
INTRODUCTION

Dentures are an effective treatment option for 
edentulous patients. Among the various materials 
used to fabricate dentures, polymethyl methacrylate 
(PMMA) has several advantages regarding economic 
feasibility, physicochemical properties, and aesthetics. 
Therefore, PMMA has been actively applied in 
denture manufacturing since the 1930s1). However, 
several characteristics of traditional PMMA dentures 
fabricated using conventional methods, such as their 
insufficient resistance to fracture, deformation owing 
to polymerization shrinkage, and complex processing 
procedures, require improvement2,3).

Recent digital dentistry advancements have 
significantly increased the use of digital technology 
in denture fabrication4,5). This innovative approach 
is under active implementation and application in 
clinical settings as it can replace traditional methods, 
mitigating the drawbacks of polymerization shrinkage, 
labor, and working time. The utilization of digital 
dentistry advancements in denture fabrication not only 
streamlines the process but also enhances processing 
accuracy through simplified fabrication procedures6,7).

Computer-aided manufacturing (CAM) involves 
subtractive machining, in which PMMA blocks are 
milled. Consequently, wear and tear of the milling 
machine during the cutting process is unavoidable, and 
the process is limited to only approximately 90% of the 
PMMA block8,9). In contrast, additive manufacturing 
methods, such as three-dimensional (3D) printing, 
enable the fabrication of more complex structures. 

Additive manufacturing also allows for a reduction in 
material consumption of nearly 40% and eliminates 
concerns about milling machine wear and tear10).

Denture bases are susceptible to fracture owing 
to prolonged exposure to physical stresses caused by 
mastication. Therefore, denture bases must possess 
sufficient strength and resilience to withstand such 
forces without fracturing11). Flexural strength refers 
to the maximum bending stress at the fracture point, 
and dentures with higher flexural strength exhibit 
better resistance to fracture12). Sustained flexural stress 
caused by mastication can lead to creep, resulting in a 
damping effect and potential deformation. To prevent 
this, denture bases should exhibit appropriate elasticity 
and stiffness13). Additionally, a humid oral environment 
can accelerate the moisture absorption of acrylic resin 
and deteriorate its mechanical properties14). Therefore, 
additional research is required that includes an artificial 
aging process that reproduces the oral environment.

Recently, clinical practice has considered it 
necessary to utilize digital materials and methods when 
manufacturing dentures. However, most research has 
been on computer-aided design (CAD)/CAM milling and 
the mechanical properties of existing denture base resin 
materials, and research on the physical properties of 3D 
printing materials is limited15). A few studies using 3D 
printing resin have reported that the physical properties 
of digital materials are significantly lower than those 
of milling materials and conventional materials, and 
hence, there is still insufficient evidence for clinical 
application. To improve mechanical properties, 
oligomer-based 3D printing resins have been developed. 

A comparison of the mechanical properties of 3D-printed, milled, and conventional 
denture base resin materials
Hyeong-Ju YU1*, You-Jung KANG1*, Yeseul PARK1, Hoon KIM2,3 and Jee-Hwan KIM1

1 Department of Prosthodontics, Oral Science Research Center, Yonsei University College of Dentistry, Seoul, Republic of Korea
2 Research Institute of Agriculture and Life Sciences, College of Agriculture and Life Sciences, Seoul National University, Seoul 08826, Republic of 

Korea
3 Graphy, Inc. 6th Fl, Ace GasanFORHU, 225 Gasan digital 1-ro, Geumcheon-gu, Seoul 08501, Republic of Korea
Corresponding author,  Jee-Hawn KIM;  E-mail: jee917@yuhs.ac

This study investigated the mechanical properties of three denture base resin materials produced by three-dimensional (3D) printing 
(Group P), computer-aided design/computer-aided manufacturing milling (Group M), and conventional (Group C) methods. Three-
point flexural tests were performed before and after thermocycling treatment to evaluate the mechanical properties. Additionally, 
nanoindentation and dynamic mechanical analysis (DMA) were used to analyze the behavior of the materials. After flexural strength 
tests, scanning electron microscopy (SEM) was performed to evaluate the fracture cross-section. The results consistently showed that 
Group P exhibited significantly higher flexural strength and modulus regardless of thermocycling than Groups C and M (p<0.05), 
along with a higher storage modulus in DMA and greater resistance and resilience to nanoindentation deformation. SEM analysis 
showed that Group C had a relatively smooth cross-section, whereas Groups M and P had torn cross-sections. This study suggests 
that the 3D-printed material has suitable mechanical properties for hard dental prosthesis applications.

