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ARTICLE INFO ABSTRACT

Keywords: This study evaluates the compressive properties of stereolithography (SLA) fabricated open-cell lattices, spe-
Open-cell lfmices cifically triply periodic minimal surface (TPMS) gyroid and stochastic structures, for artificial bone applications.

FSFPM}? 8y’ roid Two resins, Standard White and BioMed Amber, were tested across four relative densities (0.2, 0.3, 0.4, 0.5).
tochastic

Mechanical characterization of horse tuber coxae trabecular bone used as a biological comparator showed an
average elastic modulus of 0.05 GPa and a yield strength of 3.369 MPa. Gyroid structures exhibited higher elastic
modulus and yield strengths, with BioMed Amber gyroid at a density of 0.5, achieving an elastic modulus of
0.623 GPa and yield strength of 14.149 MPa. Stochastic structures showed lower and more variable mechanical
properties. The highest yield strength for stochastic structures was observed in BioMed Amber at a density of 0.5
(14.199 MPa). Comparative analysis indicated that high-performing synthetic structures approach the lower
bounds of natural bone properties. Using a field-driven design approach, variable relative density structures were
developed to emulate the mechanical properties of natural bone. SEM analysis provided insights into failure
mechanisms, highlighting the impact of relative density on structural integrity and material ductility. This
research supports the development of 3D-printed bone-like structures as viable substitutes for cadaveric speci-
mens in preclinical tests, with implications for material science and orthopedic applications.

Stereolithography (SLA)
Compressive properties
Artificial bone

71, which makes them techniques with the potential to replicate the
mechanical properties of bone [8,9] by controlling the internal archi-

1. Introduction

Nature’s architectures, such as bone, combine intricate geometries
with outstanding functional properties, presenting significant chal-
lenges for traditional prototyping methods. Additive Manufacturing
(AM) has revolutionized the ability to replicate these complex struc-
tures, transforming rapid manufacturing processes and significantly
impacting the biomedical manufacturing sector. The improved quality
of the parts in this industry has progressively become more complex,
where the applications of AM technologies are being rapidly enhanced
to become more important in the biomedical manufacturing industry.
Notably, bone tissue engineering created a path to printing porous
scaffolds with engineered chemically controlled direct and inter-
connected porosity topologies [1-5]. AM technologies take advantage of
several parameters in the creation of complex internal structures [1,2,6,

tecture structure and porosity density [3,10-14]. These technologies
offer a wide range of possibilities in the 3D printing field. Geometric
complexity makes fabrication and product customization possible. The
extended range of materials used in AM technologies widened to include
polymers, ceramics, and metals [6,15]. Thus, AM has pushed the topo-
logically complex structures to be part of the biomedical industry at
various levels of length scales, from the nanoscale to the macroscale
[16]. The advances allow design for additive manufacturing (DfAM) to
vary several properties in complex morphological lattices compared to
the bulk material, enabling multi-functionality. This makes custom-
ization easier and enhances the design capabilities [17-19].

Materials with purposefully designed structures can achieve tailored
mechanical properties and specific functionalities [20-22]. In the

* Corresponding author at: Bio-inspired Processes and Materials Research Group, Instituto Tecnoldgico de Costa Rica, Cartago, 30101, Costa Rica.
E-mail addresses: miaraya@itcr.ac.cr (M. Araya), josuedmrO@estudiantec.cr (J. Murillo), rafael.vindas.bolanos@una.cr (R. Vindas), tguillen@itcr.ac.cr

(T. Guillén).

https://doi.org/10.1016/j.mtla.2024.102233
Received 25 June 2024; Accepted 10 September 2024
Available online 11 September 2024

2589-1529/© 2024 The Author(s). Published by Elsevier B.V. on behalf of Acta Materialia Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:miaraya@itcr.ac.cr
mailto:josuedmr0@estudiantec.cr
mailto:rafael.vindas.bolanos@una.cr
mailto:tguillen@itcr.ac.cr
www.sciencedirect.com/science/journal/25891529
https://www.elsevier.com/locate/mtla
https://doi.org/10.1016/j.mtla.2024.102233
https://doi.org/10.1016/j.mtla.2024.102233
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtla.2024.102233&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

