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ABSTRACT 

According to the American College of Prosthodontists, over 36 million people in the 

USA are edentulous with a 2:1 predilection for geriatric patients1. Each year, an 

estimated 15% of edentulous Americans will seek denture treatment1. Conventional 

dentures require multiple visits and lab processing time. 3D printing technology offers 

the potential to reduce the number of appointments and speed up the time until 

patient rehabilitation. However, the newly FDA-certified 3D printer denture resins, 

featuring secretive and proprietary formulae, lack studies concerning their 

biocompatibility/safety and mechanical strength.  

This study aims to investigate the biocompatibility and physical properties of one such 

3D printer resin, NextDent® Base (Vertex, Soesterberg, The Netherlands), and 

compare it to pre-existing conventional polymethyl methacrylate (PMMA) denture 

base (Lucitone 199, Dentsply Sirona, York, Pennsylvania) and milled PMMA denture 

base (IvoBase CAD®, Ivoclar Vivadent AG, Schaan, Liechtenstein).  

The cytotoxicity was examined using of 12 discs: conventional PMMA, milled PMMA, 

as-printed 3D printer resin, post-cured 3D printer resin, and Teflon controls. An MTT 

assay using human periodontal ligament (900L) cells was employed, and specimens 

were aged for 1, 3, 7, 10, and 14 days. After day 7, there were no statistically 

significant differences among the groups, excluding the Teflon control, which showed 

significantly less cell viability on day 14. 

Bars of conventional PMMA, milled PMMA, as-printed 3D printer resin, and post-

cured 3D printer resin were subjected to a 3-point bend test to examine flexural 

strength and moduli differences. The mean flexural strength was 63.8 ± 3.06, 82.6 ± 



Thesis Ulmer Page 5 / 75 
 

1.9, 5.1 ± 0.4, and 22.1 ± 6.4 MPa, respectively, while the flexural moduli were 1757.3 

± 109.5, 2226.7 ± 76.3, 110.3 ± 20.3, and 537.0 ± 210.6 MPa, respectively. The 

flexural strength and modulus were significantly different among all groups. Weibull 

analyses for conventional PMMA, milled PMMA, as-printed 3D printer resin, and post-

cured 3D printer resin revealed a Weibull modulus of 23.5, 42.8, 16.6, and 3.7, 

respectively, and a characteristic strength of 65.2, 83.5, 5.3, and 24.5 MPa, 

respectively. The characteristic strength was significantly different among all groups 

as well. The Weibull modulus was significantly different between all groups, except 

for conventional vs. as-printed, which were not significantly different. In summary, 

milled PMMA featured significantly greater mechanical properties. Both 3D printed 

groups proved to be very weak, with the as-printed group being the weakest of all. 

The differences between the as-printed and post-cured groups highlight the 

importance of properly post-curing the resin.  

While the biocompatibility results showed promise, the mechanical testing results 

were disappointing. Unfortunately, the findings suggest that 3D-printed denture base 

resin is not yet ready for clinical use. 
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I. INTRODUCTION 

STATEMENT OF THE PROBLEM 

The conventional technique for creating customized dental prosthetics, from creation 

to post-processing, requires a substantial investment of time. Some prosthetics, such 

as dentures, may require the patient to visit the office multiple times before the final 

prosthesis can be fabricated and finally delivered. With the advent of more reliable 

and less expensive 3D printers, milling machines, 3D scanners, and specialized 

materials, appointment time and the number of visits can be dramatically reduced, 

and patients can be rehabilitated more rapidly. 

One commonly used resin for the 3D printing of denture bases is NextDent™ Denture 

by Vertex. The FDA issued a substantial equivalence determination (510K) for 

NextDent™ Denture resin in 2017, labeling this material as a class II medical device, 

under the Code of Federal Regulations Title 21 Section 872.3760. This section 

describes resins, such as methyl methacrylate, used for denture relining, repairing, 

or rebasing and are not available over-the-counter2. Under the device description, the 

3D-printer resin is further classified via the ANSI/ADA Specification No. 12 as a Type 

4 light-activated acrylic resin. The 510K further lists Trubyte Triad (Dentsply, 

Charlotte, NC) as the primary predicate device. In other words, approval was issued 

based on NextDent™ Denture being similar enough to pre-existing and legally 

marketed methacrylate-based materials (Triad, specifically, is a light-cured urethane 

dimethacrylate). Currently, there is little research regarding how this newer material 

and manufacturing technique compare to those of conventional materials in terms of 

biocompatibility and mechanical properties. Biocompatibility testing is necessary to 
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ensure patient safety, and mechanical testing explores properties affecting the 

longevity of the denture. 

Dentures remain in the oral environment for an extended period of time. Ideally, these 

materials should be biologically compatible with the oral tissues and have the strength 

to withstand masticatory forces. Research is needed on the mechanical properties 

and biocompatibility of NextDent™ Denture resin compared to existing conventional 

and milled polymethyl methacrylate (PMMA) denture base materials. 

