
Mechanical and esthetic properties 
of denture base resins in relation to 
thermocycling
Ha Eun Choi1, Sumin Kim2, Gi Youn Kim2, Jiayi Li3, Stefano Pieralli4 & Kyung Chul Oh2

This study evaluated the shear bond strength (SBS), flexural strength, and color stability of three 
denture base resins (DBRs)—heat-polymerized (HEA), cold-polymerized (COL), and 3D-printed 
(TDP)—before and after thermocycling. SBS was evaluated after bonding COL to each DBR. Flexural 
strength was measured via three-point bending, and color stability with a colorimeter. Half of the 
specimens underwent 10,000 thermocycles to simulate aging. TDP (9.91 MPa) showed significantly 
lower SBS than HEA (14.85 MPa) and COL (15.76 MPa) before thermocycling (p < 0.001), but was 
comparable to HEA (6.89 vs. 7.17 MPa; p > 0.999) afterward. SBS decreased significantly in all groups 
post-thermocycling (p < 0.01). Thermocycling did not affect the flexural strength of HEA (p = 0.841) or 
COL (p = 0.434), but significantly reduced TDP’s flexural strength (87.55 to 79.79 MPa; p = 0.002), which 
nevertheless remained significantly higher than those of HEA and COL (p < 0.001). TDP exhibited the 
highest color change ( ∆ E00 = 3.23), significantly greater than HEA (0.83; p < 0.001) and COL (1.94; 
p = 0.002), exceeding the perceptibility threshold. While 3D-printed DBRs exhibited comparable SBS 
and flexural strength to heat-polymerized DBRs after thermocycling, their esthetic durability remains 
limited under simulated aging.
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Acrylic resin has been widely used in dentistry for decades and has continuously improved in terms of physical 
properties and biocompatibility. Among various dental materials, polymethyl methacrylate (PMMA) remains 
the most commonly used denture base resin (DBR) due to its ease of fabrication, adequate strength, low toxicity, 
and esthetic quality1–4. However, the incidence of denture fracture has been reported to be as high as 25%, 
primarily due to mechanical failure5. Conventional denture fabrication requires multiple patient visits and 
involves complex laboratory procedures, increasing costs and introducing additional drawbacks6. However, not 
all denture fractures require complete refabrication; when fractures are localized and minor, repair using cold-
polymerized DBRs may be a more practical solution.

Heat-polymerized DBRs have traditionally been used for definitive removable dentures because of their 
high flexural strength, biocompatibility, and color stability7–9. However, their labor-intensive fabrication and 
potential for polymerization shrinkage present limitations7,8. Cold-polymerized DBRs, commonly used for 
repairs and relining, offer ease of use and cost-effectiveness but generally exhibit lower mechanical strength 
and poor color stability3,10–13. The advancement of three-dimensional (3D) printing technology has introduced 
an alternative to conventional denture fabrication14. Among various techniques, digital light processing (DLP) 
and stereolithography (SLA) —which utilize light polymerization by curing resin layer by layer—are most 
commonly employed in denture fabrication, producing clinically acceptable fits15. 3D printing also allows 
for efficient refabrication using saved computer-aided design (CAD) files, eliminating the need for additional 
impressions16,17. However, challenges such as interlayer bonding defects and poor color stability remain18,19.

In the oral environment, fluctuating temperatures, mechanical loading, and exposure to various foods 
can affect the longevity of DBRs20,21. Among these factors, thermal changes play a crucial role in altering the 
mechanical and esthetic properties of DBRs21. For instance, repeated exposure to hot and cold foods may induce 
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thermal stress and color changes, warranting preclinical evaluation22–24. Thermocycling is commonly used in 
research to simulate temperature fluctuations in a moist oral environment, mimicking the aging process of 
dental materials25–27.

