fig. 44).

To design the structures, we started from the previously observed porous solid (Fig. 36), drew a 5 mm
cube that corresponds directly to the dimensions of the pork bone scaffold, and then segmented the
solid. The thickness of the trabeculae was varied to characterize its influence on the final mechanical

behavior of the structure. Each of the scaffolds obtained was generated through CAD software (Table
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1) to (1) calculate its porosity, correlating the solid and empty volume, and (2) obtain the 3D models

required for the following mechanical simulations.

N

Fig. 44 The blue cube is the 5 mm cube within the body of the human vertebra to be used for the finite element analysis.

The absolute porosity of the scaffold will be defined as (Eq. 2):

Eq.2

0=

Sl

where @ is the absolute porosity value, V, is equal to the volume of void space, and V. is the total volume

(void space plus total mass of the solid). The results for the different structures are shown in Table 3.
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Table 1 Scaffolds with a variety of trabecular widths

Isometric view
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0,7 mm

0,8 mm

0,9 mm

10,0 mm

Additionally, the algorithm allows information on the nominal pore size to be obtained to verify that it
is within the necessary parameters that favor osteogenic differentiation, tissue integration,
vascularization, and diffusion of nutrients and oxygen [70]-[74]. These values have been widely

discussed in the literature and are between 30 and 600 um with interconnected pores [73], [75], [76].

Fig. 46 displays histograms generated by the algorithm, showing the distribution of pore sizes. Each
nominal size is obtained by making the largest sphere that each cell can contain from its center and
touching all the faces of the polyhedra, after which the diameter of the sphere is measured Fig. 45. The
accompanying Table 2 lists the size range for each trabecular thickness and the number of pores in each

structure. As the trabecular size increases, some pores disappear.



Fig. 45 Each cell in the cellular structure contains a sphere to measure the nominal pore size.

Table 2 Number of pores in each structure and size range

Trabecula | Quantity | Minimum | Maximum
width of pores size um size pm
0,1 mm 178 490 1395
0,2 mm 178 388 1295
0,3 mm 178 288 1195
0,4 mm 178 188 1095
0,5 mm 178 88 994
0,6 mm 178 12 895

0,7 mm 172 15 795

0,8 mm 153 4 694
0,9 mm 109 1 595
10,0 mm 51 0,3 493

PORE SIZE DISTRIBUTION HISTOGRAM

Trabecula width 0,1mm Trabecula width 0,2mm

Pore size pm Pore size pm
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Trabecula width 0,9mm Trabecula width 1,0 mm

Pore size um Pore size um

Fig. 46 Histograms showing the distribution of pore sizes for the different structures generated.

Finally, CAD models were prepared for mechanical simulation. To characterize the mechanical behavior,
the apparent Young's modulus of each structure was found by axial compression (Fig. 47). For this test,
three different displacement loading modes were performed, each one for the main axis of the cube
(XYZ). The material used for the simulations has the properties of the photocurable resin that will be
used in the subsequent manufacture of the different specimens (Table 3). For this, a characterization of

the material was carried out using a solid cube manufactured via SLA (Fig. 47).

Table 3 Material properties obtained after characterization of the cube.

Material Volume Density Mass Porosity Force Young

(cmA3) (g/cmn3) (® (N) Modulus (MPa)
Photocurable UV  0.1312 1,25 0,164 0% 927,137 589,91
resin

Fig. 47 Solid cube manufactured using SLA, the top face and one of the lateral faces can be appreciated, and the images were obtained
using a stereomicroscope.
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Fig. 48 side view showing the boundary conditions for the compression test.

This compression test is part of a method (Fig. 48) that consists of 6 steps to find and check Young's modulus:
(1) a displacement of 0.5 mm is applied to the structure, (2) Young's modulus is found from the maximum stress
and strain results, (3) the reaction force found on the fully restrained face of the structure is obtained, (4) Young's
modulus found in step 2 is assigned to a solid cube, and a load equivalent to the reaction force from the previous
step is applied, (5) the displacement result is calculated and compared with the displacement applied in step 1,

and (6) the apparent Young's modulus is obtained.

1. Apply 0.5mm 6.| Scaffod's apparent Young's
displacement modulus
5. Calculate

Displacement

Young's Module
1

E=-
€ 4.] Apply reaction

. force

Reaction force

Fig. 49 Methodology to obtain the apparent Young's modulus of a porous solid.
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This methodology was applied for each structure to corroborate the apparent Young's modulus; in
addition, the modulus for each of the principal axes (XYZ) was found to verify the anisotropy of the

geometry.