Keywords:  3D printing resin, CAD/CAM, Denture base, Mechanical property, Thermocycling

This is an open access article under the CC BY license
https://creativecommons.org/licenses/by/4.0/

*These authors contributed equally to this work.
Received Mar 20, 2024: Accepted Jul 31, 2024
doi:10.4012/dmj.2024-080   JOI JST.JSTAGE/dmj/2024-080

Dental Materials Journal  2024;      :      –



Fig. 1	 Flowchart of the experimental procedure.

Table 1	 Composition of materials used for the denture base resin and type of fabrication used

Group Product name Manufacturer Composition Fabrication method

Group C Ivocap
Ivoclar Vivadent, 
Schaan, 
Liechtenstein

Composition powder in %:
co-polymer 88.6; polymethyl methacrylate 
10.0; benzoyl-peroxide 0.9; pigments <0.5.
Composition liquid in %:
methyl methacrylate 88.4; dimethacrylate 
(cross-linking agent) 5.6; co-polymer 6.0.

Conventional

Group M
Vipi Block 
Gum

VIPI, São Paulo, 
Brazil

Methyl Polymethacrylate, Biocompatible 
pigments, EDMA and Fluorescent

Milling

Group P THD
Graphy, Seoul, 
Korea

Urethane-dimethacrylate,
Urethane acrylate oligomer

3D printing

Resins containing oligomers can achieve stable and 
high mechanical properties. The main physical and 
mechanical properties of the resin are derived from 
oligomers. Therefore, it is important to determine and 
synthesize the chemical structure of the resin oligomer. 
Generally, as the molecular weight of an oligomer 
increases, physical and mechanical properties increase. 
However, as the viscosity increases with the molecular 
weight, monomers are added to control it16-18). Previous 
studies using these oligomer-based resins have reported 
high physical properties of oligomer-based 3D printing 
resins; however, these properties were limited to crown 
materials19). Therefore, to fully exploit the advantages of 
3D printing technology in the digital age, comparative 
studies must be conducted on the mechanical properties 
of 3D-printed dental resin materials for denture bases.

The purpose of this study is to compare the properties 
of 3D-printed dental resin materials for denture bases 
with those from milling and conventional manufacturing 
methods through various methods such as three-point 
flexural strength testing, dynamic mechanical analysis 
(DMA), and nanoindentation testing. Additionally, our 
study aims to observe the changes in the properties of 

each material under intraoral conditions simulated by 
thermocycling. The first null hypothesis of this study 
states that 1) there will be no significant difference in 
the mechanical properties between denture base resin 
materials fabricated by 3D printing and denture base 
resin materials fabricated by conventional methods or by 
CAD/CAM milling. Moreover, the second null hypothesis 
states that 2) thermocycling will not significantly 
affect the mechanical properties of denture base resin 
materials.

MATERIALS AND METHODS

Figure 1 shows a flowchart describing the experimental 
procedure.

Specimen preparation
Three groups of acrylic denture base materials were used 
in this study, including a conventional injection-type 
resin (Ivocap, Ivoclar Vivadent, Schaan, Liechtenstein), 
a CAD/CAM milling resin (Vipi Block Gum, VIPI, São 
Paulo, Brazil), and 3D printing resin (THD, Graphy, 
Seoul, Korea) (Table 1). Specimens were prepared 
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in various dimensions for each type of experiment. 
Specifically, for three-point flexural strength tests, 
specimens were fabricated with dimensions of 64 mm×10 
mm(±0.2 mm)×3.3 mm(±0.2 mm) (length×width×height) 
in accordance with ISO 20795-1:201320). For DMA 
testing, a single specimen measuring 30×10×3.3 mm 
(length×width×height) was prepared for each group. 
Finally, for nanoindentation tests, single disk specimens 
were fabricated for each group with diameters of 20 mm 
and thicknesses of 2 mm.

