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Abstract

Hip osteoarthritis is a degenerative joint disease commonly associated with aging.
One effective treatment to restore patients’ quality of life is total hip arthroplasty,
in which the damaged hip joint is replaced with a prosthetic implant. Currently,
there is a growing demand for customized artificial hip joints tailored to individual
anatomical dimensions. However, the conventional casting method generally used
to fabricate these implants is often considered ineffective. Additive manufacturing
technology, also known as 3D printing, has emerged as a promising alternative.
This technology enables the fabrication of complex designs with high accuracy
and customizable geometries and sizes without altering the physical components
of the 3D printing machine. This study aims to develop a 3D-printed artificial hip
joint prosthesis using a dental photopolymer resin reinforced with titanium dioxide
(TiO,) nanoparticles. The mechanical performance of the prostheses was evaluated
through both experimental and simulated compression testing. Four concentrations
of TiO, nanoparticles were tested, namely 0%, 1%, 3%, and 5%. The results showed
that the prosthesis reinforced with 3% TiO, nanoparticles exhibited the highest
strength (717.2 N), while the one with 5% TiO, nanoparticles exhibited the lowest
strength (241.8 N).

Keywords: Additive manufacturing; 3D printing; Titanium oxide nanoparticles; Hip joint
prosthesis; Stereolithography

1. Introduction

Osteoarthritis of the hip joint is commonly associated with aging and often results in
difficulty performing activities such as walking or running. Other contributing factors
include obesity and injuries to the hip joint.! To improve the quality of life of patients
with hip osteoarthritis, total hip replacement surgery-a clinically and cost-effective
procedure-is often recommended. According to a study conducted in the United States,
over 300,000 patients with hip osteoarthritis undergo hip replacement surgery annually.?
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During the procedure, the damaged joint of osteoarthritis
patients is replaced with an artificial hip prosthesis,
which typically consists of several components, including
the acetabular cup, acetabular liner, femoral head, and
femoral stem. The acetabular cup, femoral head, and
femoral stem are generally fabricated from metal alloys,
while the acetabular liner is composed of a polymer
material.?

Casting is the conventional manufacturing process for
artificial hip joint components such as the femoral stem
and femoral head. Among the various casting methods,
investment casting is widely used due to its ability to
produce components in large quantities with uniform
dimensions, complex geometries, and good surface
finishes.* However, the demand for customized artificial
hip joints tailored to individual patient anatomy is
increasing. Conventional casting methods are considered
ineffective for this purpose because customized implants
require patient-specific dimensions, making casting less
efficient in terms of production time and costs.” Additive
manufacturing technology, also known as 3D printing,
has emerged to fabricate parts with complex designs,
diverse geometries, and varying sizes with high precision
without requiring modifications to the physical hardware
of the printing machine. The fundamental mechanism
of this technology involves converting a 3D computer-
aided design model into a physical object by sequentially
arranging layers of materials.® There are several types of
3D printing technology, including selective laser sintering,
fused deposition modeling (FDM), selective laser melting
(SLM), and stereolithography (SLA).” SLA 3D printing
uses ultraviolet light to solidify a photopolymer resin into
precise, detailed objects.

Several studies have investigated the fabrication
of artificial hip joint components using 3D printing
technology. For instance, Wang et al’ investigated
the fabrication of acetabular cup components using
the SLM 3D printing method with Ti AL,V alloy. In a
separate study, Kang et al’> fabricated acetabular cup
components from titanium alloy using the PBF 3D
printing method. In contrast, the current study focuses
on the fabrication of femoral stem and femoral head
components of artificial hip joints using the SLA 3D
printing method. The material used in this study was
a dental photopolymer resin reinforced with titanium
dioxide (TiO,) nanoparticles. Before conducting this
research, the mechanical properties of the materials used
in this study had been obtained for the simulation test.
This research aims to evaluate the performance of the
fabricated artificial hip joint prostheses through finite
element analysis and experimental compression testing.

2. Materials and methods
2.1. Experimental setup and fabrication

In this study, the artificial hip joint design was created using
Fusion 360 software (Autodesk, Inc., United States) based
on the previous research design conducted by Ishihara.®
Figure 1 shows the design created with the software.

