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Background: Temporary restorations play a crucial role in oral rehabilitation. The development of CAD/CAM technology and 3D
printing has expanded the use of polymethyl methacrylate (PMMA) and polyetheretherketone (PEEK) in the fabrication of provisional
restorations. While both materials are widely used, their mechanical behavior under simulated long-term clinical conditions remains
largely ununderstood.

Aim: This study aims to compare the flexural strength of CAD/CAM milled PMMA and CAD/CAM 3D-printed PEEK provisional crowns
that were subjected to thermocycling and cyclic loading, simulating the aging protocols designed to replicate long-term clinical use.
Materials and Methods: A total of 54 provisional crowns (n = 27 per group) were fabricated from PMMA and PEEK. All
specimens underwent an aging protocol consisting of 2500 thermal cycles (5°C-55°C) and 600,000 mechanical loading cycles (50 N,
1.6 Hz). Flexural strength was assessed using a universal testing machine. Fracture load values were analyzed using descriptive
statistics and compared using the Mann—Whitney U-test (p < 0.05).

Results: PEEK crowns exhibited significantly higher mean fracture load values (2.441 + 0.573 kN) than PMMA (1.860 = 0.517 kN),
with a statistically significant difference (p = 0.0004). PEEK specimens demonstrated consistent mechanical performance and ductile
failure patterns, while PMMA crowns showed brittle fractures and greater variability.

Conclusion: 3D printing PEEK provisional crowns demonstrated superior flexural strength compared to milled PMMA under
simulated aging conditions. PEEK represents a promising material for long-term provisional use, particularly in high-load clinical
scenarios.
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Introduction

The development of digital dentistry has transformed the traditional restorative and prosthodontic workflows through the
integration of computer-aided design and computer-aided manufacturing (CAD/CAM) systems.' These technologies
enable the accurate and reproducible fabrication of dental restorations.” CAD/CAM processes can be classified into two
main categories: subtractive manufacturing, where restorations are milled from pre-polymerized blocks, and additive
manufacturing, also known as 3D printing, which builds objects layer by layer from digital designs.> The flexibility and
speed of additive processes have prompted increased interest in applying 3D printing to provisional restorations and other
prosthodontic components.*>
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In clinical dentistry, provisional restorations play a crucial role in prosthetic rehabilitation. They can be used over teeth or
implants for a variable amount of time during the intermediate phase before rehabilitation with permanent.®’ They are promoting
the treatment procedure while maintaining esthetics, function, and occlusion. In long-term clinical scenarios, provisional
restorations are necessary before final extension of functional loading and thermal variation in the oral environment.®’
Therefore, selecting appropriate materials for provisional crowns that are biocompatible and esthetically acceptable creates
the foundation for sufficient mechanical resilience, especially in posterior regions that are exposed to high occlusal forces.'®

Polymethyl methacrylate (PMMA) and polyether ether ketone (PEEK) are commonly used materials for
provisional crowns and are increasingly adopted in CAD/CAM workflows.!" These materials provide strength,
dimensional stability, and marginal stability, as well as functional occlusal load. PMMA has been the material of
choice for decades due to its favorable aesthetics, affordability, and ease of manipulation.'? This acrylic composite
is formed from an exothermic reaction (polymerization) by mixing a powder and a liquid component in a 2:1
ratio.'> PMMA also exhibits favorable mechanical properties compared to conventionally processed PMMA in its
CAD/CAM-milled form, including higher flexural strength and improved surface uniformity.'* However, it has
several drawbacks, including dimensional instability, reduced fatigue resistance, and a tendency toward brittle
fracture, which limit its performance under long-term intraoral conditions. The flexural strength is a mechanical
property that measures a material’s resistance to breaking or permanent deformation when subjected to bending
forces. This property is critical for full coverage crowns because daily masticatory function exposes the restoration
to repetitive bending stresses. Materials with flexural strength, such as PEEK, are less likely to crack or fail under
load, while PMMA has low flexural strength so that it may fracture more readily under the same conditions.'>'¢