M. Araya et al.

medical sector, one of the applications is biomimicry, in which it is
possible through AM technologies to imitate properties of natural
structures and tissues such as bones, muscles, and tendons, among
others [2,6,7,23-26]. Here, Triply Periodic Minimal Surface (TPMS) and
stochastic structures are designed to integrate with living tissues and
serve as standalone bone models that exhibit similar biomechanical
behaviors to human bone. These models offer a pathway toward elimi-
nating the variabilities associated with cadaveric samples, providing
more consistent and controlled environments for biomechanical testing.
TPMS, such as gyroid structures, are recognized for their minimal sur-
face area and excellent load-bearing properties, which distribute stress
evenly. The gyroid structure is characterized by its continuous,
non-self-intersecting, and periodic nature. It is known for its high spe-
cific strength and unique geometric properties, and the gyroid structure
is widely used in applications that require lightweight yet strong ma-
terials. Its complex, curved surfaces also contribute to excellent me-
chanical performance, including enhanced energy absorption and
fatigue resistance, making it a popular choice in biomaterials and
advanced manufacturing fields [27,28]. These characteristics make
them highly suitable for biomedical applications, where they mimic
trabecular bone’s geometric and mechanical properties [29-31].
Compared to TPMSs, stochastic structures are more suitable for
providing closer mimicry to native bone. These structures use a random
point process where a family of points is distributed in each space
known, where statistical (e.g., Poisson-Voronoi process) and mathe-
matical functions are used to create a lattice structure from a random set
[16,32,33].

Previous research shows the application of additive manufacturing
technologies for designing and developing cellular scaffolds in ortho-
pedic implant applications. [6,34,35], becoming an ideal tool to obtain
the optimal internal architecture of porous implants that satisfy func-
tional requirements and bio-mimic human bone [2,5,7,14,34,36]. These
approaches show the potential of using AM technologies and
computer-aided design and engineering (CAD-CAE) tools to develop
artificial bone for biomechanical assessments of medical devices in the
laboratory. The trabecular bone has a cellular structure. Architecturally,
it is formed by a connected network of rods and plates, extended in
different directions defined by the orientation of major stress within the
bone [37]. Polymeric foams can imitate mechanical behavior in other
cellular materials. Knowing the deformation mechanisms in such ma-
terials has led to understanding how their mechanical properties depend
on their relative density, wall properties, and cell geometry [38,39].
Relative density is the density of the cellular solid divided by that of the
solid from which it is made and is equivalent to the volume fraction of
the solid [40]. In practice, the relative density of trabecular bone ranges
from about 0.05 to 0.5 (i.e., any bone with a relative density less than 0.7
is classified as trabecular) [38].

The theoretical framework provided by L.J. Gibson on the mechan-
ical behavior of cellular materials informs the design of these synthetic
bones, modeling them to mimic the compression behavior of trabecular
bone across three regimes: linear elasticity, stress plateau, and densifi-
cation [40]. Understanding these models is crucial for engineering
synthetic bones that behave like their natural counterparts, particularly
in how they respond under biomechanical stress, primarily through
buckling in low-density regions [40].

The primary goal of this study is to develop and validate synthetic
bone models using stereolithography (SLA) open-cell lattices, with a
focus on TPMS gyroid and stochastic structures, to replace cadaveric
bone in preclinical biomechanical tests. By leveraging AM technologies,
this research aims to produce synthetic bones that closely mimic human
trabecular bone’s mechanical properties and offer standardization and
reproducibility in testing environments. The approach includes a
detailed examination of the influence of various design parameters and
material choices on the mechanical properties of the printed structures.
Through rigorous testing and comparative analysis, the study seeks to
identify optimal configurations that achieve the closest match to the
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biomechanical characteristics of natural bone, thereby enhancing the
reliability and relevance of preclinical laboratory testing.