The fabrication of prostheses began with the preparation
of composite materials. The composite materials were
prepared by mixing photopolymer resin and TiO,
nanoparticles (Jiangsu Xfnano Materials Tech Co., Ltd.,
China). The photopolymer resin used was a dental resin-
type photopolymer resin (Esun Dental Model Resin,
Shenzhen Esun Industrial Co., Ltd., China). Dental resin
was chosen because it is commonly used in the medical
field, namely, dental care and repair by dentists.”'® Three
variations of TiO, concentration (1%, 3%, and 5% weight)
were added to the resin. The materials were measured using
a digital scale (TN-Series, TN Lab, USA) with a capacity of
100 g and an accuracy of 0.001 g. The composite materials
were then mixed using a magnetic stirrer (MSH-A, Daihan,
South Korea) for 30 minu, followed by an ultrasonic mixer
(Krisbow 10250184, Indonesia) for 90 min for all variations.
The mixed TiO, nanoparticle composite material was then
used for the artificial hip joint printing process using 3D
printing SLA with a 3D printer (Creality Halot Sky CI-89
SLA, Shenzhen Creality 3D Technology Co., Ltd., China).
The setup parameters used were 70 s bottom exposure
time, 4 s light off delay, 1 mm/s motor speed, 6 mm bottom
lighting distance, and 3 s exposure time. Figure 2 shows the
fabrication process of an artificial hip joint.

Femoral head

Femoral stem

154.38

84.27

Unit: mm

859 | |
1403

Figure 1. The design and dimensions of the artificial hip joint prosthesis
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Figure 2. Fabrication process of an artificial hip joint

Figure 3. Template installation for the artificial hip joint bracket

The artificial hip joint samples were then subjected to
a compression test using the universal testing machine
(JTMS510, J.T.M. Technology Co., Ltd., China). The
compression test was performed until the artificial hip
joint was deformed or damaged. The standard used in
this test was ISO 7206-6." To install the artificial hip joint
on the bracket according to the standard provisions, a
template was created using FDM 3D printing (Figure 3).
After creating the template, the next step was to lock
the position of the artificial hip joint with a bracket. The
bracket was constructed using a 3-inch diameter polyvinyl
chloride pipe, which was then cast with a cement mixture

Figure 4. Fabrication of a bracket for the artificial hip joint
compression test

(Figure 4). The compression test was then performed
according to the scheme as shown in Figure 5.

2.2, Materials used in 3D printing

Photopolymer resins are commonly wused in
photopolymerization-based processes such as SLA and
digital light processing. Photopolymerization involves
the use of monomers or oligomers in a liquid state,
along with a photoinitiator, which converts light energy
into reactive species and initiates the polymerization
process. The photopolymer resin was mixed with the
TiO, nanoparticles—chemicals in the form of white solid
granules—to strengthen the resin matrix. This material
is considered technologically important due to several
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properties, including ease of synthesis, good tensile
strength, adequate biocompatibility, and low toxicity, as
well as antibacterial and photocatalytic activity. These
nanoparticles are widely used as catalyst supports in
biomedicine, water and air purification, pigments,
cosmetics, solar cells, and tissue engineering.'>"* The TiO,
nanoparticles used in this study were nanoparticles with an
average particle diameter of 10 nm.

2.3. Numerical simulation

Before conducting a finite element analysis, the mechanical
properties of the material were determined for simulation
purposes. These properties were derived from experimental
engineering stress—strain data, which were subsequently
converted into actual stress-strain data and input into
the finite element analysis software. The material used
in the simulation was a composite consisting of dental
photopolymer resin reinforced with TiO, nanoparticles.
The engineering stress—strain behavior of this composite has
been previously characterized. Curve fitting was performed
based on the experimental engineering stress—strain graph
data, and the fitting process was refined until an R* value of
20.95 was achieved. The resulting mechanical properties of
the composites obtained from the study are shown in Table 1.