On the other hand, PEEK is a high-performance thermoplastic material known for its excellent fracture toughness,
dimensional stability, and favorable biocompatibility.'” With an elastic modulus close to that of cortical bone and high
resistance to chemical and thermal degradation, PEEK has been increasingly used in dental implantology and fixed
prosthodontics'®'? However, PEEK has some aesthetic limitations, such as low translucency, which requires veneering in
the anterior zone.''?® PEEK’s mechanical superiority makes it a strong candidate for long-term provisional crowns,
particularly when 3D printing enables more customized and cost-efficient fabrication.?'*?

The long-term success of any provisional restoration depends on its ability to resist masticatory loads and variations
in oral temperature over time.® Flexural strength is a widely accepted indicator of fracture resistance under compressive
stress and is particularly relevant for assessing crown materials under simulated functional loads.”*** Another indicator,
including thermocycling and cyclic loading, is the use of established in vitro aging techniques that simulate the effects of
intraoral temperature fluctuations and repetitive chewing forces, respectively”>>?® These protocols provide insight into
how restorative materials may degrade or fail under real-life oral conditions.?’

However, several studies have investigated the mechanical characteristics of PMMA and PEEK. Limited studies
directly compare the flexural strength, thermal cycling, and cyclic loading of two materials in provisional crown
restorations.”® This study aims to compare the flexural strength of CAD/CAM milled PMMA and CAD/CAM 3D-
printed PEEK provisional crowns that were subjected to thermocycling and cyclic loading, simulating the aging protocols
designed to replicate long-term clinical use.

Materials and Methods
Sample Size and Study Design

A power analysis was conducted to ensure statistical validity, with a significance level (o)) of 0.05 and statistical power of
80%. Based on this analysis, a total of 54 crown specimens were allocated into two groups (n = 27 per group): Group 1
consisted of milled CAD/CAM PMMA, and Group 2 consisted of 3D-printed PEEK. These sample sizes were
determined to detect clinically significant differences in flexural strength, considering potential variability after aging
protocols designed to simulate long-term clinical use.
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Tooth Preparation

A typodont maxillary right first molar was prepared following standardized tooth preparation guidelines for full coverage
crowns to receive PEEK or PMMA crowns. The preparation included a 1.5 mm occlusal reduction (2 mm on the
functional palatal cusp), a continuous circumferential shoulder finish line (1 mm width), and an 8° axial taper. Parallelism
was verified using a surveyor-mounted handpiece, and occlusal clearance was confirmed against opposing casts.

Digital Workflow and Fabrication

The prepared typodont of the first molar was digitized using an intraoral scanner (Trios, 3Shape, Copenhagen, Denmark).
A full-contour crown was designed using dental CAD software (Dental Designer; 3Shape, Copenhagen, Denmark), and
STL files were exported for fabrication (Figure 1). The PMMA group was milled using a 4-axis milling machine
(Ceramill Motion 2, Amann Girrbach, Koblach, Austria) under dry conditions with a spindle speed of 20,000 RPM,
a feed rate of 800 mm/min, and 1.5 mm carbide burs. PMMA crowns were fabricated from 7elio CAD blocks (Ivoclar
Vivadent, Schaan, Liechtenstein; Shade A2). The PEEK group was 3D-printed using the NextDent 5100 printer (3D
Systems, Rock Hill, SC, USA) at a 50 um layer thickness using BioHPP material (Bredent GmbH, Senden, Germany;
Shade: Dentin Medium). Post-processing included isopropyl alcohol rinsing, support removal, and UV curing in the LC-
3DPrint Box unit (NextDent, 3D Systems). The PEEK crowns provided favorable esthetics, excellent biocompatibility,
and required minimal polishing. PMMA crowns served effectively as provisional esthetic restorations and were suitable
for multi-unit bridges.

