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 A B S T R A C T 

A novel stereolithography-based three-dimensional (3D) printing technique 
incorporating hydroxyapatite (HA) nanoparticles into dental photopolymer 
resin was introduced in this study. The design aimed to address the inadequate 
mechanical strength of conventional dental photopolymer resins by leveraging 
the reinforcing properties of HA. The HA concentrations of 0, 1, 3, and 5 wt.% 
were mixed with the resin to produce four distinct resin-HA (RHA) composites. 
The composites were evaluated for tensile strength, impact strength, and 
hardness, wear rate (K), and coefficient of friction (μ). Morphological analysis 
using scanning electron microscopy (SEM) provided insights into HA 
distribution and the resulting microstructural changes. The design approach 
incorporated HA nanoparticles to enhance molecular stiffness and promote a 
mechanical interlocking effect within the resin matrix. These mechanisms led 
to significant improvements in the composite's mechanical and tribological 
properties. The 5 wt.% RHA composite demonstrated the highest tensile 
strength (66.11 MPa), impact strength (35.2 kJ/m²), and Shore D hardness 
(79.32). Tribological tests revealed that this composite also exhibited the 
lowest wear rate and coefficient of friction, correlating with its superior 
mechanical performance. SEM analysis revealed finer debris and smoother 
wear tracks in HA-reinforced samples compared to HA-free samples, 
highlighting the role of HA in improving wear resistance. This study 
underscores the potential of integrating HA nanoparticles to enhance the 
performance of 3D-printed dental resins, providing a pathway for developing 
advanced materials tailored for dental and biomedical applications. 
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1. INTRODUCTION 
 
Additive manufacturing (AM), commonly 
referred to as three-dimensional (3D) printing, 
has transformed modern production techniques 
by enabling the creation of complex geometries 
from digital designs without the need for melds 
or specialised tools [1]. It has proven to be 
particularly beneficial in terms of design 
flexibility, material efficiency, and rapid 
prototyping compared to traditional 
manufacturing methods. This versatility has led 
to its widespread application across industries 
such as aerospace, automotive, healthcare, and 
consumer goods, where the production of 
lightweight and high-performance components 
is becoming increasingly critical. Moreover, the 
ability of AM to produce intricate structures that 
would be difficult or impossible with the use of 
conventional methods has paved the way for 
innovations such as customised medical 
implants and lightweight aerospace structures 
[1,2]. Despite these advancements, limitations 
related to material properties, particularly in 
resin-based applications, remain a significant 
barrier to further optimization of this 
technology. 
 
Rapid prototyping, often synonymous with 3D 
printing, is increasingly favoured due to its 
reduced development time, ease of use, and low 
risk. Within this context, vat 
photopolymerization, especially 
stereolithography, has emerged as a key 
technology. It employs ultraviolet (UV) light to 
solidify liquid resins into solid objects, offering a 
high precision and surface finish [2]. However, 
while this technique has evolved significantly 
over the past decade, particularly in the 
development of composites and nanomaterials, 
challenges remain, especially concerning the 
mechanical properties of the printed parts, which 
are often attributed to the limitations imposed by 
the viscosity of the resin. Prior research has 
demonstrated the potential of AM, but the 
mechanical robustness of photopolymer resins, 
specifically in medical and dental applications, 
continues to lag behind expectations, 
representing a notable gap in the current AM 
literature [3]. 
 
Previous studies have underscored the 
transformative impact of material innovations, 
particularly composites and nanomaterials, in 

overcoming some of these technical barriers. For 
instance, the introduction of 
photopolymerization in healthcare in the 1960s 
and subsequent advancements, such as the 
incorporation of non-toxic, UV-curable materials 
in the 1980s, led to significant strides in dental 
care and implants [4]. Composites enhanced 
with fillers like silica, ceramics, and natural 
minerals have demonstrated improved 
tribological and mechanical properties. 
However, limited attention has been given to 
exploring the optimal integration of specific 
nanomaterials, such as HA, within the context of 
3D-printed dental resins. HA, known for its 
excellent biocompatibility and capacity to bond 
with human bone, is commonly used in dental 
and orthopaedic implants, but its full potential in 
AM applications remains underexplored [5-7]. 
 
The mechanical properties of HA are strongly 
influenced by its synthesis process, with factors 
such as particle size, crystallinity, and 
morphology playing crucial roles. While HA 
nanoparticles enhance mechanical 
performance and accelerate bone bonding, 
most research has been focused on bulk 
applications rather than its use in 3D-printed 
composites [8]. As a result, there is limited 
understanding of how small quantities of HA, 
when integrated into photopolymer resins, 
affect key mechanical properties such as tensile 
strength, impact resistance, and frictional 
behaviour. 
 