The shear bond strength of 3D-printed DBRs has been reported to be lower than that of conventional 
DBRs28, and it significantly decreases after thermocycling29. In contrast, studies have reported conflicting 
findings regarding the flexural strength of 3D-printed versus heat-polymerized DBRs; however, it is commonly 
observed that the flexural strength of 3D-printed DBRs significantly decreases after thermocycling27,30. These 
materials also tend to show inferior color stability compared to heat-polymerized DBRs31,32. Although prior 
studies provide insight into individual material properties, comprehensive comparisons among various DBR 
types in terms of shear bond strength (related to repair), flexural strength, and color stability—particularly with 
respect to thermocycling—remain limited.

Therefore, this study aimed to evaluate the mechanical properties (shear bond strength and flexural strength) 
and color stability of heat-polymerized, cold-polymerized, and 3D-printed DBRs before and after thermocycling. 
The null hypotheses were that there would be no significant differences in mechanical properties or color stability 
among the three DBR types, and that thermocycling would not significantly affect the mechanical properties of 
the tested DBRs.

Materials and methods
Specimen design
This study utilized heat-polymerized (IvoBase Hybrid; Ivoclar Vivadent AG, Schaan, Liechtenstein), cold-
polymerized (PRESS LT; Retec, Rosbach, Germany), and 3D-printed (Denture 3D+; NextDent B.V., Soesterberg, 
the Netherlands) DBRs. The detailed specifications for each DBR type are summarized in Table 1. For the shear 
bond strength test, disc-shaped specimens (8 × 2 mm) were designed using commercial CAD software (Autodesk 
Meshmixer, v3.5; Autodesk, San Francisco). Bar-shaped specimens (3.3 × 10 × 64  mm) were prepared for the 
flexural strength test, and disc-shaped specimens (10 × 2 mm) were used for the color stability test. All designs 
were saved in standard tessellation language (STL) format.

A total of 180 specimens were fabricated: 72 for the shear bond strength test, 72 for the flexural strength 
test, and 36 for the color stability test. Sample size calculation was performed using G*Power software (version 
3.1.9.7; Heinrich Heine University Düsseldorf, Germany) based on an A priori power analysis. For the shear 
bond strength and flexural strength tests, an effect size of 0.35, a significance level (α) of 0.05, and a statistical 
power (1 − β) of 0.80 indicated a minimum required sample size of 67 (approximately 11.2 specimens per group). 
Accordingly, a group size of 12 was adopted to ensure adequate power. The same group size (n = 12) was applied 
to the color stability test to maintain consistency across experiments, corresponding to an effect size of 0.55.

Preparation of Heat-Polymerized DBR specimens
Heat-polymerized DBR specimens (Group HEA) were fabricated using wax discs (Dental Wax; Aidite, 
Qinhuangdao, China), which were milled using a milling machine (DWX-51D; Roland, Shizuoka, Japan).The 
wax specimens were affixed to a glass plate, over which type III dental stone (Snow Rock Dental Stone; DK 
Mungyo, Gimhae, Korea) was poured. After setting, the glass plate was removed, and the stone blocks were 
trimmed to fit the flasks. Plaster (Mono 70; DK Mungyo) was poured into the lower flask, and an injection 
channel was positioned over the wax specimens. A separating medium (Acro Sep; GC Corp., Tokyo, Japan) 
was applied to the plaster before assembling the flasks, which were then filled with additional plaster. After the 
plaster set, the wax was eliminated through a 10-minute boil-out. The flasks were reassembled, and the heat-
polymerized DBR (IvoBase Hybrid; Ivoclar Vivadent AG, Schaan, Liechtenstein) was injected using the IvoBase 
Injector system (IvoBase Injector; Ivoclar Vivadent AG). Polymerization was performed at 120 °C for 35 min, 
following the manufacturer’s instructions. After polymerization, the specimens were deflasked and trimmed 
with carbide denture burs (H251ACR and H251EQ; Komet, Lemgo, Germany). Final surface finishing was done 
under running water using a polishing machine (Metaserv 250; Buehler GmbH, Braunschweig, Germany) with 
600-grit silicon carbide sandpaper (SiC Sand Paper; R&B, Daejeon, Korea; Fig. 1).