Finally, before applying the proposed method, a mesh convergence study was developed to determine
the number of elements required in the model to ensure that the analysis results were not affected by
the mesh size. For this analysis, an allowable change of 5% between the solutions was set as an inputin

Ansys Workbench 2022 R1 (Fig. 50).
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Solution Number
Maximum Stress (Mpa) I Change (%) I Elements
1 15,37 231778
2 58,07 73,52% 502504
3 120,59 51,84% 996270
4 177,43 32,04% 1159823
5 207,32 14,46% 3512946
6 224,77 7,71% 6765641
7F 230,54 2,50% 11148378

Fig. 50 Tabulated data showing iterations, stress value, % change and elements as presented in the worksheet by the software.
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3.2. Results

3.2.1. Apparent Young's Modulus
Applying the methodology presented in section 3.1.1, the porosity percentage and apparent Young's

modulus for the XYZ axes of the pig bone scaffold were obtained in Table 3. The figure shows the

geometric model of the pig scaffold already imported into Ansys.

0,000 3,500 7,000 (mrm)

Fig. 51 Geometric model of the pig bone scaffold imported to Ansys.

The constraints and location of the axial displacement are defined, and the following model is obtained
for each of the 3 main axes (Fig. 52). Finally, after the analysis, the following deformations were
obtained (Fig. 53).

[ BE L A A cot o EL) Ractfr)
j

Fig. 52 Constraints and displacements for each axis. The green arrow represents the main direction of the applied displacement.
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Fig. 53 Deformation results for the different displacements applied.

Table 4 Porosity and apparent Young's Modulus for the pig bone

Apparent
Normal
Force . . . Young’s .
Stress Strain X Strain Y Strain Z Porosity
(N) Modulus
(MPa)
(MPa)
X-Axis 31913  -12,77 0,033868  -0,100000 0,027490 127,65
Y-Axis 1 36,37 -5,45 -0,100000 -0,003705 -0,006162 54,55 47,46%
Z-Axis 53578 -21,43 -0,002757  -0,003487 -0,100000 214,31

Similarly, the percentages of porosity and apparent Young's modulus were obtained for the structures
generated using the algorithm presented in section 2.2.2, and the result can be seen in Table 6. This was
done to obtain Young's modulus values close to those obtained in Table 4 for pig bone. The resulting

deformations for each of the corresponding trabeculae thicknesses are shown in Table 5.

Table 5 Deformation results for the different displacements applied for each of the corresponding trabeculae thicknesses.

Trabecula
width

XYZ Axis Deformation

0,1 mm




0,2 mm

0,3 mm
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Table 6 Porosity and apparent Young's Modulus for the structures generated with the proposed algorithm increasing by 0.1 mm and
alternating in the XYZ axis.

Trabecula
width

(mm)

0,1Y
0,1X
0,12
02Y
0,2X
02z
0,3Y
0,3X
032z
04Y
0,4 X
042
0,5Y
0,5 X
0,52
0,6Y
0,6 X
0,62
0,7Y
0,7 X
0,72
0,8Y
0,8 X
082
09Y
0,9 X
092
1,0Y
1,0X
1,0Z

Force (N)

T2
-7,51
-7,70
-48,36
-51,84
-52,63
159,11
161,41
-166,24
-302,90
-314,15
-313,47
-520,85
-534,26
-529,31
-732,56
-754,36
-742,24
-937,85
-964,46
-946,05
-1102,10
-1127,20
-1108,20
-1220,50
-1234,90
-1228,10
-1279,40
-1291,40
-1288,80

Normal Stress

(MPa)

-0,28
-0,30
-0,31
-1,93
-2,07
-2,11
-6,36
-6,46
-6,65
12,12
-12,57
-12,54
-20,83
-21,37
-21,17
-29,30
-30,17
-29,69
-37,51
-38,58
-37,84
-44,08
-45,09
-44,33
-48,82
-49,40
-49,12
-51,18
-51,66
-51,55

Strain X

-0,016752
-0,1700000
-0,020336
-0,008522
-0,100000
-0,010333
-0,003287
-0,700000
-0,006988
-0,002236
-0,100000
-0,004981
-0,001429
-0,100000
-0,003281
-0,001268
-0,1700000
-0,001920
0,033376
-0,700000
0,032902
0,033126
-0,100000
0,032678
0,034692
-0,100000
0,036620
0,033574
-0,1700000
0,035268

Strain Y

-0,100000
-0,011313
-0,016932
-0,700000
-0,006696
-0,009574
-0,100000
-0,003686
-0,004058
-0,100000
-0,002918
-0,002828
-0,100000
-0,002159
-0,001087
-0,700000
-0,001367
-0,001226
-0,100000
0,030454
0,034768
-0,100000
0,030708
0,034054
-0,100000
0,030062
0,032542
-0,100000
0,029524
0,032414