The objective of this study is to investigate the 
effects of incorporating HA nanoparticles into 
3D-printed dental photopolymer resins. This 
research evaluates key mechanical and 
tribological properties, including tensile 
strength, impact resistance, Shore D hardness, 
and wear behavior, while analyzing the 
morphological structure to understand HA 
distribution. By exploring the relationship 
between HA concentration and material 
performance, this study aims to optimize the 
mechanical properties of 3D-printed dental 
resins and provide a foundation for further 
innovations in AM for healthcare applications. 
The findings are expected to contribute to the 
development of high-performance, 
biocompatible materials, addressing current 
limitations in resin-based AM and expanding its 
potential in advanced dental and biomedical 
applications. 
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2. MATERIALS AND METHODS 
 
2.1 Material preparation 
 
The eSun dental resin model was selected as the 
photopolymer resin. Manufactured by eSun 
Industrial Co., Ltd., an industry leader based in 
Shenzhen, China, this resin represented a crucial 
component in the investigation into the impact of 
the additive on the properties of dental 
photopolymer resin. The selection of the eSun 
dental resin model underscores its prevalence 
and significance in the 3D printing landscape, as 
well as its potential role in dental applications, 
given its specialised formulation that is tailored 
for the creation of dental models 
 
The HA nanoparticles employed as the 
reinforcing agent in this research were 
meticulously produced by Xi'an Best Bio-Tech 
Co., Ltd. These HA nanoparticles, which are 
characterised by a diameter of 20 nm and an 
impressive purity level of 99%, offer a highly 
refined and consistent material for integration 
into the dental resin matrix. The decision to use 
HA nanoparticles as an additive came from their 
proven efficacy in enhancing the mechanical 
properties of materials, especially when used in 
controlled concentrations. 
 
The deliberate inclusion of HA nanoparticles as 
an additive in this study served to explore the 
nuanced effects of their incorporation into the 
eSun dental resin model. The research 
strategically investigated varying concentrations 
of HA nanoparticles, namely 1, 3, and 5 wt.% 
(mass fraction), to comprehend their dose-
dependent impact on the material properties. 
This methodical approach allowed for a 
comprehensive examination of the response of 
the resin to different levels of nanoparticle 
incorporation, shedding light on the optimal 
concentration for achieving the desired 
enhancement in properties such as frictional 
resistance, tensile strength, and impact strength. 
 
In essence, the research design was not only 
aimed at elucidating the potential of HA 
nanoparticles as a reinforcing agent but also 
sought to contribute valuable insights into the 
formulation of a dental photopolymer resin 
tailored for 3D printing. By precisely controlling 
the concentration of HA nanoparticles, the study 
aimed to unlock a nuanced understanding of the 

intricate interplay between the additive and the 
resin, paving the way for informed decisions in 
optimising the material for dental applications 
within the dynamic realm of AM. 
 
The initial stage in the preparation of the material 
for use in this research was the process of mixing 
the two materials (dental resin and HA). The 
resin and HA nanoparticles were mixed using a 
magnetic stirrer for around 15 minutes. 
Subsequently, this mixture was placed into an 
ultrasonic mixer (NTL-UC411) with ultrasonic 
parameters of 40 kHz and 60 W for 90 minutes. 
Homogeneity in the nanoparticle mixture was 
easily achieved by employing a simple method to 
mix the photopolymer-type resin, followed by the 
use of an ultrasonic mixer. 
 
The next step after the material mixing process 
was the printing process. However, several things 
had to be considered before the printing process 
could be carried out. The tool preparation was 
accomplished using a Halot Box resin slicer. The 
settings were a layer height of 0.05, motor speed 
of 5 mm/s, initial exposure time of 40 s, lift 
distance of 8 mm, and a bottom layer of two. The 
samples for the tests were prepared according to 
predetermined standards. The printer of choice 
was a stereolithographic 3D printer. The printer 
software was then used to slice the sample 
design. Each variant was comprised of five 
samples, with an average of five test datasets. 
 
Before entering the testing stage, material 
density calculations were done because the 
material used was not a general material or a 
fabricated commercial product as it involved the 
addition of HA to the resin material. Density 
calculations and checks were conducted to 
determine the density of the specimens. The 
theoretical density and mixture density were 
calculated using Equations (1) and (3). The 
mixture density was calculated using the volume 
fraction obtained with the mass fraction 
conversion in Equation (2). The porosity of the 
specimens was calculated using Equation (4). The 
density equation formula was used for the 
density calculations by weighing the mass and 
measuring the specimens. 