Preparation of Cold-Polymerized DBR specimens
Cold-polymerized DBR specimens (Group COL) were fabricated using a negative mold technique. First, 
specimens were 3D-printed using a 3D-printable DBR (Denture 3D+; NextDent B.V.) and a digital light 
processing (DLP) 3D printer (NextDent5100; NextDent B.V.). These printed specimens were embedded in a 
hard silicone putty mold (DuoSil Putty Hard; Bukwang, Busan, Korea). After the putty hardened, the printed 
specimens were removed, forming a negative mold. Cold-polymerized DBR (PRESS LT; Retec) was mixed at 
a powder-to-liquid ratio of 10 g to 7 g, providing a working time of approximately 5 min. The resin mixture 

Group Material Composition

HEA IvoBase Hybrid (Ivoclar Vivadent AG; Schaan, Liechtenstein) Polymethyl methacrylate 95.5%, plasticizer 3.8%, initiator 0.6%, pigments 0.1%; Methyl 
methacrylate 95.9%, dimethacrylate (linker) 4.0%, catalyst 0.1%

COL PRESS LT (Retec Kunststofftechnik GmbH; Rosbach, Germany) Methyl methacrylate, tetramethylene dimethacrylate

TDP Denture 3D+ (NextDent B.V.;
Soesterberg, The Netherlands)

Ethoxylated bisphenol A dimethacrylate, 7,7,9(or 7,9,9)-trimethyl-4,
13-dioxo-3,14-dioxa-5,12-diazahexadecane-1,16-diyl bismethacrylate, 2-hydroxyethyl 
methacrylate, silicon dioxide, diphenyl (2,4,6-trimethylbenzoyl), phosphine oxide, titanium dioxide

Table 1.  Details of denture base resins used in the study.
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was poured into the mold cavity and polymerized under 2 bar pressure in water at 45  °C for 20 min. After 
polymerization, the specimens were removed from the mold and prepared for testing.

Preparation of 3D-Printed DBR specimens
3D-printed DBR specimens (Group TDP) were fabricated using the 3D-printable DBR (Denture 3D+; NextDent 
B.V.) and the 3D-printer (NextDent 5100; NextDent B.V.) Printing was performed horizontally (0° build angle) 
with a 100  μm layer thickness. After printing, specimens were washed in 94% ethanol for 5  min to remove 
uncured resin, then post-cured in a polymerization unit (LC-3D Print Box; NextDent B.V.) at 60 °C for 30 min 
using 405 nm light at ~ 350 mW/cm², as per manufacturer guidelines.

Shear bond strength test
DBR specimens were embedded in cylindrical jigs (25  mm diameter, 13  mm height) fabricated using 
3D-printable resin (NextDent Model 2.0; NextDent B.V.). A cold-polymerized DBR (PRESS LT; Retec) was used 
as the embedding medium. Exposed DBR surfaces were polished with 600-grit silicon carbide sandpaper (SiC 
Sand Paper; R&B) and sandblasted with 110 μm Al₂O₃ at 4 bar from approximately 10 mm distance for 10 s, 
standardized across all groups. A water-soluble capsule was placed on the exposed DBR surface, and the cold-
polymerized DBR (PRESS LT; Retec) was applied into the capsule. After polymerization, the capsule was rinsed 
away, leaving an adhered cold-polymerized DBR layer.

Half of the specimens (n = 12 per group) were stored in 37 °C distilled water bath for 24 h. The other half 
underwent 10,000 thermocycles (5–55 °C; 30-second dwell time; 5-second transfer; RB 508, R&B) in distilled 
water30,33. Shear bond strength was measured using a universal testing machine (Model 3366, Instron Corp., 
MA) at 0.5 mm/min crosshead speed. Shear bond strength (S) was calculated as:

	
S = F

A

where S is shear bond strength (MPa), F  is the fracture force (N), and A is the bonded area (mm²) (Fig. 2)28,29.