2. Materials and methods
2.1. Statistical methodology

To evaluate the factors that may influence the compressive proper-
ties of SLA open cell structures, a Design of Experiment (DoE) was
conducted as a statistical method. The analyzed factors were the speci-
men’s material with two levels, open-cell type with two levels, and the
relative density (RD) with four levels in a multilevel factorial design
with 3 replicates, for a total of 48 runs. Materials studied were Formlabs
(Formlabs, Somerville, MA, USA) SLA Standard White and BioMed
Amber resins. Table 1 displays the constitutive properties of the resins,
as provided by the manufacturer datasheets.

Open-cell types studied were a Gyroid walled Triple Periodical
Minimal Surfaces (TPMS) and a Voronoi Volume Lattice with stochastic
structure constructed by random points in space. TPMS Gyroid and
Stochastic lattice were digitally designed using implicit modeling with
CAD software nTopology (nTopology, New York, NY, USA). Eq. (1)
describes the surface of TPMS Gyroid, where a and t control unit cell size
and porosity, respectively [41].

. (2 2r . (2n 2r
O(X, ¥, 2) gyroig = SIN 5 X)eos\ Y + sin o Y)eos\ 2
(3 =)(3 %)
+sin| — z |cos[ — x
a a

—t (@)

The Stochastic structure is based on a random point process, typi-
cally a Poisson-Voronoi process, where a set of seed points P; are
distributed randomly in the space. Each seed point generates a cell Vj,
defined in Eq. (2):

Vi:{XG Rﬂ”x—PngfoPjH V]#l} &)

This equation defines a region where any point x within the region V;
is closer to the seed point P; than to any other seed point P;. The strut
thickness and the average spacing between generated points in space are
controlled parameters to manipulate the relative density of the Voronoid
structure.

RD was controlled by setting the design variables: “strut thickness”
and “cell size” for TPMS and “strut thickness” and “the average spacing
between generated points in space.” CAD-related variables can be
visualized in Fig. 1. For statistical analysis, Minitab 22 Statistical soft-
ware was used.

2.2. Mechanical Testing of horse tuber coxae and synthetic bone

Specimens of the lattice structures for compressive testing were
fabricated using Formlabs Form3B (Formlabs, Somerville, MA, USA)
SLA 3D printer. The specimen’s geometry was created according to
ASTM D695-15. The test specimen geometry was created using a
computer-aided design (CAD) software nTopology (nTopology, New
York, NY, USA) exported as a Standard Triangle Language (STL) and

Table 1
Constitutive properties of the resins.
Post-Cured Tensile Modulus Ultimate Elongation =~ Method
Resin (GPa) Tensile
Strength
(MPa)
Standard 2.8 65 6 % ASTM
White D638-10
BioMed 29 73 12 % ASTM
Amber D638-10
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Gyroid walled Triple Periodical Minimal Surfaces (TPMS)
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Fig. 1. Set of open-cell structure types and relative density selected for the study. The set is composed of two open-cell structures (TPMS, Voronoi Volume Lattice

stochastic) and four different relative densities (0.2, 0.3, 0.4, 0.5).

imported into the slicing software Preform (Formlabs, Somerville, MA,
USA) to set the printing variables and fabricate them. All specimens
were printed “stand” on the print platform, with a layer print high of 50
pm. Following fabrication, the specimens printed with Standard White
resin underwent a post-processing procedure that began with a 10-min
wash in isopropyl alcohol under constant agitation to ensure thorough
cleaning. After washing, the specimens were subjected to a UV and heat
treatment at 60 °C for 30 min, optimizing their mechanical strength and
stability. A similar post-processing protocol was applied to the Biomed
Amber resin specimens, adjusting to accommodate the material’s spe-
cific requirements. These specimens were washed for 20 min in iso-
propyl alcohol, ensuring complete removal of any residuals. They were
then exposed to UV light and heat at 70 °C for 60 min, which enhanced
their structural integrity and material properties.

Six samples were extracted from horse cadaveric tuber coxae for
mechanical examination. The samples were extracted from the

2.5 mm
0 mm

d=
h=

1
2

T iber Coxae
e -

cadaveric bone using a 12.5 mm trephine drill. Fig. 2 shows the sample
preparation process.