Strain Z

-0,006433
-0,010482
-0,100000
-0,004388
-0,006170
-0,100000
-0,002446
-0,003175
-0,100000
-0,001537
-0,002398
-0,100000
-0,000945
-0,002049
-0,100000
-0,001035
-0,001655
-0,100000
0,034044
0,029470
-0,1700000
0,033600
0,029978
-0,700000
0,033900
0,031224
-0,100000
0,032868
0,030092
-0,700000

Apparent
Young's
Modulus

(MPa)
2,85
3,00
3,08
19,35

20,74

21,05

63,64

64,56

66,50

121,16

125,66

125,39

208,34

213,70

211,72

293,02

301,74

296,90

375,14

385,78

378,42

440,84

450,88

443,28

488,20

493,96

491,24

511,76

516,56

515,52

Porosity

95,16%

83,23%

68,00%

52,47%

38,68%

27,47%

19,00%

13,20%

9,58%

7,56%
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Other structures and results were subsequently added to obtain values closer to those obtained for pig

bone; these results can be seen in Table 7.

Table 7 Porosity and apparent Young's Modulus for the annexed structures generated with the proposed algorithm, increasing by 0.01 mm,
0.001 mm, and alternating in each axis.

Trabecula
width

(mm)

0,289 Y
0,289 X
0,289 2
0,29 Y
0,29 X
0,292
0,401Y
0,401 X
0,401 2
0,41Y
0,41 X
0,412
0,46 Y
0,46 X
0,46 Z
0,461Y
0,461 X
0,4612
0,501Y
0,501 X
0,501 2

Force

(N)

-135,35
-142,53
-144,17
-138,23
-145,08
-147,22
-316,77
-327,79
-327,50
-334,14
-345,42
-344,62
-429,31
-440,42
-436,73
-440,84
-451,61
-447,94
-529,50
-542,19

-537,68

Normal Stress

(MPa)

-5,41
-5,70
-5,77
-5,53
-5,80
-5,89
-12,67
-13,11
-13,10
-13,37
-13,82
-13,78
17,17
-17,62
-17,47
-17,63
-18,06
-17,92
-21,18
-21,69

-21,51

Strain X

0,040332
-0,100000
0,044960
0,040212
-0,1700000
0,044106
0,033966
-0,700000
0,034652
0,034560
-0,100000
0,036806
0,034692
-0,700000
0,036620
0,033574
-0,100000
0,035268
0,032940
-0,100000

0,034652

Strain Y

-0,100000
0,033248
0,036196
-0,700000
0,033034
0,034304
-0,100000
0,029980
0,031724
-0,100000
0,029696
0,031920
-0,100000
0,030062
0,032542
-0,100000
0,029524
0,032414
-0,100000
0,029634

0,032510

Strain Z

0,037410
0,038614
-0,100000
0,038528
0,038610
-0,100000
0,034016
0,030246
-0,1700000
0,033370
0,031770
-0,100000
0,033900
0,031224
-0,100000
0,032868
0,030092
-0,100000
0,032652
0,029784

-0,100000

Apparent
Young’s
Modulus

(MPa)

54,14
57,01
57,67
55,29
58,03
58,89
126,71
131,12
131,00
133,66
138,17
137,85
171,72
176,17
174,69
176,34
180,64
179,18
211,80
216,88

215,07

Porosity

69,77%

69,61%

52,48%

51,15%

44,05%

43,92%

38,66%

Once the different data were obtained for each of the structures, we selected those whose apparent

Young's moduli were close to those in Table 3 and located in the same XYZ axis of this table (Table 8).



49

Table 8 Results of the selected structures whose values are close to those found in pig bone.

Apparent Young’s Apparent Young’s

Trabeculae Structure’'s  Pig bone’s
Axis Modulus for the Modulus for the pig
width (mm) porosity porosity
structure (MPa) bone (MPa)
0,4 X 51.14 54.55 52,47%
0,289 Y 125.66 127.65 69,77% 47,46%
0,501 y4 215.07 214.31 38,66%

Additionally, the different porosities were also plotted with the apparent Young's modulus (Fig. 54).
This graph shows how Young's modulus decreases as the percentage of porosity increases since the
amount of solid material in the structure decreases. Moreover, the anisotropic behavior of the structure

can be seen, and in descending order, the highest Young's modulus corresponds to the X, Z, and Y axes.