𝜌𝑎 =  
𝑀𝑎

𝑉𝑎
  (1) 

𝑉𝑓 =  
𝜌𝑚𝑤𝑓

𝜌𝑓(1−𝑤𝑓)+𝜌𝑚𝑤𝑓
  (2) 
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𝜌𝑐 =  𝜌𝑚𝑉𝑓 +  𝜌𝑚(1 − 𝑉𝑓)  (3) 

%𝑃 = 1 −  
𝜌𝑎

𝜌𝑐
⨯ 100%  (4) 

 
where, 𝜌𝑎 is the specimen’s density (g/cm3), 𝑀𝑎 
is the specimen’s actual mass, (g), 𝑉𝑎 is the 
specimen’s actual volume (cm3), 𝑉𝑓 is the 

specimen’s volume fraction, 𝜌𝑚 is the matrix’s 
density (g/cm3), 𝜌𝑓 is the filler’s density, (g/cm3), 

𝑤𝑓 is the filler’s mass fraction, 𝜌𝑐  is the 

composite’s density (g/cm3), %P is the 
composite’s porosity percentage, and 𝜌𝑎 is the 
composite’s actual density (g/cm3). 
 
2.2 Material characterization 
 
Characterisations, such as tensile, impact, SEM, 
and tribology tests, were conducted to 
understand the mechanical, morphological and 
tribological properties of the material. The tensile 
test was aimed at measuring the strength and 
resistance of the material to tensile loads. This 
was useful in determining the elastic modulus, 
elastic limit, maximum tensile strength, and 
maximum strain of the material. The response of 
the material to the applied stress was also 
determined. The tensile test followed the ASTM 
D638-14 Type 5 standard, utilising a withdrawal 
speed of 1 mm/min and a load cell of 200 kg. The 
average of five samples for every variation was 
taken as the tensile strength.  
 
Next, impact testing was conducted to determine 
the toughness and quality of the energy 
absorption of the material. Impact testing was 
important in this research as it is related to the 
ability of a material to absorb energy suddenly. 
This test is also beneficial for determining the 
strength of a material to withstand fracture and 
cracking, evaluating the behaviour of a material 
under dynamic or shock loads, as well as 
analysing interactions under dynamic loads. The 
energy absorption capability was evaluated using 
the Izod pendulum impact test and performed 
following the ASTM D4812-99 standard. 
 
Meanwhile, to obtain an overview of the micro 
and nano levels of the composites, micrograph 
tests were conducted to determine the 
morphology, grain size, phase distribution and 
composition of the materials used. Defects were 
also identified. All this was done to gain an 

understanding of the surface structures that can 
influence the mechanical and tribological 
properties of materials. The fracture structure 
obtained from the tensile test results could 
observed in the photos acquired via SEM. The 
process involved preparing specimens 
measuring 5x5 mm2 and placing them in a 
vacuum chamber to remove impurities. Figure 1 
shows the SEM used. 

 

 
(a) 

 
(b) 

Fig. 1. Scanning electron microscope; (a) coating 
process using platinum; (b) testing process. 
 
Shore D hardness tests were conducted to 
measure the hardness of the polymer materials. 
This test can be used to determine the hardness 
level of a material against indentation and its 
hardness distribution. In addition, this test is 
designed to establish the relationships between 
material hardness and other tests performed, 
particularly the wear resistance of a material. In 
this study, the hardness tests were performed 
using the HD testing method according to ASTM 
D2240 with five test points. 
 
The final test was the friction test, which is 
related to the understanding of tribology in terms 
of analysing the interaction of friction and wear 
between two relatively moving surfaces. This test 
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measures the coefficient of friction (μ) and 
material wear (K) and evaluates lubricity and 
wear resistance. It is important to understand the 
properties of the materials used in applications 
involving friction and wear. The K test was 
conducted using a pin-on-disc tribometer 
machine following ASTM G99 using parameters 
of velocity at 2 m/s, nominal load of 2 kg, and 
track length of 1800 m. The friction testing and 
tools used are shown in Figure 2. 

 

 
Fig. 2. Tribometry machine. 
 
The test was based on calculations using the 
equation of K and volume change (∆V) in the 
material. The equation used is an equation that is 
specifically intended for testing using the pin-on-
disc method. The K of the material was obtained 
using Equation (5), while Equation (6) was used 
to calculate the ∆V. Once both values were 
obtained, the μ could be determined through 
Equation (7). 
 

𝐾 =  
∆𝑉

𝐹 .  𝐿
  (5) 

∆𝑉 =
𝑚1−𝑚2

𝜌
  (6) 

𝜇 =
𝑓

𝑁
  (7) 

where, K is the material’s wear rate (mm3/Nm), 
∆V is the volume change of the pin specimen 
(mm3), F is the pressing force or normal force that 
occurs on the specimen (N), and L is the length of 
the path traversed by the pin specimen over a 
certain period of time (m), m1 is the material’s 
mass pre-testing (grams), m2 is the material’s 
mass post-testing (grams), and ρ is the material’s 
density (grams/mm3), μ is the specimen’s 
coefficient of friction, f is the amount of frictional 
forces that occur when the pin and disc 
specimens rub together, and N is the normal force 
exerted on the specimen during testing. 