2.4, Sample characterization

The mechanical properties of TiO, nanoparticle composites
were validated by conducting tensile test simulations
using ANSYS software (Ansys, Inc., United States). The
simulations were performed on specimens conforming
to ASTM D638-14 type V standards. The dimensions
of the specimens are shown in Figure 6. The boundary
conditions applied were fixed support on side A and a
velocity of 1 mm/min moving upward parallel to the Y-axis
on side B (Figure 7). The tensile test simulation was set up
following the experimental setup. The results of the tensile
test simulation were compared with the experimental
test, as shown in Figure 8. The mechanical properties of
TiO, nanoparticle composites were considered valid if
the difference or error between the two tests was <5%.
This standard was also applied to the simulation process
to validate consistency between the experiment and
simulation. The tensile test sample was fabricated using the
same 3D printing tool as the fabrication of compression
test samples, as explained in the methodology section.
We used a speed of 1 mm/min and provided details of
the specimen dimensions in tensile testing. While in
compression testing, we applied the ISO 7206-6 standard.
This standard provides information on the position of
the artificial hip joint placement, including both the
installation depth and angle of the artificial hip joint to the
bracket. The compression speed in this test was 2 mm/min.

Table 1. Mechanical properties of dental photopolymer
resin with varying concentration of TiO, nanoparticle
reinforcement

Mechanical properties Value
0% 1% 3% 5%
TiO, TiO, TiO, TiO,
Density (g/cm3) 1.13 1.15 1.19 1.20
Young’s modulus (MPa) 201 232 317 365
Poisson’s ratio 0.43 0.43 0.43 0.43
Yield tensile strength (MPa) 17.99 22.80 28.29 21.62

Ultimate tensile strength (MPa) 38.44 40.32 43.90 34.83

Abbreviation: TiO,: Titanium dioxide.

Crosshead

Artificial hip joint

Bracket

Figure 5. Schematic illustration of the artificial hip joint compression test

This setting was also used in the simulation process, with
boundary conditions set according to the ISO standard.

A finite element study simulates the compression test
to be performed on the artificial hip joint. Finite element
simulation testing was performed using Ansys software
based ontheISO7206-6teststandard. This standard provides
information on the placement position of the artificial hip
joint, including both the depth and angle of installation of
the artificial hip joint to the bracket."! According to the ISO
7206-6 standard, the angle of installation of the artificial hip
joint must be ot = 10° and B = 9°, with a depth of installation
to the bracket as in the real case of total or partial hip joint
replacement, as shown in Figure 9A.

To shorten the simulation time, the bracket geometry
was excluded from the simulation process. Instead, the
boundary conditions were set, namely, the femoral stem
section was defined as a fixed support following the ISO
7206-6 standard. Then, the crosshead geometry that pressed
the artificial hip joint was defined as moving downward
in the Y-axis direction at a speed of 2 mm/min, as shown
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Figure 6. Specimen dimensions for tensile testing based on ASTM D638-14 type V standards

% 150

Figure 7. Boundary condition setup for tensile simulation
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Figure 8. Experimental result of the tensile test

in Figure 9B. Figure 9C shows the mesh settings. For the
artificial hip joint, a mesh setting with a size of 7.079 mm
was applied, which went through a mesh convergence test
process. For the crosshead geometry, a body sizing mesh
setting with a size of 20 mm was applied. Finally, a contact
sizing mesh setting was applied between the artificial hip
joint geometry and the crosshead with a size of 3 mm.

Detads of “Mesh* v i x B,/ Mesh
=/ Diogley +/'® Body Sang
Display e |Use Geomelry Selling VA it Eng
= Defaults
Physics Preference | Bxplicit
Element Order | Uinear
Element Sze 7,079 mm
I Sizing
 Quality
1 Inflation
1 Advanced
MNedes 1214
| Uements 4257 ]
Detas of *Body Sizing" - Siing >+ <2< erexereninw § X
= [Scope
Scoping Methed  Geomelry Selection
Geomets 1 Bedy
olDees
Suppressed Ne
Tyoe T EementSze —
Element Size 20, mm
Y Advarced
Details of “Contact Siang™ - Contact Siang e g x
Lo ]
= Definition
Suppressed | No
Tipe Element Size
Element Size |3, mm

Figure 9. Simulation setup (A) Installation angle of artificial hip joint
bracket. (B) Boundary condition setup for compression test simulation.
(C) Meshing process setup for compression test simulation

3. Results and discussion

3.1. Validation of mechanical properties of TiO,
nanoparticle composites

The mechanical properties of TiO, nanoparticle composites
were validated by comparing the tensile strength at
break values of the experimental tensile test with the
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simulated tensile strength obtained using Ansys software.
A threshold difference or error limit of 5% was set between
the experimental and simulated tensile test results. The
test results are shown in Figure 10. The average difference
or error obtained at this stage was 0.96% (Table 2).
The results indicate that the mechanical properties of
the TiO, nanoparticle composite used to conduct the
simulation were valid. The mechanical properties of the
TiO, nanoparticle composite were then used to perform
artificial hip joint compression test simulations.