It is possible to observe how the behavior of Fig. 54 corresponds to that described by the Gibson-Ashby
equation (Eq. 3) [11], [77]. This leads to a Young's modulus that exhibits a square dependence on

relative density and no dependence on pore size.

E = Cpn Eq. 3

where E and p are the Young's modulus and density of the solid, respectively. The constants C and n
depend on the microstructure of the solid material, and the dependence of C and n on the microstructure
is not well understood, which has generated a problem in being able to predict and optimize the elastic

properties of cellular solids.
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Fig. 54 The correlation of the porosity percentage with the apparent Young's modulus of the structure is shown.

3.2.2. Compression test
Further examination for the proposed research is carried out via compression tests on 3 cellular
structures each with a different trabeculae thickness, 0.289 mm 0.4 mm and 0.501 mm (corresponding
to the results shown on Table 8), and a specimen from a pig bone scan, which were manufactured by
using Formlabs-2 printing system (Formlabs, Somerville, Massachusetts, USA) (Fig. 55). This system
uses stereolithography technology that operates by focusing an ultraviolet (UV) laser on a container of

photopolymer resin. The structures were printed on gray resin.
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0,289mm 0,4mm 0,50Tmm Pig Bone

X Axis

Y Axis

Z Axis

Fig. 55 3D printed structures for each trabecula thickness selected and the pig bone scan.

Four groups of structures were established to be analyzed, considering the previously selected
structures, each with 3 X, Y and Z subgroups, each in turn with 3 specimens for a total of 36 specimens.
Additionally, the stress—strain curve of the printing material was obtained through compression testing

of solid cubes.

Before testing, the weights of each specimen were taken using a Shimadzu UW620H precision balance,
and three weight measurements were taken for each structure. This was to obtain the average porosity
for each structure by using the density obtained in Table 3. Additionally, dimensional measurements
were obtained using a Nikon SMZ800 stereo microscope, and 5 measurements were taken for each XY,

XZ, and YZ plane.

Fig. 56 Shimadzu UW620H precision balance and Nikon SMZ800 stereo microscope were used for the dimensional analysis.
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The 36 specimens were subjected to a compression test in which a compression load was applied with
a velocity of 0.1 mm/min. The testing apparatus used was a Shimadzu model AG-IS with a 5 kN load
cell, with Trapezium 2 software (Fig. 57). The load and crosshead displacement data were recorded

using the A/Data hardware and software solution produced by the same manufacturer.

Fig. 57 Compression test setup for each specimen.

After processing and analyzing the data, Table 9 was obtained. In this table, the nominal porosities of
the CAD model and the final porosity of the manufactured model can be observed, as well as the Young's
modulus obtained from compression tests. Finally, a graph was made to relate the porosity and the

Young's modulus obtained from the tests to better characterize the behavior of the structure.

Table 9 Results of the compression test for the selected manufactured specimens.

SOLID 0% 0% 589,91 589,91 589,91
PIG'SBONE |47,46% 6,33% 272,69 302,55 281,71
0,501 MM 38,66%  10,47% 276,36 295,78 293,29
0,400 MM 5247%  13,67% 282,02 23396 187,80
0,289 MM 69,77%  34,00% 56,09 67,21 38,39
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Fig. 58 The correlation of the porosity percentage with the Young's modulus of the specimens is shown.

53

40%



54

4. Discussion

In this study, an algorithm was designed to generate a scaffold from computed tomography images by
controlling various variables of the structure, number of pores, and trabecular size. By controlling these
variables, the mechanical properties of an organic structure such as pig bone can be reproduced. The
mechanical behavior observed in Fig. 54 follows that proposed by Ashby Gibson [11], and the work
presented here considered the dependence of the elastic constants of Voronoi foams on the relative
density [11], [78].

Moreover, the mechanical behavior observed in Fig. 58 and Table 9 shows an appreciable error regarding
the real porosity of the manufactured structures versus those obtained in the CAD model. This error can
be attributed to the additive manufacturing process. The 3D printed models resulted in a lower porosity
because some of the pores were too small and were consequently clogged with resin, which altered the
final thickness of the different trabeculae. This could modify the inertia as well as the cross-sectional
area of some elements.

However, the experimental results have the same tendency as the FEA results: for greater porosity, a
lesser Young's modulus. This tendency is in accordance with the model proposed by Ashby Gibson as
discussed before [11].

Voronoi tessellations are used for scaffold design because their irregularity is biomimetic to the bone
trabeculae [31], [79], [80]. The results showed that it is possible to obtain a synthetic Voronoi structure,
customized with variable porosities and trabecular size, that can be manufactured by additive
manufacturing while retaining its similarity with the natural architecture of a specific patient's bone. In
addition, the interactive process of the algorithm and the use of computed tomography images facilitate
the morphological adaptation process without generating mechanical complications [35].