SIGNIFICANCE 

If NextDent™ Denture resin has similar or better mechanical and biocompatible 

properties compared to conventional or milled PMMA materials, then it would offer a 

faster and more convenient alternative method of creating custom dentures for 

patients. 

II. REVIEW OF THE LITERATURE 

3D PRINTING IN DENTISTRY 

3D printing began as computer-aided design (CAD), also referred to as rapid 

prototyping, which was used by engineers to create models and prototypes. Rapid 

prototyping evolved into additive manufacturing and eventually into 3D printing. 

Additive manufacturing creates a computer-designed, three-dimensional model by 

adding materials, layer-by-layer, until an object is formed. This process differs from 

milling, which creates an object by removing material from a larger block of product: 

a subtractive fabrication technique. Consequently, milling produces more waste than 

does 3D printing.3 
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The American Section of the International Association for Testing Materials (ASTM) 

committee F12 developed definitions for additive manufacturing and 3D printing. 

According to the committee, additive manufacturing is the process of layering 

materials to make objects from a 3D model, whereas 3D printing is additive 

manufacturing that uses a print head, nozzle, or other printing technologies to form a 

solid object.3 Despite the original definitions, the term “3D printing” is now commonly 

used as a general label for any additive manufacturing system in both the vernacular 

and the literature. Other synonyms for additive manufacturing include additive 

fabrication, additive processes, additive techniques, additive layer manufacturing, 

layer manufacturing, and freeform fabrication.3 

3D printing has many advantages, the primary one being as speed. A 3D model, such 

as a denture, can be created in a matter of hours rather than days. If manufactured a 

dental office, there is no need for shipping impressions or models. 3D printing reduces 

labor costs, which, in turn, reduce the overall cost of production. 3D printers also have 

experienced an increase in the ease of access, with many desktop-model printers 

now available for under $5,000. When compared to subtractive manufacturing (such 

as milling), 3D printing is more cost-efficient when small volumes or small numbers 

are needed. Furthermore, subtractive manufacturing has limits on the shapes it can 

create (such as undercuts), whereas 3D printing does not have that limit. This aspect 

gives 3D printing a greater range in the types of geometries it can produce.4 

There are many different types of 3D printing devices available. The easiest way to 

select the correct printer type for a given task is to determine what material the final 

product should be made of. For example, most printers used for the manufacturing of 
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dentures fall under the category of stereolithography and involve the controlled 

photopolymerization of a liquid-based resin to form the final product (Figure 1).4 

 

Figure 1: There are many different types of additive manufacturing. Stereolithography (SLA) and digital light processing (DLP), 
highlighted in red, are the most commonly used in the fabrication of resin-based dental prosthetics such as dentures. FDM 

stands for fused deposition modeling, SLS is selective laser sintering, DMLS is direct metal laser sintering, and SLM is selective 
laser melting.4 

Stereolithography (SLA) 

Patented in 1986, stereolithography (SLA) was developed as a new approach to 

additive manufacturing. This process uses photopolymerization to build a model. 

Photopolymerization refers to the process of converting a liquid monomer or partially 

cured polymer into a solid, using UV light. Before the model can be printed, it must 

first be designed using CAD software and exported as an STL (Standard Triangle 

Language or Standard Tessellation Language) file. In a bottom-up configuration, an 

ultraviolet laser located below the resin tank photopolymerizes a layer of liquid resin 

on the bottom of a build platform. The platform then rises allowing liquid resin to flow 

over the cured layer, and the UV laser polymerizes the next layer. An object is 

gradually built as the laser solidifies layer after layer (Figure 2,  Figure 3). 3,4  



Thesis Ulmer Page 15 / 75 
 

 

Figure 2: Generalized diagram of a bottom-up SLA printer.4 

 
Figure 3: An example of an X-shaped model with support struts being manufactured on a bottom-up SLA printer.4 

Another variation of the SLA printer is the top-down configuration. Top-down SLA 

printers feature a laser that is above the tank and a build-platform that submerges 

into the resin vat at each layer is polymerized.4  

Top-down SLA printers tend to be large, industrial-sized machines requiring a large 

tank of resin. Bottom-up configuration is commonly used for smaller desktop models 

and are limited on the build size but require much less resin. The build size limitation 

is due to the peeling step, or the act of detaching the cured resin from the bottom of 

the tank, which can cause the print to fail if the object is too large. Both types of SLA 
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printers require the use of supports which must later be removed. Supports for 

bottom-up SLA printers are more complicated because the peeling step requires the 

cross-sectional area of each layer to be as small as possible. Because of this 

requirement, parts are usually oriented at an angle. No matter the SLA printer type, 

the support struts must be removed during post-processing.4 

Digital Light Processing (DLP) 