3. RESULTS AND DISCUSSION 
 
3.1 Tensile test 
 
The discernible impact of the HA nanoparticles 
on the tensile strength of the dental 
photopolymer resin models, as evidenced by 
this study, unveiled a critical aspect of material 
behaviour with significant implications for 
dental applications [10-12]. The investigation 
into 0, 1, 3, and 5 wt.% mass fractions of HA 
nanoparticles shed light on the dose-dependent 
correlation between the incorporation of 
nanoparticles and the enhancement of tensile 
strength. 
 
The observed increases of 12.7%, 12.8%, and a 
substantial increase of 44.6% in the tensile 
strength of the 1, 3, and 5 wt.%-resin-HA (RHA) 
composites, respectively, showcased the 
pronounced reinforcing effect of the HA 
nanoparticles on the resin matrix (Figure 3). 
The resulting tensile strength values of 51.53, 
51.605, and 66.11 MPa, respectively, 
underscored the transformative potential of HA 
as a strengthening agent for dental resin 
models. Notably, the maximum tensile strength 
of 66.11 MPa in the 5 wt.%-RHA signified a 
remarkable improvement of 44.6% from the 
baseline strength of 45.72 MPa. 

 

 
Fig. 3. Tensile Strength of resin-HA Composite. 

 
The mechanism behind this observed increase 
in tensile strength could be attributed to 
several factors. Firstly, the addition of HA 
nanoparticles reduced stretching within the 
resin, leading to increased mechanical strength. 
This reduction in stretching could be linked to 
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the augmented molecular rigidity of the HA 
nanoparticles, which effectively limited the 
extent of deformation under tensile loading 
conditions. Secondly, the increased HA ratio, 
particularly at higher mass fractions, played a 
role in fortifying the resin matrix. The higher 
concentration of HA nanoparticles created a 
denser network within the resin, reinforcing its 
structural integrity and enhancing its overall 
tensile strength. The mechanical interlocking 
effect between the HA nanoparticles and the 
resin was crucial in elucidating the observed 
improvement in tensile strength. This 
interfacial interaction created a cohesive bond 
between the HA and resin, resulting in a 
synergistic strengthening that surpassed the 
capabilities of the resin without the 
incorporation of nanoparticles. The mechanical 
interlocking effect promoted an enhanced load 
transfer within the material, effectively 
distributing the stress and preventing 
premature failure. 
 
The results of this test were also employed to 
study the stress-strain variations in the 
materials used against the pure material. 
Figure 4 shows the stress-strain graph for each 
variation. The test results showed that 
although the addition of HA was able to 
increase the tensile strength, the strain was 
lower. The maximum tensile strength was 
obtained by the 5 wt.%-RHA. However, this 
material was less stretchable than the pure 
material without any additives. In the two types 
of variations, the stress-strain almost appeared 
to be the same. This could have been due to a 
poor mixing process. 
 

 
Fig. 4. Stress-strain graph of HA-resin specimen. 

In essence, the study highlighted the intricate 
interplay between the HA nanoparticles and 
the mechanical properties of the dental 
photopolymer resin. The substantial 
improvement in tensile strength underscored 
the potential of HA as a reinforcing agent, 
offering a pathway to develop dental materials 
with enhanced mechanical performance. As the 
dental industry increasingly adopts 3D printing 
for various applications, these findings will 
contribute valuable insights toward optimising 
material formulations, emphasising the 
significance of the incorporation of HA 
nanoparticles to achieve superior tensile 
strength in dental resin models [13]. 
 
The Halpin-Tsai-Pagano Equations (8), (9), and 
(10) were used to calculate the elastic modulus 
of the RHA composites. The Halpin-Tsai 
equation is a mathematical model that can be 
used to predict the elastic modulus of a 
composite based on the geometric shape, 
orientation of the filler, and the elastic 
properties of the filler and matrix [14]. 

𝐸𝑚1

𝐸𝑚
=

1+𝜉𝜂𝑉𝐻𝐴

1−𝜂𝑉𝐻𝐴
  (8) 

𝜂 =
𝐸𝐻𝐴

𝐸𝑚
−1

𝐸𝐻𝐴

𝐸𝑚
+1

  
 

𝐸𝑚2

𝐸𝑚
=

1+𝜉𝜂𝑉𝐻𝐴

1−𝜂𝑉𝐻𝐴
  (9) 

𝜂 =
𝐸𝐻𝐴

𝐸𝑚
−1

𝐸𝐻𝐴

𝐸𝑚
+2

  
 

𝐸𝑡
𝑐 =  

3

8
 𝐸𝑚1 +

5

8
 𝐸𝑚2  (10) 

where, 𝐸𝑚1 is the RHA’s transverse elastic 
modulus, 𝐸𝑚2 is the RHA’s longitudinal elastic 
modulus, 𝐸𝑡

𝑐 is the Halpin-Tsai-Pagano elastic 
modulus, 𝐸𝑚 is the resin’s elastic modulus, and 
EHA is the HA nanoparticles’ elastic modulus, 
while, ξ and VHA are the geometry and volume 
fraction of the HA nanoparticles, respectively. 
 