Both tuber coxae and SLA lattice samples were tested using an MTS
Bionix Universal Machine with a 2.5 KN load cell. The compressive
strain rate used was 1.3 mm/min. Force-displacement data was used to
plot stress-strain curves and calculate the response variables, such as
Compressive Young’s Modulus and compressive yield strength. Young’s
modulus was calculated from the slope of the initial, linear portion of the
stress-strain curve, where the material exhibits elastic behavior,
returning to its original shape upon removal of the applied stress. Yield
strength was identified at the point on the stress-strain curve where the
material transitions from elastic deformation to permanent (plastic)
deformation. The 0.2 % offset method was employed to determine the
yield strength.

Fig. 2. Tuber coxae sample preparation. Use of trephine to extract cylindrical sample (a). Extracted sample dimensions (b). Compressive test (c).



M. Araya et al.
2.3. Synthetic bone scanning electron microscopy analysis

The specimens used in this study were examined using Scanning
Electron Microscopy (SEM). This analysis was performed to identify and
verify the internal structure of the 3D-printed samples, characterize SLA
technology, and examine the failure mechanism. The specimens were
mounted using carbon conducting tape before being sputter-coated with
a gold target. A Jeol JSM-6390LV SEM was used at 20 KeV.

2.4. Field driven design to generate bone-like structures

To emulate bone-like structures within a femoral model, the implicit
design methodology was employed using the nTopology software
(nTopology, New York, NY, USA). Initially, a femoral .obj model was
imported into the software. The model underwent a series of re-
finements, including remeshing to optimize mesh quality, followed by
conversion into an implicit format suitable for further manipulations
and analyses.

A static finite element analysis (FEA) was conducted to assess the
stress distribution within the bone structure. The model was assigned an
orthotropic linear elastic material property in accordance with the
human bone properties characterized by Li et al. [42] with a density of 2
g/cm®, detailed properties are tabulated in Table 2. The calculation of
the shear modulus G was based on the relationship in the Eq. (3):

E

= 3iy ®

where E is the Young’s modulus and v is the Poisson’s ratio.

Following FEA, topology optimization (TO) was implemented to
optimize the material distribution within the model to achieve the best
structural performance with the least amount of material. TO was con-
ducted using Structural Compliance Response as the Design Objective to
minimize the deformation under loading conditions while respecting a
minimum feature constraint of 1 mm. The result is a points map that
drives the density distribution, directly influencing the structure’s final
geometry.

The boundary conditions applied for the simulation included a load
of 1000 N vectorially distributed along the x, y, and z axes at the femoral
head to simulate natural force distribution during standing or walking.
At the base of the femur, a displacement restraint was implemented to
mimic the constraint conditions in a physiological setting.

Outputs from the TO were transformed into a scalar point map
showing element densities. This map was a critical input for field-driven
design, a method grounded in the mathematical framework of fields that
define values at every point within a specified space. As elaborated by
George Allen [43], a scalar field in this context is a real-valued function
defined over a three-dimensional space that assigns numerical values at
any given point (x,y,z). A ramp block tool in nTopology was utilized to
manipulate the design parameters based on the stress distribution. This
tool adjusts field values by rescaling existing fields according to defined
input and output thresholds. For instance, if the existing field F(x,y,z)
holds values, the Ramp block modifies these values such that:

G (x,y,z) = by if F (x,y,2) < ao (€)]
G (x,y,z) = b if F (x,y,2) > a 5)
For values ap< F (x,y,z) <a1, G interpolates linearly between by and

by. Fig. 3 shows graphically the use of a ramp block to generate variable

Table 2
Orthotropic linear elastic material properties.

Elastic Modulus (GPa) Poisson’s Ratio Shear Modulus (GPa)

El 13.00  Nul2 0.3 Gl2 5.00 GPa
E2 13.00 Nu23 0.3 G23 5.00 GPa
E3 18.00 Nul3 03 G13 6.923 GPa
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relative density within a lattice structure.
3. Results and discussion

The mechanical properties of horse tuber coxae trabecular bone and
synthetic bone lattices produced via SLA with varying densities and
materials were evaluated to explore their potential as bone replacement
materials.