Fig. 1.  Sample preparation procedures for group HEA for shear bond strength test. (A) Milled wax specimens 
embedded in the upper half of the flask. (B) Wax sprues attached. (C) Specimen secured in a stabilization jig. 
(D) Cold-polymerized denture base resin attached to the specimen. HEA, heat-polymerized denture base 
resin.
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Flexural strength test
A three-point flexural strength test was performed. Half of the bar-shaped specimens (n = 12 per group) were 
conditioned in 37  °C distilled water, while the rest underwent 10,000 thermocycles as described above. The 
support span was 50 mm. Testing was done using a universal testing machine at 5 mm/min crosshead speed 
(Fig. 3). Flexural strength (σ) was calculated as:

	
σ = 3F l

2bh2

where σ  is flexural strength (MPa), F  is the maximum load (N), l is the distance between the supports (mm), 
b is specimen width (mm), and h is specimen height (mm)34.

Color stability test
A total of 36 specimens (n = 12 per group) were used for the color stability test. Specimens were stored in 37 
°C distilled water for 24 h before measurement. Initial L′ , a′ , and b′  values of each specimen were measured 

Fig. 3.  Flexural strength test of a denture base resin using a universal testing machine (Model 3366, Instron 
Corp.) in accordance with the International Organization for Standardization 20795-1.

 

Fig. 2.  Schematic diagram of the experimental setup for the shear bond strength test. The load was applied 
directly to the interface.
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using a colorimeter (Minolta Chroma Meter CR-321; Minolta Corp., Osaka, Japan) under standardized lighting 
conditions (CIE standard illuminant D65, ~ 6500 K)35. The device was calibrated before each session using 
the manufacturer’s white tile. Each specimen was measured three times, and the average was recorded. After 
10,000 thermocycles (same protocol), post-treatment L′ , a′ , and b′  values were measured under identical 
conditions. The color difference ( ∆ E00) was calculated using the CIEDE2000 formula:

	
∆ E00 =

√(
∆ L′
KLSL

)2
+

(
∆ C′
KCSC

)2
+

(
∆ H′
KHSH

)2
+ RT

(
∆ C′
KCSC

) (
∆ H′
KHSH

)

where ∆ L′ , ∆ C′ , and ∆ H′  are lightness, chroma, and hue differences, respectively; KL, KC , KH  = 1; 
SL, SC , and SH  are compensation factors; and RT  represents the hue rotation adjustment31,32.

Statistical analysis
Statistical analysis was performed using SPSS version 26.0 (IBM Corp., Armonk, NY). Two-way analysis of 
variance (ANOVA) with post hoc tests were conducted for the shear bond strength and flexural strength 
analyses. One-way ANOVA with Bonferroni correction was applied for the color stability analysis. Statistical 
significance was set at α = 0.05.

Results
For shear bond strength, significant main effects were found for both group (F = 22.690, p < 0.001, ηp² = 0.022) 
and thermocycling (F = 68.416, p < 0.001, ηp² = 0.586), as well as a significant interaction between group and 
thermocycling (F = 4.976, p = 0.010, ηp² = 0.304). All groups showed a significant decrease in shear bond strength 
following thermocycling (p < 0.001 for groups HEA and COL; p = 0.006 for group TDP; Table 2). The percentage 
reduction in shear bond strength post-thermocycling was 51.75% for group HEA, 29.00% for group COL, and 
30.41% for group TDP. Before thermocycling, group TDP exhibited significantly lower shear bond strength than 
groups HEA and COL (p < 0.001). However, after thermocycling, group TDP presented values comparable to 
group HEA (p > 0.999).