The tensile test results obtained were then 
used to analyse and validate the theoretical 
elastic modulus. In this case, the EHA was 
compared with the 𝐸𝑚1, 𝐸𝑚2, and 𝐸𝑡

𝑐 [14]. The 
results of the comparison of elastic modulus 
values are shown in Figure 5. 
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Fig. 5. Experimental and theoretical modulus of 
elasticity. 

 
Figure 5 shows the differences between the 
theoretical and experimental elastic modulus. 
The experimental results of mixing resin with 
HA nanoparticles did not match the theoretical 
elastic modulus values. For the 1 wt.%-RHA, the 
theoretical elastic modulus values, based on the 
𝐸𝑚1, 𝐸𝑚2, and 𝐸𝑡

𝑐, were respectively, 48, 30, 
and 37% lower than the experimental results. 
On the other hand, for the 3 wt.%-RHA, the 
experimental elastic modulus was greater than 
the 𝐸𝑚1 (29%), while it was closer to the 
theoretical 𝐸𝑚2 and 𝐸𝑡

𝑐 with a difference of 1 
and 10%, respectively. For the 5 wt.%-RHA, 
there was a difference between the 
experimental and theoretical results, where the 
theoretical 𝐸𝑚1 was 17% lower while the 𝐸𝑚2 
was 12% higher than the experimental results. 
The 𝐸𝑡

𝑐 was close to the experimental elastic 
modulus, which was 3% higher. 
 
The difference between the experimental and 
theoretical results could have been caused by 
the inability of the Tsai-Pagano method to 
predict perfection during the mixing process, 
the saturation points of the addition of HA 
nanoparticles, the effect of the uneven 
distribution of nanoparticles, the bonds 
between atoms, the defects when the printing 
process used UV light, and the possibility of the 
occurrence of structural changes. On the other 
hand, apart from the significant differences 
between the theoretical and experimental 
results, the Halpin-Tsai-Pagano method was 
able to correctly predict the trend of increasing 
elastic modulus that occurred when the resin 
was treated with HA nanoparticles. 

3.2 Impact test 
 
Figure 6 shows the results of the material impact 
testing. In the absence of HA nanoparticles (0 
wt.%), the resin specimen demonstrated an 
impact strength of 20.75 kJ/m², serving as a 
pivotal reference point for subsequent 
comparisons with samples incorporating HA 
nanoparticles. The introduction of HA 
nanoparticles at mass fractions of 1, 3, and 5 wt.% 
led to remarkable enhancements in the impact 
strength, showcasing the potential of these 
nanoparticles as reinforcing agents within the 
resin matrix. 
 

 
Fig. 6. Impact strength of resin-HA composite. 

 
Specifically, the impact strength exhibited 
substantial increases of 38.1, 53.7, and 69.8%, 
resulting in impact strengths of 28.6, 31.9, and 
35.2 kJ/m², respectively. These findings 
highlighted a dose-dependent correlation 
between the concentration of HA nanoparticles 
and the resultant improvement in impact 
strength. Notably, the 5 wt.%-RHA stood out as 
the composite with the most significant increase 
in impact strength, underscoring the 
effectiveness of higher concentrations of 
nanoparticles in augmenting the resistance of a 
material to impact forces. 
 
The observed trend in impact strength could be 
attributed to the reinforcing effect of the HA 
nanoparticles on the resin matrix. The 
incorporation of HA nanoparticles, particularly at 
higher concentrations, enhanced the ability of the 
material to absorb and distribute the impact 
energy [15,16]. This could be attributed to 
several factors, including the increased molecular 
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rigidity, improved interfacial interactions 
between the HA nanoparticles and resin, and the 
formation of a denser network within the 
material. These factors collectively contributed to 
the observed improvement in impact strength, 
emphasising the pivotal role of the HA 
nanoparticles in fortifying the resin against 
sudden and dynamic loading conditions [17]. 
 
These findings not only provide valuable 
insights into the impact resistance of the dental 
photopolymer resin but also open avenues for 
the further optimisation of material 
formulations. As the concentration of the HA 
nanoparticles emerged as a critical factor in 
determining the impact strength, future 
research may delve deeper into refining the 
balance between the nanoparticle 
concentration and material performance. The 
demonstrated ability of the HA nanoparticles to 
significantly enhance the impact strength holds 
promise for advancing the resilience of dental 
resin models, an essential consideration in 
applications where resistance to sudden forces 
is paramount, such as for dental prosthetics 
and implant components. 
 