Wax duplicates with the appropriate dimensions 
for each experiment were first flasked and invested in 
dental stones to fabricate specimens using conventional 
injection molding-type resins. Gypsum was poured into 
a flask, and then wax duplicates were placed inside the 
flask. After the gypsum was set, the wax was completely 
removed, and the mold was coated with a separator 
(Separating Fluid, Ivoclar Vivadent). The pre-measured 
resin and monomer capsules (SR Ivocap High Impact, 
Ivoclar Vivadent) were mixed using a commercial 
mixer (Cap Vibrator, Ivoclar Vivadent) for 5 min before 
being injected into the flask. The injection process 
was performed at a pressure of 6 bar according to the 
injection molding system. The SR Ivocap assembly was 
polymerized at 100°C for 35 min and then immersed 
in cold water for 30 min. Finally, the specimens were  
removed from the flasks and polished according to 
manufacturer instructions. The CAD/CAM milling 
specimens were prepared using pre-polymerized denture 
base-resin blocks. The CAD/CAM milling blocks were 
cut using an automated cutting machine (Multi Slicer 
ASM420M, Okamoto, Nagoya, Japan) equipped with a 
diamond blade (SD400, Noritake, Nagoya, Japan) and 
polished to obtain rectangular blocks with set dimensions. 
The 3D-printed samples were designed as solid structures 
with the appropriate specimen dimensions for each 
experiment using 3D modeling software (Tinkercad, 
Autodesk, San Rafael, CA, USA). The design was saved 
as a standard tessellation language (STL) file, which 
was used to manufacture specimens using denture-
based materials. The specimens were fabricated using a 
3D printer (Sprint Ray Pro 95, Sprint Ray, Los Angeles, 
CA, USA), employing the digital light processing 
technique according to the manufacturer-recommended 
parameters. The 3D-printed specimens were cleaned in 
an ultrasonic bath (UCS-20, Lab Companion, Billerica, 
MA, USA) containing 90% isopropyl alcohol (Samchun 
Pure Chemical, Pyeongtaek, Korea). The specimens 
were then cured for 25 min in a curing machine (Cure-M 
102H, Graphy) equipped with light-emitting diodes 
(LEDs) with a wavelength of 405 nm at a light intensity 
of 400 mW/cm2 according to the recommendations of the 
manufacturer.

Sixty specimens (20 from each group) were prepared 
for the three-point flexural strength tests. Half of the 
specimens from each group were stored in distilled water 
for 50±2 h at 37°C20). The other half of the specimens 
underwent an aging treatment of 10,000 thermal cycles 
at 5–55°C in distilled water.

Flexural strength and modulus
The flexural strength and modulus were measured in 
accordance with ISO 20795-1:2013 by conducting three-
point flexural strength tests using a jig in a universal 
testing machine (3366 Series, Instron Engineering, 
Norwood, MA, USA)20). Immediately before testing, the 
specimen was removed from the water bath, and the wet 
specimen was placed in the jig. The distance between 
the specimen supports was 50 mm, and a loading force 
was applied to the specimens at a crosshead speed of 5 
mm/min until fracture. The maximum flexural strength 
(σ; MPa) was calculated using Equation (1).

3Flσ=                                                                               (1)
2wh2

The flexural modulus (E; MPa) was calculated using 
Equation (2).

Fl3

E=                                                                              (2)
4wh3d

where F is the fracture load (N), l is the distance between 
supports (mm), w is the width of the specimen (mm), h is 
the height of the specimen (mm), and d is the deflection 
(mm) under load F.

DMA
DMA (Q800, TA Instruments, New Castle, DE, USA) was 
performed at a mechanical dynamic analysis frequency 
of 0.01–1,000 Hz to determine the mechanical dynamics 
and rheological properties of the materials. The strain 
rate in the single cantilever mode, automatically 
calculated using the length and width of the specimen 
and the DMA software, was 0.1%. The chamber was 
maintained at 37ºC and atmospheric pressure during 
the experiment.