3.2. Experimental results and simulation of artificial
hip joint compression testing

The maximum load and displacement data of the artificial
hip joint were obtained from the compression test.
Maximum load data were defined as the maximum load
received by the artificial hip joint before it was deformed
or damaged. Displacement data were the amount of
crosshead movement or deformation at maximum load on
the artificial hip joint. In the experimental test, the highest
maximum load and displacement values were obtained
with 3% TiO,, at 717.2 N and 3.56 mm, respectively. In
contrast, the lowest maximum load and displacement
values were obtained with 5% TiO,, at 241.8 N and 2.32 mm,
respectively. In the simulation test, the highest maximum

Table 2. Comparison of experimental and simulated tensile
test results

Tensile strength at break  Experiment ~ Simulation  Error (%)
(MPa) (MPa)

0% TiO, nanoparticles 38.4 38 1.04

1% TiO, nanoparticles 40.3 40.9 1.48

3% TiO, nanoparticles 43.9 44.1 0.45

5% TiO, nanoparticles 34.8 34.5 0.86

Average error 0.96

Abbreviation: TiO,: Titanium dioxide.

g
2
o
s
320
15
10
::5”
s M
o A5
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Strain (%)
-« Experiment 0% ——Simulation 0% -+~ Experiment 1% ——Simulation 1%
-+ Experiment 3% — Simulation 3% -~ Experiment 5% — Simulation 5%

Figure 10. Comparison between experimental and simulated results of
the tensile test

load and displacement values were also obtained with 3%
TiO,, at 698.42 N and 4.43 mm, respectively. Similarly,
the lowest maximum load and displacement values were
also obtained with 5% TiO,, at 241.07 N and 1.64 mm,
respectively (Figures 11 and 12).

Figure 10 shows a similar trend between the
experimental test graph and the simulation test graph, with
only a slight difference in the curves between the two tests.
Similarly, Figures 11 and 12 also displays a similar trend
between the experimental test graph and the simulation
test graph. However, there are remarkable differences in
the results for variations in TiO, concentrations of 1%,
3%, and 5%. This may be due to the use of tensile test data
for simulation, as the experimental test performed on the
artificial hip joint was a compression test. This may result in
differences between the experimental and simulated results
of the artificial hip joint displacement. Based on the trends
from Figures 11 and 12, the results of the experimental and
simulated tests are acceptable.

Figure 11 shows that the addition of TiO, nanoparticles
up to a concentration of 3% increased the maximum
load of artificial hip joints. However, the addition of TiO,

800

a2
ssea2
a0
s
5303, 525.43
a1,
UL 241.07
0
[ 1 3 H

% TiO:
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®w 2 @ & =
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Figure 11. Maximum load data from experimental and simulated results
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Figure 12. Displacement data from experimental and simulated results
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nanoparticles beyond 3% reduces the maximum load of
artificial hip joints. A similar phenomenon is found in
the tensile test results. The initial increase in strength is
attributed to enhanced intermolecular interactions. TiO,
nanoparticles possess a high surface area-to-volume ratio,
and when uniformly dispersed within the resin matrix,
they significantly increase the surface area available for
bonding. This promotes stronger interactions between
the nanoparticles and the surrounding resin, improving
internal adhesion and ultimately enhancing the mechanical
strength of the composite material. In addition, the increase
instrength is also attributed to the nanoscale reinforcement.
Nanoparticles are effective reinforcing materials that can
interact with polymer chains in the resin, restricting their
mobility and thereby increasing stiffness and resistance
to deformation of the overall structure. This interaction
significantly enhances the stiffness, tensile strength, and
compressive strength of the resulting composite material.**
However, when the concentration of TiO, nanoparticles
exceeds a certain threshold, agglomeration may occur. The
formation of nanoparticle clusters disrupts the uniform
dispersion within the resin matrix, leading to stress
concentrations and weakened interfacial bonding."” As a
result, the mechanical strength of the dental photopolymer
resin composite may decrease.