This increase in impact strength is associated 
with the transfer of stress at the interface and the 
compatibility between the nanoparticles and 
resin [18]. The inclusion of nanoparticles can 
enhance the impact resistance and mechanical 
properties of a material owing to the reinforcing 
effect, which toughens the material. Additionally, 
the interactions between the resin and 
nanoparticles, specifically the interfacial 
adhesive strength and stiffness, play a crucial role 
in the transfer of stress and can enhance the 
mechanical performance of the material, 
including its impact strength [19]. 
 
3.3 Hardness test 
 
A hardness test was conducted to assess the 
surface hardness of the resin with and without 
the addition of HA nanoparticles. In addition, 
the hardness properties of the resin could have 
influenced the outcomes of the other 
mechanical tests, and therefore, a hardness test 
was conducted to support the data and 
discussions. The results of the hardness test 
indicated that the material was resistant to 
plastic deformation, which was inherently 
linked to the strength and durability of the 

material. Furthermore, the data obtained from 
the hardness test could be utilised to evaluate 
the effectiveness of the HA nanoparticles as 
reinforcing and enhancing agents to determine 
the optimal values for composite fabrication.  
 
Figure 7 illustrates the HD test results for each 
resin variation. These results indicated that there 
was an overall increase in hardness in the resins 
with the addition of the HA nanoparticles. The HD 
of the 0 wt.%-RHA was 72.96. In contrast, the HD 
of the 5 wt.%-RHA was 79.32, indicating an 
increase of 8.7%. Conversely, for the 1 wt.%- and 
3 wt.%-RHA, there was an insignificant increase 
of 0.27 from 74.54 to 74.74. 
 

 
Fig. 7. Hardness Shore D of resin-HA composite. 

 
Hydroxyapatite (HA) is a bioceramic with 
similar properties to bone and is characterised 
by its hardness. So, the addition of HA at 
concentrations of 1, 3, and 5 wt.% would 
increase the hardness of a resin. Conversely, HA 
has anti-deformation properties that could 
increase the brittleness of the resin with the 
addition of HA. The hardness of the RHA was 
directly proportional to the increase in wear 
resistance of the composite. Therefore, it was 
concluded that the hardness of the RHA 
affected the results of the water absorption rate 
tests. The significant increase in hardness due 
to the addition of nanoparticles could be 
attributed to the (a) uniform distribution of 
nanoparticles in the matrix, (b) increased 
density of dislocations in the composite, (c) 
increased number of hard nanoparticles in the 
matrix, which contributed to the increased 
hardness of the composite, according to the law 
of mixing [20].  
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Smaller-sized particles, such as nanoparticles, will 
result in increased interfacial shear stress, which is 
required for dislocation to occur. The Hall-Petch 
theory states that the smaller the particle or grain 
size, the greater the yield strength of the material. 
This is similar to the strengthening of grain 
boundaries to influence the interfacial phase, 
resulting in increased mechanical strength such as 
hardness. Thus, the increased hardness of the 
composite was related to the particle size of the 
composite reinforcement [21]. 
 
3.4 Surface morphology 
 
An analysis using scanning electron microscopy 
(SEM) was used to investigate the morphological 
structure of the fracture surface during tensile 
testing with and without the addition of HA 
nanoparticles. The resulting SEM micrographs 
(Figure 8) provided a more robust interpretation 
of the results of the tensile tests. The SEM testing 
was conducted on the 0 wt.%-RHA specimen as a 
reference, Specimen #2 from the 1 wt.%-RHA 
variation as the specimen with the lowest tensile 
strength, and Specimen #2 from the 5 wt.%-RHA 
variation as the specimen with the highest tensile 
strength. 
 
On the micrograph of the surface of the structure, 
roughness was marked by the presence of 
microcracks (a) and longitudinal fractures or large 
microcracks (c). These fault gaps indicated the 
phenomena of microcracks and large microcracks. 
The rough surface was due to the addition of 
nanoparticles to the resin, and the presence of 
internal fracture gaps indicated an increase in the 
strength of the material [22]. 
 