Nanoindentation
Nanoindentation tests were conducted to determine the 
microscopic surface properties. The nanoindentation 
tests were performed using a micro-indentation 
instrument (MCT3 STeP4, Anton Paar, Graz, Austria) 
equipped with a Vickers diamond indenter. The applied 
test conditions were a loading time of 10 s, a dwell time 
of 5 s, and an unloading time of 10 s using indentation 
loads of 2, 4, 6, 8, and 10 N.

Scanning electron microscopy (SEM)
Fracture surface images of each group were obtained 
at magnifications of ×40 and ×100 using SEM (S-300N, 
Hitachi, Tokyo, Japan). One representative specimen 
was obtained from each group, and all specimens were 
coated with a 100-nm-thick platinum coating using 
an ion sputter coater (E-1010, Hitachi) to prepare the 
samples for SEM analysis.

Statistical analysis
Statistical analyses were performed using SPSS 
software (SPSS 25.0, SPSS, Chicago, IL, USA). The 
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Fig. 2	 Comparison of the flexural strengths for the three 
specimen groups before and after thermocycling.

	 Groups C, M, and P represent the conventional, 
milling, and 3D printing fabrication methods.

Table 2	 Mean and standard deviations of the flexural strength among the materials and thermocycling groups (unit: MPa)

Group C Group M Group P p-value

Before thermocycling 95.28±5.59b 93.01±6.27b 119.11±9.29a <0.001

After thermocycling 96.08±4.13b 89.62±8.60b 117.62±9.81a <0.001

Different lowercase letters in each column indicate statistically significant differences (p<0.05).

Table 3	 Mean and standard deviations of the flexural modulus among the materials and thermocycling groups (unit: GPa)

Group C Group M Group P p-value

Before thermocycling 1.42±0.20b 1.92±0.18a 2.38±0.19a <0.001

After thermocycling 1.79±0.14c 2.18±0.14b 4.06±0.15a <0.001

Different lowercase letters in each column indicate statistically significant differences (p<0.05).

Fig. 3	 Comparison of the flexural modulus for the three 
specimen groups before and after thermocycling.

	 Groups C, M, and P represent the conventional, 
milling, and 3D printing fabrication methods. 
Comparison among the groups is expressed as 
*p<0.05, **p<0.01, and ***p<0.001. Asterisks and 
horizontal bars indicate statistically significant 
differences before and after thermocycling, 
respectively.

normality of all data was assessed using the Shapiro–
Wilk test. A one-way analysis of variance was conducted 
for data following a normal distribution, followed by 
post-hoc tests using Bonferroni correction to analyze the 
flexural strength and flexural modulus data according 
to the different fabrication methods. Data that did not 
follow a normal distribution were analyzed using the 
Kruskal-Wallis test, with post-hoc tests performed using 
the Mann-Whitney U test. Regarding the comparison 
between before and after the thermocycling process, 
the data following a normal distribution were analyzed 
using the independent sample t-test, whereas data not 
following a normal distribution were analyzed using the 
Mann-Whitney U test. All analyses were conducted at a 
confidence level of 95% (α=0.05).

RESULTS

Flexural strength and modulus
The flexural strength results show that Group P 
exhibited the highest flexural strength (119.11±9.29 
MPa), followed by Group C (95.28±5.59 MPa) and Group 
M (93.01±6.27 MPa). Regardless of thermocycling, 
Group P exhibited a statistically significant higher 

flexural strength (p<0.05) than Groups M and C. After 
thermocycling, the mean flexural strength of Groups P 
and M decreased to 117.62±9.81 and 89.62±8.60 MPa, 
respectively, and that of Group C slightly increased 
to 96.08±4.13 MPa. Despite these changes, no group 
exhibited statistically significant differences before and 
after thermocycling (p>0.05) (Fig. 2 and Table 2).