Figure 13 compares the behavior of the artificial hip
joint prosthesis between the experimental and simulated
compression tests. The figure shows similar behavior of
the artificial hip joint prosthesis between the experimental
and the simulated compression test, with only a slight
difference in the fracture shape when the artificial hip joint
prosthesis breaks.

3.3. Micrograph analysis

The results of scanning electron microscopy (SEM)
indicate that the fracture surface of the specimen is smooth
and neat in pure photopolymer as shown in Figure 14A.
After the addition of nanoparticles, the specimen surface
looks rougher. In Figure 14B-D, there are clumps indicated
by arrows; the larger the TiO, nanoparticles used, the
more clumping and voids appear. Roughness on the
fracture surface indicates an increase in the mechanical
strength of the specimen. When combining SLA resin
with TiO, nanoparticles, several characteristic features are
expected from the SEM images. SEM imaging provides
detailed surface information, revealing the distribution,
morphology, and interaction of nanoparticles within the
resin matrix. A uniform dispersion of TiO, nanoparticles
throughout the resin matrix should be observed in the SEM
images, indicating a uniform dispersion and successful
incorporation of the nanoparticles into the resin. This
uniform dispersion signifies good interaction between the

Before fracture ) After fracturgi 7

Figure 14. Scanning electron microscopy images of the fracture surface.
(A) Pure resin at x250 magnification with 100 wm scale bar. (B) 1%
weight TiO, at x1,500 magnification with 10 um scale bar. (C) 3% weight
TiO, at x1,500 x magnification with 10 um scale bar. (D) 5% weight TiO,
at x1,500 magnification with 10 um scale bar

nanoparticles and the resin, which is crucial for enhancing
the mechanical strength of the composite.

Individual TiO, nanoparticles should be visible as
distinct entities in the SEM images, indicating proper
dispersion with minimal agglomeration. The presence of
individual nanoparticles contributes to strengthening the
composite and enhancing various functional properties.
Although small aggregates of TiO, nanoparticles form
when nanoparticles come into proximity and may be
present in the SEM images, these aggregates do not form
large clusters or lumps. These aggregates offer improved
mechanical and functional properties comparable to
individual nanoparticles. Besides, an adequate surface
coverage of TiO, nanoparticles on the resin matrix should
also be observed in the SEM images. The nanoparticles
should be evenly distributed across the resin’s surface,
creating a continuous or semi-continuous layer. This
surface coverage ensures effective reinforcement and
desired functional properties, such as increased strength,
improved thermal stability, or enhanced optical properties.
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In addition to nanoparticle distribution, SEM images can
also reveal the morphological characteristics of the TiO,
nanoparticles. The nanoparticles may exhibit various
shapes, such as spherical, rod-like, or irregular structures,
depending on their synthesis method and properties.
Observing the morphology of the nanoparticles provides
insights into their behavior and interaction within the
resin matrix.

The presence of lumps in SEM images of SLA resin
reinforced with TiO, nanoparticles can be attributed
to several factors, including the resin composition,
nanoparticle dispersion, processing conditions, and sample
preparation. One of the primary causes of lump formation
is the agglomeration of nanoparticles. During the
fabrication process, TiO, nanoparticles may agglomerate
due to interparticle forces such as van der Waals forces
or electrostatic interactions, resulting in the formation
of larger clusters or lumps. Additionally, inadequate
dispersion of nanoparticles within the resin matrix can
also contribute to the formation of lumps. Therefore, a
homogeneous distribution of nanoparticles is crucial.
Factors such as insufficient mixing, improper choice of
dispersants, or high viscosity of the resin can restrict the
effective dispersion of nanoparticles. Moreover, the curing
or drying process of the SLA resin can also contribute to
the formation of lumps. As SLA resins undergo a curing
or drying process to solidify the material, the resin may
not solidify uniformly if the curing conditions, such as
temperature or curing time, are not properly controlled.
This non-uniform solidification can result in the formation
of lumps or irregularities on the resin’s surface. Sample
preparation for SEM analysis is another critical aspect
to consider. Improper sample preparation can introduce
artifacts or contaminants that appear as lumps in the SEM
images. For example, incomplete cleaning or inadequate
drying of the sample can leave residues or moisture that
form irregularities or lumps in the images. To address the
issue of lump formation, several strategies can be employed.
Optimizing the dispersion process during resin formulation
or fabrication can help prevent agglomeration and ensure
a uniform distribution of nanoparticles. Controlling the
curing or drying conditions is also important in achieving
consistent solidification of the resin. Finally, proper sample
cleaning and drying techniques should be employed to
minimize the introduction of artifacts during the SEM
sample preparation.