Specimen Mounting
Crowns were embedded in auto-polymerizing acrylic resin (Technovit 4000; Heracus Kulzer, Wehrheim, Germany)
within cylindrical molds (30 mm diameter). A silicone putty index (condensation silicone, type C) ensured consistent
positioning during resin polymerization. Specimens were cured for 24 hours under controlled conditions and subse-
quently removed for testing.

Aging Protocol
To simulate clinical aging, specimens underwent sequential thermal cycling and cyclic loading. Thermal cycling was
performed for 2500 cycles (5°C to 55°C, 30-second dwell times), followed by mechanical loading using a dual-axis
machine (Power Electronics Co., Amman, Jordan). A force of 50 N was applied at 1.6 Hz for 600,000 cycles, equivalent
to approximately 2.5 years of mastication.

In this method, the samples are embedded in alternating cold and hot water baths to simulate the temperature cycles
found in the oral cavity. It is performed aiming to create thermal strains at the bonding interface by thermal changes in
water baths between 5 and 55 °C*°

Flexural Strength Testing

Specimens were secured in a universal testing machine at a 90° angle relative to the loading jig. A steel indenter (2.5 mm
diameter) delivered a compressive load to the central fossa at a crosshead speed of 0.5 mm/min until fracture. Following
testing, failure modes were assessed visually without magnification. Fractures were classified based on observable
features, including crack propagation, location, and fracture extent.

Statistical Analysis

Descriptive statistics were calculated for each group, including the mean, standard deviation, median, range, and
interquartile range of fracture load values. The data was not normally distributed according to the Shapiro—Wilk test.
Therefore, the Mann—Whitney U-test was used to compare fracture resistance between the PMMA and PEEK groups.
A p-value of less than 0.05 was considered statistically significant. All analyses were performed using GraphPad Prism
version 8.0.2 (GraphPad Software, San Diego, CA, USA).
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The Effect of Thermal Cycling and Cyclic Loading on The
Flexural Strength of Milled PMMA Versus 3D Printed
PEEK as a Provisional Restorative Restoration

Study Workflow

Typodont Tooth Preparation

e 1.5 mm occlusal reduction (2 mm
on the functional palatal cusp),

e acontinuous circumferential
shoulder finish line (1 mm width),

e 8°axial taper

Intraoral Scan

(Trios, 3Shape, Copenhagen, Denmark)

Full-contour crown design
(Dental Designer; 3Shape, Copenhagen, Denmark),

Milled PMMA Crowns

n=27
Telio CAD blocks (lvoclar Vivadent, Schaan,
Liechtenstein; Shade A2).
4-axis milling machine (Ceramill Motion 2, Amann
Girrbach, Koblach, Austria)
Dry milling conditions
Spindle speed of 20,000 RPM
Feed rate of 800 mm/min
e 1.5 mm carbide burs

3D printed PEEK Crowns
n=27
BioHPP material (Bredent GmbH, Senden,
Germany; Shade: Dentin Medium).
NextDent 5100 printer (3D Systems, Rock Hill, SC,
USA) at a 50 pm layer thickness

e Post-processing:

Isopropyl alcohol rinsing, support removal,
UV curing in the LC-3DPrint Box unit (NextDent,
3D Systems)

Specimens Mounting

Aging Protocol

* 2,500 cycles (5°C to 55°C, 30-second dwell times)
e Mechanical loading using a dual-axis machine (Power Electronics Co.,

Amman, Jordan).

* 50 N force was applied at 1.6 Hz for 600,000 cycles, equivalent to
approximately 2.5 years of mastication.

Flexural Strength Testing

Specimens were secured in a universal testing machine at a 90° angle
relative to the loading jig.