3.1. Mechanical Characterization of horse tuber coxae trabecular bone

Fig. 4 and Table 3 show the compressive mechanical results of the
horse tuber coxae. The average elastic modulus of the horse tuber coxae
trabecular bone was 0.05 GPa, and the average yield strength was 3.369
MPa. These values indicate a relatively low stiffness and strength,
characteristic of trabecular bone, known for its porous structure. The
stress-strain curves evidenced the characteristic mechanical behavior of
open-cell structures [38,44], where three regimens are observed: a
linear elastic behavior, followed by a plateau with variance in the stress
related to collapsing of the struts and, finally, a densification of the
structure after the collaboration stage. The samples presented a typical
stress-strain curve for stretch-dominated structures, where it is observed
to maintain more of a plateau after the linear elastic regime, as the struts
yield and collapse prior to densification [45,46].

3.2. Mechanical characterization of SLA lattice structures

The synthetic bone lattices exhibited a broad range of mechanical
properties, influenced by both the design (gyroid vs. stochastic) and the
material composition (Standard white vs. Biomed amber), as well as the
relative density (0.2, 0.3, 0.4, 0.5). Fig. 5 and Table 4 summarize the
mechanical results. The gyroid structures generally showed higher
values in both elastic modulus and yield strength across all materials and
densities, suggesting a more efficient load-bearing architecture than
stochastic structures. Specifically, the Biomed amber gyroid with a
density of 0.5 exhibited the highest elastic modulus (0.623 GPa) and
yield strength (14.149 MPa) among the tested configurations. Regarding
rigidity, the Gyroid deforms with behavior dominated by stretching
rather than bending, allowing enhanced performance [30,47]. In
contrast, the stochastic structures demonstrated generally lower elastic
moduli and yield strengths across similar densities and materials.
Interestingly, stochastic structures made with Biomed amber showed a
disproportionately lower elastic modulus, especially noticeable at lower
densities (0.005 GPa at 0.2 density), yet maintained higher yield
strengths (e.g., 14.199 MPa at 0.5 density), which might be attributable
to the inherent material properties and the random nature of the
structure influencing stress distribution [48,49] differently than in the
gyroid design. The observed performance of stochastic structures made
from Biomed amber material highlights a critical aspect of material
science and engineering: the interplay between structure design and
material properties. This emphasizes that both the design of the struc-
ture and the choice of material independently influence the mechanical
behavior of a component [50-52].

Cancellous or trabecular bone in humans, such as that found in the
tibia head and vertebra, typically exhibits an elastic modulus ranging
from 0.02 GPa to 0.64 GPa, with ultimate strength values between 0.9
MPa and 8.8 MPa [53]. These properties align closely with the me-
chanical characteristics observed in the horse tuber coxae trabecular
bone, which presented an average elastic modulus of 0.05 GPa and a
yield strength of 3.369 MPa. The similarity in these values suggests that
horse tuber coxae trabecular bone can serve as a reasonable biological
analog for human trabecular bone, particularly in studies where human
bone samples are not readily available.

The SLA synthetic bone structures, especially the gyroid designs
fabricated using Biomed amber material, demonstrated superior me-
chanical performance compared to both the horse tuber coxae
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Fig. 3. Synthetic bone design using Stochastic structure with variable Relative Density (left). Anatomy of the human proximal femur (right).
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Fig. 4. Stress — strain curves of horse tuber coxae trabecular bone.

Table 3
Average Elastic Modulus and Yield at 0.2 % of Horse Coxae.
Test Elastic Yield at 0.2 Average Elastic Average Yield at
Modulus (GPa) % (MPa) Modulus (GPa) 0.2 % (MPa)
0.03964 3.02066
Left 0.077518 3.7876 0.052 3.409
Coxa
0.0386282 3.41961
0.050552 2.72698
Right 0.047269 4.13143 0.048 3.329
Coxa
0.044771 3.12809

trabecular bone and human trabecular bone. For instance, the gyroid
structures with a relative density of 0.5 exhibited an elastic modulus of
0.623 GPa and a yield strength of 14.149 MPa. These values approach
the upper range of human trabecular bone’s mechanical properties,
indicating that these synthetic structures possess sufficient rigidity and
strength to support load-bearing applications in bone tissue engineering.