Group P exhibited the highest flexural modulus 
(2.38±0.19 GPa), followed by Group M (1.92±0.18 GPa) 
and Group C (1.42±0.20 GPa). The flexural modulus 
of Groups P and M were significantly higher than 
that of Group C (p<0.05). The flexural modulus of all 
groups increased after thermocycling. Groups P, M, 
and C exhibited post-thermocycling flexural modulus of 
4.06±0.15, 2.18±0.14, and 1.79±0.14 GPa, respectively. 
Statistically significant differences were observed 
between the groups (p<0.05) (Fig. 3 and Table 3).
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Fig. 4	 Dynamic rheological properties as a function of the frequency for Groups C, M, and P at 37ºC.
	 (a) Storage modulus, (b) loss modulus, and (c) loss tangent change graphs.

Fig. 5	 Pressure-indentation characteristics in the 
nanoindentation tests.

	 Indentation deformation behavior of the resins as 
a function of various indentation loads of 2–10 N 
for Groups (A) C, (B) M, and (C) P. (D) Comparison 
of the force–depth curves of Groups C, M, and P at 
an indentation load of 10 N.

DMA
DMA was used to evaluate the mechanical properties 
of the polymer materials under dynamic conditions. 
The storage and loss modulus of each material were 
measured at various frequencies (Fig. 4). Groups C, M, 
and P exhibited storage modulus of 1,814 and 2,522, 
3,001.5 and 4,307, and 3,940 and 5,707 MPa at 0.1 and 
63 Hz, respectively (Fig. 4a). The storage modulus of all 
three groups increased with an increasing frequency, 
indicating a stiffer material response at higher 
frequencies. Group P exhibited a higher storage modulus 
at 0.1 Hz than the other materials, which is consistent 
with the results from the other tests.

Nanoindentation
The applied nanoindentation force was increased 
from 2 to 10 N in 2 N increments. Group C exhibited 
indentation depths of 26.7, 38.4, 47.5, 54.2, and 58.3 μm, 
respectively. After the applied force was removed, the 
recovered indentation depths were 15.2, 22, 27.5, 31.2, 
and 32.9 μm, respectively (Fig. 5A). The indentation 
depths for Group M were 23.8, 33, 40.1, 46.5, and 51.8 
μm, respectively, and the recovered indentation depths 
were 15.8, 20.8, 25, 28.5, and 31.8 μm, respectively (Fig. 
5B). The indentation depths for Group P were 22.8, 30.7, 
37.5, 42.5, and 48 μm, respectively, and the recovered 
indentation depths were 14.5, 18.1, 21.7, 24.1, and 27.1 
μm, respectively (Fig. 5C). A comparison of the force–
depth curves under a 10 N load demonstrated that 
Group P exhibited the lowest deformation and strongest 
resilience (Fig. 5D). This indicates that Group P exhibited 
higher resistance to deformation and a better ability to 
recover its original shape after the applied force was 
removed, as compared with the other materials.

SEM
The fractured surfaces of the specimens after the three-
point flexural strength test were examined using SEM. 
Group C exhibited a relatively smooth fracture surface 
(Figs. 6A, B). Group M exhibited an irregular, grooved, 
and rough surface with a partially torn cross-section 
(Figs. 6C, D). Group P resisted the applied force and 
exhibited a sagging, torn cross-section (Figs. 6E, F).

DISCUSSION

The mechanical properties of dental resins for denture 
bases fabricated using three different manufacturing 
methods were evaluated using three-point flexural 
strength tests before and after thermocycling and 
DMA and nanoindentation tests. The 3D-printed group 
exhibited the highest flexural strength and modulus 
compared to the other groups. Although no significant 
difference was observed in the flexural strengths 
before and after thermocycling, there was a significant 
difference in the flexural modulus.

Flexural strength refers to the maximum stress 
experienced by a specimen during the flexural strength 
test immediately before it fractures and indicates the 
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Fig. 6	 SEM images (A, C, E: ×40 magnification; B, D, F: 
×100 magnification) of the fracture surfaces of each 
material.