The micrograph of the structure indicates that the 
surface of the 0 wt.%-RHA specimen was tidy, and 
the fracture gap was flat and smooth (Figure 8a). In 
Figures 8b and 8c, it is evident that the addition of 
HA nanoparticles made the fracture surface 
rougher, and clumps, which could be in the form of 
HA nanoparticles or platinum coagulation obtained 
during the SEM photo-coating process, were visible. 
In the 1 wt.%-RHA, it can be seen that the surface 
was not much different from that of the 0 wt.%-RHA 
specimen due to the addition of low levels of HA 
nanoparticles (Figure 8b). Conversely, Figure 8c 
demonstrates that the 5 wt.%-RHA displayed a 
coarser surface with a significant crack and more 
profound fracture gap compared to both the 0 wt.%- 
and 1 wt.%-RHA [22,23]. The SEM photographs 

depict a surface with both shallow and deep fracture 
gaps, indicative of roughness. These gaps 
corresponded to the phenomena of micro and large 
cracks. The addition of nanoparticles to the resin 
caused the surface to become rougher, leading to an 
increase in material strength, as demonstrated by 
the presence of deep fracture gaps [23]. 
 

 
(a) 

 
(b) 

 
(c) 

Fig. 8. SEM Photograph; (a) Figure 6. SEM Photograph 
of Pure Dental Model Photopolymer Resin; (b) Resin-
HA 1 wt%; and (c) Resin-HA 5 wt% 
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3.5 Wear rate test 
 
The observed decrease in the K of the 0, 1, 3, and 5 
wt.%-RHA specimens is a significant finding that 
underscores the potential for improving the 
durability of dental photopolymer resin models 
(Figure 9). The specific K values recorded at each 
concentration provided a quantitative measure of 
the response of the material to frictional loading, 
revealing a consistent trend of reduced wear as 
the mass fraction of HA nanoparticles increased. 
 

 
Fig. 9. Specific wear rate of resin-HA composite. 

 
The specific K values of 1.24x10-7, 9.02x10-8, 
7.65x10-8, and 3.60x10-8 mm³/Nm for the 0, 1, 3, 
and 5 wt.%-RHA specimens, respectively, 
demonstrated a notable enhancement in wear 
resistance with higher concentrations of HA. This 
trend was particularly pronounced in the 5 wt.%-
RHA, where the K was the lowest. The substantial 
reduction in K was indicative of the synergistic 
effect between the HA nanoparticles and the resin 
matrix, suggesting that the incorporation of HA 
imparted a protective mechanism against wear 
and abrasion. 
 
The correlation between material hardness and 
wear resistance is a well-established principle in 
materials science, and the results were aligned 
with this understanding. The addition of HA 
nanoparticles led to an increase in the hardness of 
the resin, thereby influencing the specific K. This 
phenomenon was further elucidated by the high 
anti-deformation properties inherent in HA 
nanoparticles, allowing them to absorb a 
significant portion of the load during frictional 
loading [24-26]. Moreover, the impact on shear 
stress during the wear process was a critical 
aspect of the observed reduction in K. The 
increased hardness resulting from the 
incorporation of HA enhanced the scour resistance 

of the resin surface, mitigating the shear stress 
between the resin/HA and the rotating disc. This 
reduction in shear stress was pivotal in slowing 
down the wear speed as the primary material, the 
resin, was subjected to minor stresses. The 
interplay between the hardness, anti-deformation 
properties, and shear stress reduction collectively 
contributed to the enhanced wear resistance of the 
dental photopolymer resin model [27,28]. These 
findings not only validate the potential of the HA 
nanoparticles as an effective additive for 
improving wear resistance in dental 
photopolymer resins but also offer valuable 
insights into the underlying mechanisms 
governing the observed behaviour. This 
knowledge holds promise for the advancement of 
dental materials tailored for 3D printing 
applications, emphasising the importance of 
optimising material formulations for enhanced 
performance in the demanding conditions of 
dental applications. 
 
The results of the tests conducted with the pin-
on-disc were then analysed by the stability of the 
μ over the test duration. A total of 800 data was 
collected. Figure 10 shows that the friction test 
results were stable. The test results showed that 
all the data variations showed values of μ that 
tended to be stable throughout the test and that 
the 1 wt.%-RHA appeared to be more stable 
compared to the other specimens. However, the 
point distribution showed the same pattern. As 
could be seen in one case in data 171 to 209, there 
were prominent values for all the RHA 
specimens. Meanwhile, the pure pattern did not 
show any such differences. This was thought to 
be the result of the less uniform mixture results 
in the part of the sample where HA was added. 
Apart from that, the data from 418 to 513 in all 
the samples showed the same pattern. Thus, the 
process and method of adding HA to each 
variation had a good level of stability. 
 

 
Fig. 10. The stability of all sample friction coefficient 
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Figure 11 shows the effect of the mass fraction on 
the μ. Overall, the μ of all the samples decreased. 
The μ of the 0 wt.%-RHA was 0.844. On the other 
hand, the μ of the 1, 3, and 5 wt.%-RHA decreased 
by 39.9, 44.1, and 47.8%, respectively, with μ 
values of 0.506, 0.471, and 0.439. The 5 wt.%-
RHA had the smallest μ. The addition of HA 
nanoparticles was able to increase the surface 
hardness of the resin. Surface hardness had a 
significant influence on the tribological 
properties (K and μ) of the resin. The higher the 
surface hardness of the resin, the lower the μ 
[29]. Smaller particle sizes can increase wear 
resistance and reduce friction. In addition, 
smaller particle sizes can effectively prevent the 
formation of surface defects and wrinkles that 
cause increased surface friction [30]. 