Interestingly, the range of mechanical properties observed in the SLA
synthetic bone lattices, particularly the elastic modulus values ranging
from 0.005 GPa to 0.623 GPa, can be correlated with cancellous bone
from different anatomical parts of the human body [53]. For example,
lower density SLA structures, with elastic moduli at the lower end of the

range, may resemble the mechanical behavior of cancellous bone found
in less load-bearing regions, such as the vertebrae. In contrast, higher
density SLA structures with elastic moduli approaching 0.623 GPa are
more similar to cancellous bone in load-bearing regions like the femoral
head or tibia, where the mechanical demands are greater. This corre-
lation underscores the potential of SLA synthetic lattices to be tailored
for specific anatomical applications, depending on the mechanical re-
quirements of the target bone.

The development of 3D-printed bone-like structures using SLA pre-
sents a promising avenue for creating synthetic bone models that could
replace cadaveric specimens in preclinical tests. The ability to tune the
mechanical properties through adjustments in lattice design, material
choice, and relative density provides a versatile tool to emulate various
bone conditions, ranging from healthy to osteoporotic states. For
instance, lower-density stochastic models could simulate weaker bone
like those found in osteoporotic patients, whereas higher-density gyroid
structures could simulate healthy bone. Moreover, the distinct perfor-
mance characteristics between the gyroid and stochastic models high-
light the potential for selecting specific lattice designs tailored to
emulate different anatomical features or pathological conditions of
bone. The higher mechanical properties of the gyroid structures suggest
their suitability for load-bearing applications. In contrast, the stochastic
models, with their unique stress distribution properties, might be better
suited for areas where more energy absorption is required. Fig. 6
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Fig. 5. Stress — Strain curves of lattices fabricated via SLA.

visually compares the response variables, correlating them with the
study’s factors to facilitate analysis.

Even considering only healthy bone, this is a complex material with
non-homogeneous anisotropic properties, especially considering
different parts of the bone, age, sex, loading direction or anatomical site.
Small changes in geometry can lead to significant variations in its me-
chanical properties, so multiple variations can be manufactured to take
advantage of the characteristics of each structure and configuration.
Also, the specific anisotropic properties of different bone types can be
artificially generated by choosing the correct topology and applying
geometric dilation or density gradients [30,48].

The study of 3D printing of resins is a developing branch, so there are
not too many articles that describe and compare resins, which makes its
study and future understanding important [54,55]; the BioMed Amber
resin shows quite promising results. This material is usually strong and
rigid, but its properties can change, as mentioned before. For example,
when applying different treatments, in the literature, it is said that when
applying artificial aging or polishing, the specimens weaken, showing
different behavior in compression and traction tests, which significantly
influences the resulting elastic modulus [56].

3.3. Synthetic bone SEM analysis

Fig. 7 presents the SEM images of SLA lattice structures with varying
relative densities (RD) in gyroid (0.2-0.5 RD, subfigures a-d) and sto-
chastic (0.2-0.5 RD, subfigures e-h) configurations. The gyroid struc-
tures (Fig. 7a-d) show failure predominantly around the mid-sections
where the curvature of the triply periodic minimal surfaces (TPMS) al-
ters. Notably, the fractures were both perpendicular and parallel to the
manufacturing layer direction, as observed in Fig. 7(a) and (c). In
contrast, the stochastic structures (Fig. 7e-h) demonstrated failure oc-
currences near the nodal points, with fractures predominantly oriented
perpendicular to the struts. As the relative density increased across both
structures, a decrease in failure cracks was observed, indicating
enhanced structural integrity with higher densities.