	 (A, B) Group C, with a smooth and even surface, 
(C, D) Group M; arrows indicate the jagged, rough 
appearance and partially torn aspect, and (E, F) 
Group P; arrows indicate stretching and tearing 
features.

mechanical strength of the material21,22). The flexural 
modulus is a strength property calculated as the ratio 
of stress to strain and indicates the resistance of the 
material to bending23,24). These mechanical properties 
are essential for dental prosthetic materials because 
they experience various forces in the oral environment25). 
Fiore et al. reported that CAD/CAM resin exhibited the 
highest flexural strength (110.23±4.71 MPa) among the 
different fabrication methods26). The CAD/CAM resin 
was followed by the 3D-printed (87.34±6.19 MPa) and 
heat-polymerized resins (80.79±4.37 MPa). Zeidan et 
al. reported that CAD/CAM resin groups exhibited 
higher flexural strength (120.49 MPa from Avadent 
and 119.59 MPa from Polident) than other groups using 
different fabrication methods. The CAD/CAM resin was 
followed by the heat-polymerized resins (99.00 MPa 
from vertex) and the 3D-printed resins (61.63 MPa 
from Nextdent and 28.82 MPa from Harz)27). Several 
experimental studies have shown that CAD/CAM resins 
exhibit superior flexural strengths and modulus8,28). The 
excellent mechanical properties of the CAD/CAM resin 
blocks have been attributed to their high polymerization 
rate and the resulting improvement in their mechanical 
properties under high-temperature and high-pressure 
polymerization conditions3,29). Prpić et al. found that 
experimental groups of heat-polymerized denture base 
resins exhibited higher flexural strength than CAD/
CAM denture base resins30). They also observed that 

experimental groups of heat-polymerized denture base 
resins exhibit similar strength levels to CAD/CAM 
denture base resins. Additionally, Temizci et al. also 
reported that 3D-printed denture base resins have 
superior flexural strength at 113.53 MPa, followed by 
CAD/CAM denture base resins at 104.65 MPa and heat-
polymerized denture base resins at 95.23 MPa. They 
also suggested that extending post-curing time prevents 
insufficient chain cross-linking and enhances the degree  
of polymerization31). Lee et al. also observed that 
experimental groups of 3D-printed and heat-activated 
denture base resins exhibit higher flexural strengths 
and flexural modulus than CAD/CAM denture base 
resins32). The differences in the resin polymerization 
method and the degree of polymerization resulting 
from the fabrication method are essential factors that 
can affect the material properties, and relying solely 
on the fabrication method to determine the strength 
of the material has limitations. Lee et al. argued that 
factors beyond the fabrication method, such as the 
polymeric composition of the material and the unique 
fabrication techniques proposed by manufacturers, 
also play significant roles in determining the material 
properties32). The 3D-printed denture base resin in this 
study exhibited excellent flexural strength (119.11±9.29 
MPa) compared to the other denture base resins. The 
CAD/CAM (95.28±5.59 MPa) and heat-cured denture 
base resins (93.01±6.27 MPa) exhibited similar  
strengths with slight differences. The 3D-printed 
denture base resin exhibited the highest flexural 
modulus (2.38±0.19 GPa), followed by the CAD/CAM 
(1.92±0.18 GPa) and heat-polymerized resins (1.42±0.20 
GPa). The flexural strengths met the ISO standard (65 
MPa)20). Although the flexural modulus of Groups C and 
M did not meet the ISO standard (2 GPa), that of Group 
P met the standard20). These results are consistent with 
those of previous studies33,34). The 3D-printed material, 
reported to show lower strengths in previous studies, 
exhibited superior physical properties in this study. 
These experimental results suggest that the 3D-printed 
material possesses sufficient strength to be used as a 
hard denture material. These results were attributed to 
the unique material characteristics and manufacturing 
methods employed by some manufacturers, as mentioned 
by Lee et al.32). Additionally, post-processing techniques 
designed to increase the polymerization degree of 
printing resins may be associated with these findings, 
as mentioned by Temizci et al.31).