3.4. Benchmarking

Da Costa et al."! conducted a study on the fabrication of
artificial hip joints using polyurethane reinforced with
glass fiber. The fabricated prosthesis has a modulus of
elasticity comparable to the human femur. The strength test

results based on the ISO 7206-6 standard of the fabricated
prosthesis are shown in Table 3. Three variations of
composites were utilized to fabricate the prosthesis in the
study, namely polyurethane, polyurethane with 16 strands
of glass fiber reinforcement, and a mixture of polyurethane
and calcium carbonate with 16 strands of glass fiber
reinforcement (PUCal6G). Of the three variations, the
PUCal6G variation results in the highest maximum load
of 1,739.73 N. In addition, the PUCal6G variation has a
modulus of elasticity similar to the human femur."

Figure 15 shows the comparison of compression test
results between the study by Da Costa et al.'' and the
present study. It can be seen that the strength of the artificial
hip joint fabricated with TiO, nanoparticle composite
is significantly lower than PUCal6G composite. This is
mainly due to the difference in the reinforcing materials
used, where two reinforcing materials, calcium carbonate
and glass fiber, were utilized by Da Costa et al.! In addition,
the maximum load of the artificial hip joint fabricated
with TiO, nanoparticle composite is also remarkably low
compared to the one fabricated using PUCal6G composite,
as the strength of the dental photopolymer resin matrix is
weaker than the polyurethane matrix. The results of the

Table 3. Result from the study by Da Costa et al.,'* based on
ISO 7206-6

Materials Maximum load (N) Displacement (mm)
PU 911.90+82.01 4.67+0.71
PU16G 1043.84+132.57 8.34+1.56
PUCal6G 1739.73+79.68 5.07£1.12
Nanoparticle TiO, 717.2 3.56

Abbreviations: PU: Polyurethane; PU16G: Polyurethane with

16 strands of glass fiber reinforcement; PUCal6G: A mixture of
polyurethane and calcium carbonate with 16 strands of glass fiber
reinforcement.

2000
1800
1600

1400

Maximum load (N)
g 8 & 8

&

g

Nanoparticles TiOz 3% PUCal6G

Figure 15. Comparison of the maximum load of the artificial hip joints
between Da Costa et al.' and the present study

Abbreviation: PUCal6G: A mixture of polyurethane and calcium
carbonate with 16 strands of glass fiber reinforcement
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present study are not comparable to the study of Da Costa
et al." due to the significant difference in material strength.
These results were compared because the same prototypes
were fabricated, both of which were artificial hip joint
prosthesis prototypes. Despite the significant difference
in the strength of the artificial hip joint prosthesis, the
fabrication of prostheses using the 3D printing or additive
manufacturing method is still promising for further
research considering the advantages of this method,
such as being able to fabricate complex designs with high
accuracy and customizable geometries without altering the
physical components to the 3D printing machine.

4, Conclusion

The performance of artificial hip joint prosthesis fabricated
using dental photopolymer resin reinforced with varying
concentration (0%, 1%, 3%, and 5% weight) of TiO,
nanoparticles using a 3D printing method was investigated.
A simulated compression test of the artificial hip joint has
been conducted, which shows that the 3% TiO, exhibits the
highest maximum load value among all variations. This is
in accordance with the experimental compression testing
performed in this study. In contrast, the lowest values
are reported at 5% weight TiO,. Based on the analysis
conducted, the simulation results closely correspond to the
experimental results. However, the performance of the hip
joint prosthesis fabricated in the present study is weaker
compared to previous research utilizing stronger materials.
Despite the limitation in performance, the SLA 3D printing
method remains a viable approach for further research due
to its ability to fabricate a wide range of prostheses without
requiring modifications to the 3D printer.
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