Fig. 8 provides a detailed view of the failure mechanisms within
these structures. SEM analysis reveals significant evidence of lamination
failure, evident in Fig. 8(b) and (f) for gyroid and stochastic structures
respectively, observable at a magnification that exposes defects smaller
than the printing layer resolution. This lamination failure within the
material composition extends beyond the typical layer delamination
observed in additive manufacturing processes. Fig. 8(c) and (g) present
magnified views of delamination within the structures, highlighting that
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Table 4
Compressive characterization of lattices fabricated via SLA.

Structure Material Relative Young Modulus  Yield Strength
density (Gpa) (MPa)
(p/ps)
TPMS Standard 0.200 0.062 =+ 0.002 1.709 + 0.057
Gyroid White
0.300 0.112 + 0.005 3.100 £ 0.170
0.400 0.189 =+ 0.002 5.324 + 0.269
0.500 0.312 £ 0.009 8.546 + 0.427
Biomed 0.200 0.124 £ 0.009 2.839 £ 0.096
Amber
0.300 0.266 =+ 0.012 6.564 + 0.430
0.400 0.418 £ 0.004 10.131 +
0.212
0.500 0.623 + 0.010 14.149 +
0.596
Stochastic Standard 0.200 0.032 + 001 0.766 £ 0.032
White
0.300 0.079 + 004 1.898 + 0.067
0.400 0.137 £ 0.008 3.701 £ 0.097
0.500 0.298 + 0.015 7.477 + 0.402
Biomed 0.200 0.005 =+ 0.009 3.117 £+ 0.252
Amber
0.300 0.006 + 0.012 4.830 + 0.366
0.400 0.014 + 0.025 8.733 £ 0.118
0.500 0.020 + 0.035 14.199 +
0.714

these defects arise within the material’s microstructure rather than from
layer separation typically seen in SLA printing. Such findings suggest an
inherent failure in the material layer cohesion, potentially increased by
the specific material formulation. Additionally, Fig. 8 shows the pres-
ence of dimples, as highlighted in Fig. 8(h), suggesting a ductile failure
mode. The presence of dimples is noteworthy considering the usually
brittle nature of lower-density structures. This observation suggests that
the increased relative density enhances the material’s toughness, lead-
ing to a more ductile failure mechanism.

The SEM analysis elucidates the complex interplay between struc-
ture, density, failure, and material integrity in SLA lattice structures,
with significant implications for design and processing in additive
manufacturing. Increasing the relative density allows the structures to
exhibit fewer cracks and improved ductility, crucial for engineering
applications demanding high reliability and strength. The evidence of
lamination failure also prompts a reevaluation of material choices and
processing conditions to mitigate these inherent weaknesses and
enhance the mechanical properties of printed structures.
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3.4. Synthetic bone through field driven design

Utilizing implicit design, topology optimization, and field-driven
design facilitated the creation of femoral head models with TPMS
Gyroid lattices. These lattices were tailored using a topology optimiza-
tion (TO) points map, which was pivotal in driving the design. The
models were developed adhering to a design response criterion termed
"Structural Compliance Response" and were constrained by a minimum
feature size of 1 mm, ensuring structural integrity and manufacturabil-
ity. Fig. 9 presents the schematic method for developing synthetic bone
with variable relative density.

A static FEA was initially performed to evaluate the stress distribu-
tion and displacement within the femoral head model under simulated
loading conditions. The FEA results revealed a maximum von Mises
stress of 25 MPa within the femoral neck area and a maximum total
displacement of 1.75 mm at the top part of the femoral head (Fig. 9(c)).
The results were consistent when compare with the experimental data
observed on cadaveric models by Schileo et al. [57]. These results pro-
vided essential insights into potential yielding and deformation within
the structure, which were then used as a foundation for the subsequent
Single body topology optimization. The optimization process involved
100 iterations, with a design variable count of 49,254, a degree of
freedom (DOF) count of 250,707, an element count of 53,474, and a
node count of 83,569.

The results from the topology optimization were converted into
scalar point map values ranging from 0 to 1, which corresponded to
material density distribution across the structure. The topology opti-
mization results were visualized and converted into a scalar point map
depicting element densities (Fig. 9(d)). This transformation was crucial
for manipulating strut thickness within the lattice structure, which
ranged from 0.4 mm to 1 mm. Consequently, this adjustment allowed for
a varied computational relative density, spanning from 0.2 to 0.5. These
modifications were made using a Ramp Block, which dynamically
adjusted the strut thickness based on the density values obtained from
the topology optimization, as illustrated in Fig. 9(f).