Further research is needed to compare different 
methods for enhancing the properties of printing 
resin materials and to investigate the effects of the 
compositional components on the properties of currently 
available printing resin materials. Polymeric materials 
used in dentistry exhibit viscoelastic properties. This 
implies that the materials can undergo deformation over 
time and possess both elastic and viscous characteristics. 
These physical characteristics must be considered due 
to the different viscoelastic properties required for 
different applications35). Dynamic testing uses frequency 
to measure the storage modulus, loss modulus, and 
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loss tangent values to evaluate the viscoelasticity of a  
material. The storage modulus, derived from the 
deformation and recovery patterns at a specific frequency, 
represents the elasticity of the material. In contrast, the 
loss modulus represents the viscosity of a material. The 
loss tangent is the ratio between the storage and loss 
modulus and can be used to evaluate the cushioning 
ability of a material under compressive loads35). Soft 
liner denture materials require relatively low storage 
modulus and high loss tangent values to effectively absorb 
external forces36). In contrast, hard denture materials 
require high rigidity, which makes them advantageous 
due to their high storage modulus values. Hard denture 
materials should also exhibit minimal deformation under 
external forces; therefore, high storage modulus and 
low loss tangent values are preferred13). The 3D-printed 
denture base fabricated in this study exhibited a high 
storage modulus, demonstrating its ability to rigidly 
and elastically resist external forces. Although the 
differences were insignificant, the 3D-printed denture 
base resin exhibited the lowest loss modulus and tangent 
values, followed by the CAD/CAM-fabricated and heat-
polymerized denture base resins (Figs. 4b, c). The 3D-
printed material that exhibited superior strength in the 
flexural test also demonstrated properties suitable for 
hard material applications under dynamic testing.

Hardness testing using indentation has been widely 
adopted to evaluate the properties of dental materials37). 
Hardness is typically analyzed by examining the 
indentation created using Vickers or Knoop tests38). The 
applied load in these tests typically ranges in 10–500 g. 
Previous studies have used the Vickers test to compare the 
surface hardness of the resins from different fabrication 
types. Zeidan et al. reported that CAD/CAM denture 
base resin exhibit the highest Vickers hardness number 
at 29.18±3.44, followed by heat-polymerized denture 
base resin with a Vickers number of 22.44±0.98, and 3D-
printed resin with Vickers number of 2.64 ±0.3739). Helal 
et al. also observed that CAD/CAM denture base resin 
exhibited a Vickers number of 26.14±0.39, while the 
Vickers number for 3D printed denture base resin was 
20.06±0.39, showing the superior performance of CAD/
CAM denture base resin. These results are similar to 
previous studies that observed the superior properties of 
CAD/CAM denture base materials40). The magnitude of 
the applied load can be considered a macro-indentation 
when compared to the particle size of the resin material 
to be analyzed41). Nanoindentation tests, as employed in 
this study, allow the load range to be adjusted between 
0.0001 and 5 g. Microindentation can be measured by 
analyzing the indentation at a scale of 1 μm, allowing for 
the precise characterization of the material properties. 
In contrast to the conventional method of analyzing 
hardness using the indentation area, nanoindentation 
tests allow for continuous observation of the loading and 
unloading phases using a depth-sensing instrument42). 
The deformation curves and indentation depths were 
measured in micrometers using nanoindentation 
under a loading force of 2–10 N. Group P exhibited 
the smallest indentation depth when the same load 

was applied. This indicates that Group P exhibited the 
highest elastic recovery upon load release. Furthermore, 
Group P exhibited a steeper slope when comparing the 
indentation curves of the three materials under a 10 
N load. Considering the extent of deformation with an 
increasing load, it can be inferred that Group P exhibited 
the stiffest properties based on the steepness of the slope. 
The 3D-printed material exhibited excellent elasticity 
in terms of deformation recovery and stiffness during 
the deformation process. Our experimental results are 
consistent with the flexural strength and dynamic test 
results. In addition to analyzing the indentation depth, 
further research is required to compare the hardness and 
flexural modulus values obtained from nanoindentation 
experiments with the hardness values obtained from the 
Vickers experiments and the flexural modulus values.