For flexural strength, significant main effects were observed for group (F = 92.138, p < 0.001, ηp² = 0.736) and 
thermocycling (F = 6.061, p < 0.001, ηp² = 0.084), while the interaction between group and thermocycling was 
not statistically significant (F = 2.664, p = 0.077, ηp² = 0.075). Thermocycling did not affect the flexural strength 
of HEA (p = 0.841) or COL (p = 0.434). However, it significantly reduced the flexural strength of group TDP 
(p = 0.002), although its values remained significantly higher than those of the other two groups, both before 
and after thermocycling (p < 0.001 compared with groups HEA and COL; Table 3). The percentage reduction in 
flexural strength after thermocycling was 0.71% in group HEA, 2.93% in group COL, and 8.87% in group TDP.

For color stability, all pairwise comparisons among the three groups showed significant differences. Group 
HEA exhibited the highest color stability, followed by group COL, and group TDP showed the lowest (HEA vs. 
COL, p = 0.007; HEA vs. TDP, p < 0.001; COL vs. TDP, p = 0.002) (Table 4).

Discussion
The null hypotheses were rejected, as the three types of DBRs demonstrated significant differences in mechanical 
properties and color stability. Additionally, thermocycling significantly affected the shear bond strength of all 
DBR types and the flexural strength of the 3D-printed specimens. Thermocycling was used to simulate intraoral 
conditions, where dental materials are subjected to continuous temperature fluctuations. These fluctuations 
induce thermal stress, which may compromise the mechanical and esthetic stability of denture base materials. 
Therefore, evaluating material responses to thermocycling is critical to understanding their long-term durability 
and clinical performance. In this study, specimens underwent 10,000 thermocycles between 5 °C and 55 °C 
with a 30-second dwell time in distilled water, simulating approximately one year of clinical use23. This short-

Group Before Thermocycling After Thermocycling

HEA 68.05 ± 4.25Aa 67.57 ± 7.58Aa

COL 62.53 ± 5.10Aa 60.67 ± 4.57Ba

TDP 87.55 ± 8.42Ba 79.79 ± 2.97Cb

Table 3.  Flexural strength (MPa) values. Uppercase letters indicate statistically significant differences among 
groups, while lowercase letters denote statistically significant differences related to thermocycling.

 

Group Before thermocycling After thermocycling

HEA 14.85 ± 2.02Aa 7.17 ± 2.43Ab

COL 15.76 ± 2.94Aa 11.19 ± 3.48Bb

TDP 9.91 ± 2.57Ba 6.89 ± 1.89Ab

Table 2.  Shear bond strength (MPa) values. Uppercase letters indicate statistically significant differences 
among groups, while lowercase letters denote statistically significant differences related to thermocycling.
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term aging protocol was selected to evaluate the initial stability and repairability of 3D-printed DBRs, which 
are relatively new. Distilled water was used as the immersion medium to standardize thermal stress and avoid 
variability from biological fluids. Future studies may incorporate extended thermocycling durations and artificial 
saliva immersion to better mimic the oral environment.

The bond integrity of DBRs remains a critical factor for clinical longevity, particularly when repairs are 
required during the lifespan of the prosthesis. The results of the shear bond strength test revealed a significant 
decline in bond strength after thermocycling across all groups, underscoring the impact of thermal fatigue 
on adhesion between DBRs and repair materials. These reductions are likely due to repeated expansion and 
contraction of the polymer matrix, which can lead to microstructural degradation and bond failure36. Notably, 
after thermocycling, the shear bond strength of 3D-printed DBRs was comparable to that of heat-polymerized 
DBRs, indicating clinically acceptable repairability. Since post-aging performance is more clinically relevant 
than pre-aging properties, this finding supports the viability of 3D-printed DBRs for repaired prostheses. 
Further studies should explore the effects of surface treatments, such as sandblasting, mechanical roughening, or 
bonding agents, on improving bond strength. Group COL exhibited higher shear bond strength than group TDP 
both before and after thermocycling, likely due to the chemical similarity between the base and repair materials, 
as the same cold-polymerized resin was used. This is consistent with a previous finding, which suggests that 
using chemically compatible materials for repair enhances bond strength and fracture resistance37.