The variation in lattice thickness and relative density directly influ-
enced the mechanical properties of the models, such as Young’s modulus
and yield strength, detailed in Table 3. These properties are crucial for
simulating different types of bone tissue, ranging from healthy to oste-
oporotic bone, offering a spectrum of biomechanical behaviors that can
be studied in vitro.

4. Conclusions

This study successfully demonstrated the feasibility of using
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Fig. 9. Synthetic bone design with variable density by using a Ramp Block driven by a Topology Optimization map point Field. Ramesh of .obj femur file (a).
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Topology Optimization points map (f).

stereolithography (SLA) to create synthetic bone models with varying
lattice structures and materials that mimic the mechanical properties of
natural trabecular bone. Through meticulous testing and analysis,
gyroid lattices, especially those fabricated using Biomed Amber resin at
higher densities, consistently outperformed stochastic structures in
elastic modulus and yield strength, proving their potential for load-

bearing orthopedic applications. In contrast, stochastic structures
showed variable mechanical properties that could be tuned to mimic
weaker bones, such as those affected by osteoporosis, indicating their
usefulness in a wide range of biomechanical applications.

The compressive tests on horse tuber coxae trabecular bone and the
synthetic lattices revealed critical insights into the behavior of natural
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and manufactured structures under load. The superior mechanical per-
formance of the gyroid structures can be attributed to their stretch-
dominated deformation, which is beneficial for creating synthetic
models that require high stiffness and strength. On the other hand, the
stochastic structures, with their unique stress distribution properties,
could serve better in applications where energy absorption is crucial.

Moreover, the SEM analyses provided valuable information on the
printed lattices’ failure mechanisms and structural integrity, under-
scoring the importance of material choice and lattice design in achieving
desired mechanical properties. The ability to adjust lattice thickness and
relative density through field-driven design techniques like topology
optimization further enhances the potential to tailor synthetic bones for
specific anatomical and pathological conditions.

In conclusion, developing SLA-fabricated bone-like structures pre-
sents a promising avenue for advancing synthetic models. The ability to
precisely control the mechanical properties through design and material
choices offers a significant advantage over traditional cadaveric speci-
mens. This approach circumvents the ethical and supply issues associ-
ated with human tissues and provides a more consistent and controllable
means of conducting preclinical biomechanical tests.

Several challenges must be addressed to translate these findings into
real-world clinical applications. One of the primary challenges is
ensuring that the synthetic bone materials accurately replicate the
complex biomechanical behavior of human cancellous bone under
various loading conditions. Additionally, the long-term stability and
durability of these synthetic structures must be validated, particularly
under cyclic loading, which mimics the repetitive stresses experienced
in the human body. The potential variability in mechanical properties
due to differences in fabrication processes, could impact the reproduc-
ibility of results in laboratory settings. To overcome these challenges, it
is essential to conduct extensive validation studies that compare the
performance of these synthetic bones with cadaveric samples under a
wide range of mechanical tests. Furthermore, advancements in SLA
technology, such as the development of new resins and more precise
control over lattice architecture, will be crucial in enhancing the reli-
ability and clinical relevance of these synthetic models. Addressing these
challenges will pave the way for the broader adoption of AM-fabricated
bones in the assessment of medical devices and orthopedic implants,
ultimately reducing reliance on cadaveric specimens and improving the
consistency and reproducibility of laboratory assessments.

Future work should explore the long-term durability of these mate-
rials and structures under cyclic loading conditions to fully validate their
potential for clinical application. Moreover, more specific investigations
into different AM materials, technologies and their impact on the me-
chanical properties of the printed structures would be valuable. Addi-
tionally, evaluating the performance of these structures under
physiological conditions, including exposure to bodily fluids and vari-
able temperature, would provide crucial insights for their clinical
translation.
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