Figure | A flowchart of the 3D printing process.
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Table | Fracture Load Values (kN) for CAD/CAM Milled PEEK and PMMA
Provisional Crowns. PEEK Exhibited Higher Mean and Median Fracture
Resistance and Lower Variability Than PMMA

Maximum Load (Fracture Load (KN)) | PEEK (n = 26) | PMMA (n = 25)
Mean + SD (kN) 2441 £ 0.573 1.860 + 0.517
Median (kN) 2518 1.816

Min — Max (kN) 1.016-3.508 0.836-3.264
Interquartile Range 0.605 0.624

Result

The Fracture Load Values

The fracture load of each sample of PEEK and PMMA crown samples was presented in Table 1. The reported fracture load
values represent the performance of specimens after undergoing standardized thermal and mechanical aging. Fracture load
values revealed that PEEK crowns exhibited higher flexural strength compared to PMMA crowns. The mean fracture load
was 2.441 = 0.573 kN for PEEK and 1.860 = 0.517 kN for PMMA (Table 1). Median values were 2.518 kN and 1.816 kN,
respectively, while the fracture load ranged from 1.016 to 3.508 kN for PEEK and 0.836 to 3.264 kN for PMMA. The
interquartile range (IQR) was comparable between groups: 0.605 kN for PEEK and 0.624 kN for PMMA.

The PEEK group exhibited significantly higher fracture resistance compared to PMMA. The fracture load range for
PEEK was 1.016 to 3.508 kN, with most values distributed above 2.0 kN. In contrast, PMMA specimens ranged from
0.836 to 3.264 kN, showing greater variability and a larger proportion of lower-strength values.

Figure 2 illustrates the distribution of fracture loads. The findings reveal a narrower interquartile range in the PEEK
group, indicating more consistent mechanical performance. Although both groups included high-end outliers, the PMMA
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Figure 2 Boxplot comparison of fracture load values (kN) between milled PEEK and PMMA provisional crowns. The PEEK group exhibited significantly higher fracture
resistance (p < 0.001) with reduced variability and a higher median compared to PMMA. **means that p < 0.001.
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Table 2 Mann—-Whitney U-Test Comparing Fracture Load of PEEK Vs PMMA

Comparison Median (kN) - PEEK | Median (kN) - PMMA | U-value | p-value Difference
(Hodges-Lehmann)

PEEK vs PMMA 2518 (n = 26) 1.816 (n = 25) 141.5 0.0004 —0.66 kN

Table 3 Summary of Failure Modes Observed in PEEK and PMMA Specimens Following Fracture Load Testing

Material | Dominant Failure Mode | Frequency (n) Description
PMMA Brittle fracture 257125 Complete visible fracture along the central fossa or the marginal ridge
PEEK Indentation (no fracture) 26/ 26 Localized occlusal surface indentation without crack propagation

group showed greater scatter, particularly in the lower quartile. These findings confirm that PEEK exhibits superior
fracture resistance and greater mechanical reliability compared to PMMA under identical testing conditions.

A Mann—Whitney U-test revealed a statistically significant difference in fracture load between the two groups (U =
141.5, p = 0.0004), as shown in Table 2. The median difference, estimated using the Hodges—Lehmann method, was —
0.66 kN, indicating a preference for PEEK.

Failure Mode Analysis

In addition to quantitative differences, the two materials exhibited distinct failure modes. All PMMA specimens
underwent visible brittle fractures, typically along the central fossa or marginal ridges. In contrast, PEEK specimens
did not fracture underloading; instead, a localized indentation was observed on the occlusal surface, with no crack
propagation or catastrophic failure. Table 3 summarizes the failure modes observed in PEEK and PMMA specimens
following fracture load testing (See Supplementary Figures 1 and 2 showing failure modes for both PEEK and PMMA).

These results indicate that, under identical loading conditions, PEEK not only demonstrates superior fracture
resistance but also exhibits a more ductile and resilient failure pattern compared to the brittle fracture behavior of
PMMA.