The minimum required flexural strength is 65 MPa for heat-polymerized DBRs and 60 MPa for cold-
polymerized DBRs, as specified in the International Organization for Standardization (ISO) 20795-134. All groups 
in the present study exceeded these thresholds both before and after thermocycling, demonstrating compliance 
with international standards. Notably, group TDP consistently showed the highest flexural strength across all 
conditions, supporting its potential as an alternative to conventional heat-polymerized DBRs. Several factors 
may account for the superior flexural strength observed in the present study: the horizontal printing orientation, 
which may have enhanced interlayer cohesion and shifted the layer build-up of the printing direction to be 
perpendicular to load direction38,39; the extended post-polymerizing protocol (30 min at 60 °C), which may have 
increased the degree of conversion40,41; and the specific formulation of Denture 3D+ (NextDent), which may 
have contributed to improved mechanical performance.

Intraoral factors such as saliva, food and beverages, and smoking can influence the color stability of DBRs42,43. 
In this study, color changes were assessed using the CIEDE2000 ( ∆ E00) formula, which offers perceptually 
accurate and clinically meaningful data44,45. For practical evaluation of color differences based on ∆ E00, two 
thresholds are widely used: the perceptibility threshold (PT) and the acceptability (AT) threshold46. However, the 
literature varies regarding the reported numerical values of these thresholds, most of which have been applied 
to evaluate ceramic materials45,47. In a study determining color difference thresholds for DBRs, the PT and AT 
were proposed as 1.72 and 4.08, respectively48. Based on these thresholds, the color change in Group TDP can 
be considered perceptible to at least half of the observers. This suggests that current 3D-printed DBRs may 
have limitations in long-term esthetic stability. Clinicians should exercise caution when selecting these materials 
for anterior restorations or in cases where esthetic outcomes are critical. Nevertheless, 3D-printed DBRs show 
promise for posterior or interim prostheses, where esthetic demands are lower. Additive manufacturing may 
have led to this issue by producing materials with lower degrees of polymerization and higher porosity, leading 
to increased water sorption and susceptibility to discoloration49–52. Optimizing post-polymerizing protocols and 
improving resin formulations may enhance their esthetic durability.

This study has several limitations. First, as an in vitro investigation, it does not fully replicate the complexity 
of in vivo conditions, such as microbial activity, pH cycling, mechanical brushing, and the presence of saliva, 
all of which may influence material degradation. Second, only one commercial product per material type 
was tested, limiting the generalizability of the findings across different formulations. Third, this study did not 
examine specific bonding protocols for 3D-printed DBRs, which may impact repair outcomes. Additionally, 
the repaired prostheses may exhibit different structural integrity compared to intact ones, however, the flexural 
strength of repaired specimens was not tested. Future research should evaluate the mechanical performance of 
repaired DBRs, for example, by incorporating cold-cured resin into centrally positioned areas within base resin 
specimens, as suggested in a recent study53. Additional investigations into extended aging protocols, alternative 
repair materials, and various 3D-printing parameters (e.g., layer thickness, build orientation, post-polymerizing 
conditions) are warranted to further optimize the clinical performance of 3D-printed DBRs.

Conclusions
Within the limitations of this in vitro study, repairing denture bases fabricated with 3D-printed DBRs using 
cold-polymerized DBRs may offer a viable short-term solution. Additionally, 3D-printed DBRs exhibited 
superior flexural strength, both initially and after simulated short-term use. However, noticeable color changes 

Group ∆ E00

HEA 0.83 ± 0.47A

COL 1.94 ± 1.34B

TDP 3.23 ± 0.18C

Table 4.  Color difference ( ∆ E00) values. Uppercase letters indicate statistically significant differences among 
groups.
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were observed in 3D-printed DBRs following thermocycling, suggesting the need for further improvement in 
their color stability.

Data availability
Data are available upon reasonable request from the corresponding author.
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