Thermocycling was used to simulate the conditions 
of constant exposure to moisture and heat in a clinical 
environment to mimic practical conditions more 
realistically43,44). Thermocycling at 5–55°C in the presence 
of water is considered appropriate for aging dental 
materials. Additionally, Gale and Darvell argued that 
10,000 cycles of thermocycling are roughly equivalent to 
a full year of intraoral cycling in terms of environmental 
conditions45). Accordingly, thermocycling was conducted 
for 10,000 cycles at 5–55°C in this study to observe the 
changes in the specimen properties. Ghavami-Lahiji 
et al. determined the flexural strength and hardness 
as a function of the number of thermocycling cycles46). 
The flexural strength significantly decreased with an 
increasing number of thermocycling cycles, whereas 
the hardness exhibited a concurrent trend of decreasing 
in some experimental groups and increasing in others. 
Similar to other studies, Ayaz et al.14) and Machado 
et al.47) also reported a decrease in flexural strength 
with increasing thermocycling cycles. Although no 
statistically significant difference was detected in 
this study, the flexural strengths of Groups M and P 
decreased after thermocycling. The decrease in flexural 
strength was attributed to changes in the properties of 
the polymers. The heat in the thermocycling process 
increases the water absorption of the resin, which affects 
the polarity of the polymer and changes the distance 
between polymer chains. Additionally, the absorbed 
water acts as a plasticizer, which induces a slip-over 
phenomenon in the polymer chains and degrades the 
properties of the polymer47). Kawano et al. investigated 
the flexural strength, hardness, and elastic modulus 
as a function of the number of thermocycling cycles, 
similar to the abovementioned studies, and reported 
that the flexural strength of all experimental groups 
significantly decreased with an increasing number of 
thermocycling cycles48). However, the hardness and 
elastic modulus exhibited mixed results, with some 
experimental groups showing an increase and others 
showing a decrease. In this study, the flexural modulus 
increased after thermocycling. Chadwick et al. reported 
that the hardness and elastic modulus are influenced by 
the degree of polymerization of a composite resin matrix 
and the volume of the filler, which are components of 
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a polymer49). Moreover, Ghavami-Lahiji et al. observed 
an increase in the degree of polymerization with an 
increasing number of thermocycling cycles46). The 
increase in the degree of polymerization observed 
during thermocycling can be attributed to the heat-
induced polymerization of the residual unpolymerized 
monomers within the composite resin50). Ferracane et 
al. stated that the structural deformation of polymers 
during thermocycling can induce a relative increase in 
the filler volume, leading to an increase in the elastic 
modulus of the material51). The causes of the changes in 
the elastic modulus after thermocycling can be inferred 
based on these studies. However, if the thermal stress 
continues to increase and causes significant changes 
and degradation in the polymer properties, both the 
hardness and elastic modulus are expected to decrease, 
similar to the decrease in flexural strength.

Owing to the varied forces experienced in the 
intraoral environment, various experimental methods 
should be used, as in this study, to reproduce different 
situations and evaluate the properties of materials 
for this application. Because this study principally 
investigated the mechanical properties of denture base 
materials, it cannot fully represent actual denture bases 
and has limitations in suggesting clinical applications 
for these materials. Therefore, considering clinical 
practice, additional in vitro studies on the manufacturing 
accuracy and deformation during detachment are 
necessary, and further clinical studies are required. In 
addition, this study evaluated only one material for each 
manufacturing method; thus, multiple materials must 
be evaluated for each manufacturing method in follow-up 
research. Furthermore, because the 3D-printed material 
consistently exhibited stiffness and high strength in all 
three experiments, in contrast to previously reported 
results, additional investigations are required to re-
evaluate the properties of 3D-printed materials.

CONCLUSIONS

The mechanical properties of 3D-printed, milled, and 
heat-polymerized denture base resins were compared 
and analyzed. The following results were obtained under 
specific experimental conditions:

1.	 The 3D-printed material exhibited suitable 
mechanical properties for hard denture 
applications.

2.	 Regardless of thermocycling, the 3D-printed 
denture exhibited a higher flexural strength and 
modulus than the materials fabricated using 
the other methods, demonstrating excellent 
mechanical properties.

3.	 Although there was no significant change in 
the flexural strength after thermocycling, the 
flexural modulus showed an increasing trend 
after thermocycling.
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