Regarding osteogenic differentiation, the algorithm allows for the generation of porosity gradients
directly related to those of bone by using CT scans as density maps. The study conducted by A. Di Luca
and his collaborators showed that cells have a greater tendency toward osteogenic differentiation due
to pore size due to the increased supply of nutrients and oxygen in compartments with larger pores
[34].

To conclude, it should be noted that there is variability between the designed geometry and the
geometry that is finally manufactured. This is because there are different processes that have variable

precision:

e The export of geometry from CAD entities to an approximate representation in the STL file.

e The meshing of the STL geometry for FEM simulation.
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e The SLA additive manufacturing process is conditioned by the size of the pixels and the layer
thickness. Additionally, liquid resin may remain on the trabeculae, which increases the

thickness of the trabeculae when the specimens are subjected to the postcuring process.

5. Conclusions

This thesis proposed a method for generating a three-dimensional porous structure based on Voronoi
diagrams. In the second chapter of this work, various parameters for the design of 3D scaffolds are
reviewed, and the concept of design through diagnostic images is introduced as a possible approach to
different problems in the design of cellular materials. Among the different parameters are pore size,
porosity, pore interconnectivity, mechanical properties, degradation, and biochemical signals [48]-[57],
[81]. For the development of the research, those parameters directly related to the porosity and internal
architecture of the cellular structure were selected. These parameters were evaluated using finite
element analysis, and it was found that porosity has a direct relationship with the elastic modulus of
the cellular material.

In the same chapter, the proposed methodology is used to program an algorithm that works in 2D and
3D with X-ray images and CT scans, respectively. This software uses the number of points desired and
the diagnostic images as grayscale maps to represent the density distribution of the cellular structure,
which results in porous structures with a density distribution that resembles that of the bone it is
inspired by. Moreover, this allows the creation of a stochastic geometry that adapts to the bone's
organic contours and the material's variable densities without using predefined cellular structures [82]-
[84]. At this point, it is important to work the pores that are on the surface of the structure so they have

a larger opening to facilitate manufacture.

Additionally, the proposed algorithm is simple to follow, offers different variables to control, unlike
others found in the literature (number of point clouds, number of pores, trabeculae size, etc., and can
be applied to any geometry regardless of its complexity. Finally, the number of pores is independent of
the number of pixels in the images. In addition, thanks to the use of density maps in diagnostic images,

the final structure does not depend directly on the number of pixels or voxels in the images.

In the third chapter, the mechanical compression behavior of the structures generated through finite
element analysis and mechanical testing of specimens manufactured by additive manufacturing was
characterized. It was found that it is necessary to consider the effect of postprocessing in the
manufacturing process to achieve printed cellular structures closer to the initially designed CAD

structure, especially in terms of porosity.
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It is important to mention that due to the process that the CAD models must go through during design,
analysis, and subsequent manufacturing, tolerance errors may occur that can affect the mechanical and
dimensional behavior of the final structures. This process includes designing the 3D CAD model using
Grasshopper and Rhinoceros 3D, translating the CAD to meshing for finite elements using Gmesh and
Ansys Workbench, and then transferring it to the STL extension for manufacturing using 3D printing.

Finally, during the development of the chapter, it can be observed how the elastic modulus can be
adjusted by varying the thickness of the trabeculae; however, further studies are necessary to adjust the

elasticity modulus in each of the axes and subsequently the transverse elasticity modulus.

5.1. Products

e As part of this work, there is one article in process of publication with the title “Design for the
additive manufacturing of structural elements with cellular materials using Voronoi diagrams and
Delaunay triangulations: Biological and structural applications”.

e A software code was registered in the “Direcciéon nacional de derechos de autor™: Scaffold

regular. Registration number 13-92-296. Date: Nov 8th, 2022.

5.2. Future work
The chapters in this thesis provide a foundation for exploring specific applications and conducting

further research. Some of the points that can be addressed are related to the following:

e The roughness of the final surface of the structure was changed to analyze and improve cell
adhesion, and initial work in this field can be seen in Fig. 59.

e Generate a greater anisotropy in the mechanical properties of the principal axes to more
faithfully emulate the mechanical behavior of cellular structures in regard to bones or other
organic structures.

e Conduct experimental studies to establish the effect of the manufacturing and postprocessing

on the final dimensions and mechanical behavior of the designed structures.

Fig. 59 possible surface roughness proposed.
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