Discussion

This study examines the fracture resistance of CAD/CAM-fabricated PEEK and PMMA crowns, materials commonly
employed in both provisional and definitive prosthodontic applications. The results demonstrated that PEEK exhibited
significantly higher fracture load values (mean 2.441 £ 0.573 kN) compared to PMMA (mean 1.860 + 0.517 kN), with
the difference being statistically significant (p = 0.0004). These findings confirm the hypothesis that material composition
has a substantial impact on the mechanical performance of dental restorations under compressive stress. From a clinical
perspective, PEEK may undergo controlled deformation under occlusal stresses. This ductile failure behavior is
advantageous because it allows the material to deform under occlusal forces rather than fracture catastrophically. So
PEEK provisional crowns are less susceptible to sudden failure during mastication, delivering greater reliability in high-
load posterior locations and reducing the need for emergency replacement.”’

Our results align with those of previous studies, demonstrating that PEEK exhibits excellent mechanical performance
and environmental resistance, and remains functionally unaffected under extreme conditions, such as high or low
temperatures.'' These superior mechanical properties are primarily due to its semi-crystalline polymeric substance,
with high-performance engineering thermoplastic, a melting point of around 340 °C, and a glass transition temperature of
about 143 °C, which enhances its outstanding thermal and mechanical stability.® 3D-printed PEEK exhibits excellent
flexural and tensile strength, and parameters such as printing temperature and speed can affect its mechanical
properties.”’ Limaye et al found that 3D-printed PEEK has advantages over milled PEEK, particularly in terms of cell
adhesion and biocompatibility, although it exhibits lower mechanical resistance.*® Using a 3D-printed molding technique
enables the selection of appropriate printing parameters, such as speed, printing temperature, deposition direction, and
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layer thickness, allowing for modification of the mechanical properties of the final PEEK restoration.'~** The literature
aligns with our findings, which demonstrate that 3D-printed PEEK is superior to milling PMMA.

In comparison, PMMA had the weakest performance. However, PMMA is widely utilized for provisional restora-
tions due to its favorable esthetic properties, cost-effectiveness, and ease of manipulation. This study and previous
studies argue that PEEK has better flexural strength and hardness properties than PMMA.>*° Shrivastava et al
demonstrate that PEEK has superior fracture resistance to PMMA, making it a significant candidate for dental use.
They noted a highly significant (p < 0.05) difference in the flexural strength values between PMMA and PEEK. The
mean flexural strength of PEEK (183 MPa) was found to be greater than that of PMMA (84 MPa). Muhsin et al also
concluded that the mechanical properties of PEEK materials are better than those of PMMA. Further, Mendes et al
noted that the crowns made with the PEEK material presented the best fracture resistance compared with those made
with composite resin and PMMA %

This experiment also incorporated thermocycling, a standard artificial aging method to mimic oral conditions and
thermal stresses caused by ingestion of hot and cold substances.*®*® The protocol of 5000 cycles simulating five years of
clinical use aligns with other studies assessing long-term material performance.>® The durability of PEEK post-
thermocycling suggests superior resistance to hydrothermal aging, further validating its potential as a durable restorative
material. Previous studies have shown that PEEK exhibits significantly higher flexural strength compared to other
provisional materials, even after aging and thermocycling. Notably, while aging and thermal stress reduced its strength
by approximately 44%, PEEK still maintained superior mechanical performance, supporting its use in long-span
provisional restorations for full-mouth rehabilitations.*’

In clinical dentistry, the selection of restorative material should strike a balance between aesthetics, mechanical
reliability, and biocompatibility. While PMMA may remain appropriate for short-term provisional applications,
particularly in esthetically sensitive cases due to its translucency, PEEK offers a compelling alternative for situations
requiring higher load-bearing capacity and long-term durability, especially in posterior regions and implant-supported

prostheses.'®

Conclusion

In conclusion, this study aligns with previous literature that supports the mechanical superiority of PEEK over PMMA in
prosthodontic applications. Future research should further evaluate the long-term fatigue behavior, bonding character-
istics, and esthetic integration of veneered PEEK crowns under dynamic loading and real-time clinical conditions.
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