 
Fig. 11. Relationship between mass fraction and 
friction coefficient. 
 

The relationship between the mass fraction of HA 
nanoparticles and the friction coefficient (μ) is 
pivotal in understanding the interconnection 
between the mechanical and tribological 
performance of the resin composites. In this study, 
the inclusion of HA nanoparticles significantly 
reduced the coefficient of friction, with the 5 wt.% 
HA sample demonstrating the lowest values. This 
improvement in tribological behavior is directly 
linked to the enhancements in mechanical 
properties, such as tensile strength, impact 
resistance, and Shore D hardness. For instance, the 
increased hardness and tensile strength minimize 
material deformation and detachment during 
sliding contact, thereby reducing both the wear 
rate (K) and μ. 

 
The dual role of HA nanoparticles within the resin 
matrix further explains this relationship. At lower 
concentrations, HA particles are well-dispersed, 
leading to improved load-bearing capacity and 

reduced material deformation during tribological 
interactions. This dispersion also promotes 
effective mechanical interlocking, enhancing the 
composite's ability to withstand localized 
compressive stresses. However, as the mass 
fraction increases, the risk of particle 
agglomeration rises, which may disrupt uniform 
frictional behavior by creating localized stress 
concentrations. Nevertheless, even at higher 
concentrations, HA’s ability to act as micro-
lubricants during sliding contact reduces direct 
asperity interactions, contributing to smoother 
wear tracks and smaller debris particles. 

 
Morphological analysis of the tribocontact 
zones (SEM) provides further insights into 
these mechanisms. For HA-free samples, 
extensive plowing marks and large debris 
particles were observed, indicating severe 
abrasive wear and insufficient material 
hardness. In contrast, the HA-reinforced 
samples exhibited finer debris and smoother 
wear tracks, which highlight the reinforcing 
effect of HA in enhancing both surface hardness 
and wear resistance. The debris analysis 
underscores this interplay, showing that higher 
HA content correlates with smaller, more 
uniformly distributed debris. This finding 
suggests that HA nanoparticles improve the 
composite’s ability to resist fracture and 
mitigate material transfer during sliding, 
directly influencing the wear and friction 
properties. 

 
Despite these advantages, excessive HA content 
may lead to diminishing returns in friction 
reduction due to increased brittleness. While 
higher HA concentrations enhance wear 
resistance and hardness, they can also reduce the 
material’s flexibility, potentially impacting its 
overall mechanical robustness. This balance 
between hardness and flexibility must be 
carefully optimized to achieve the desired 
tribological performance without compromising 
other mechanical properties. 

 
The integration of SEM micrographs of the 
tribocontact zones into the analysis provides 
visual evidence supporting these findings. The 
images illustrate a clear transition from adhesive 
to abrasive wear as HA concentration increases, 
further confirming the hypothesis that HA’s 
reinforcement capabilities significantly influence 
both mechanical and tribological behavior. 
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Future studies could explore variations in HA 
particle size, surface characteristics, or 
morphology to better understand their dynamic 
influence on debris formation and contact 
mechanics in real-time tribological testing. 
 
 
4. CONCLUSION 

 
The K test results indicated that the K and μ of 
all the samples decreased. The 5 wt.%-RHA had 
the lowest K (3.60x10-8 mm3/Nm) and μ 
(0.439), while the 0 wt.%-RHA had the highest 
K (1.24x10-7mm3/Nm) and μ (0.506). The 
mechanical testing, which included tensile and 
impact testing, found that the mechanical 
properties of the material increased with the 
addition of HA nanoparticles. The highest 
tensile strength (66.11 MPa) was observed in 
the 5 wt.%-RHA, while the lowest (45.72MPa) 
was found in the 0 wt.%-RHA. Similarly, the 
impact strength also increased after the 
addition of HA nanoparticles. The highest 
impact strength (35.2 kJ/m2) was in the 0 wt.%-
RHA and the lowest (20.75 kJ/m2) was in the 5 
wt.%-RHA. The same trend was observed in the 
HD test results, with the highest and lowest HD 
being observed in the 5 wt.%-RHA (79.32) and 
0 wt.%-RHA (72.96), respectively. Lastly, the 
SEM results indicated that the addition of HA 
nanoparticles affected the surface of the 
specimens by causing larger microcracks, thus 
suggesting an enhancement in mechanical 
properties. 
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