Digital light processing, or DLP, has a similar setup as SLA. However, DLP uses a 

light projector rather than a laser. While a laser must trace out an entire layer, the 

light projector for DLP can photopolymerize a complete layer at once. This advantage 

makes DLP faster than SLA. The disadvantage of using DLP is the decreased 

resolution and rougher surface finish of the fabricated object. Unlike SLA, DLP 

resolution depends entirely on the projector; specifically, on the number of 

pixels/voxels the projector can display. A pixel refers to the small dots or boxes that 

make up a digital image. The more pixels, the smoother a line or an image will appear 

on a screen. A voxel is essentially a 3D pixel. The surface of a projector’s DLP chip 

consists of many tiny mirrors, with each individual mirror representing a pixel. The 

more mirrors, the better the resolution of the light image on the target (Figure 4). 

Other shortcomings of DLP include an unequal distribution of light across the resin 

surface resulting in uneven curing and print distortion. Generally speaking, the larger 

the model, the coarser the resolution and less accurate the build will be for DLP-

fabricated items.5 



Thesis Ulmer Page 17 / 75 
 

 

Figure 4:(A) Scanning electron microscopy images of the mirrors on a DLP chip. (B) The hinge mechanism underneath each chip 
allows the mirror to reflect light or no light. In other words, it turns a pixel on or off.6 

Despite these shortcomings, DLP printers are an excellent option for the dental 

professional, due to lower cost and increased accessibility. Advancements in 

projector technology continue to improve build quality, and small desktop ultraviolet 

(UV) DLP printers, such as Moonray (Figure 5), are now available. 

 

Figure 5: Image of the MoonRay in action. The RayOne projector is underneath the reservoir, and the build platform is raised as 
each layer is cured.7 
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To address the shortcomings of standard light projectors, the Moonray offers a UV 

LED digital light projector called RayOne (Figure 6).  

 

Figure 6: An image of the RayOne UV LED DLP projector underneath the resin reservoir.8  

The specificity of the UV light LED (RayOne) allows for faster and more efficient 

curing of resins designed with an optimum curing wavelength of 405 nm (Figure 7). 

The RayOne is also said to feature an improved light “spread” which addresses the 

problem with distortion that plagues many older models of DLP printers (Figure 8). 

The Moonray’s calibrated projector features an X/Y dimensional accuracy of ± 50 

microns.9  

 

Figure 7: The RayOne emits light more concentrated in curing spectrum.10 
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Figure 8: According to the manufacturer, the RayOne projector is able to distribute light more evenly than are conventional 
projectors.10 

DENTURE BASE 

Polymers have been used as a denture base material for well over a century. In 1855, 

vulcanized rubber debuted as the first polymer to be used in the fabrication of denture 

bases. The material used in more recent times, polymethyl methacrylate (PMMA), 

was first introduced in 1937 as an alternative to vulcanized rubber, and was superior 

in both aesthetics and mechanical properties. 11 However, only heat-cured PMMA 

was available at that time.  

Polymers are composed of chain-like structures of repeating molecules as shown in 

Figure 9. The conversion of methyl methracrylate (MMA) to PMMA results in a tangled 

mass of individual polymer chains. However, these chains can slip; there’s nothing 

holding the mass of chains together which may result in distortion of the denture and 

loss of fit (Figure 10). To counteract this problem, crosslinking agents are added to 

the composition. Ethylene glycol dimethacrylate (EGDMA) is one of the most 

commonly used crosslinking agents in denture base polymer. By creating a bridge 

between strands of PMMA, EGDMA increases resistance to deformation (Figure 11). 

11,12 
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Figure 9: The left side shows a depiction of a single methyl methacrylate molecule. These molecules can be linked together to 
form PMMA on the right. 11 

 

 

Figure 10: PMMA chains can slip past one another when stretched, causing deformation of the denture. 11 

 

Figure 11: EGDMA crosslinking increases resistance to deformation. 11 

A conventional processed PMMA denture base is created by mixing a liquid (MMA, 

EGDMA, and hydroquinone) with a powder (PMMA beads, colorants, and benzoyl 
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peroxide). Hydroquinone is an inhibitor that prevents self-polymerization of the liquid 

extending shelf life, while benzoyl peroxide is an initiator that catalyzes the reaction 

when exposed to a chemical activator or to heat.11 Denture base systems are usually 

categorized based on the activator used, and may be heat-polymerized, light-

polymerized, chemical-polymerized (self-curing), or microwave-polymerized.13 

Lucitone 199, considered the “gold standard” of conventional denture base materials, 

is heat-polymerized. 

MILLED DENTURE BASE MATERIAL 

Denture bases can also be milled from solid blocks of PMMA – the same material 

used for conventional dentures. The difference therefore lies in the manufacturing 

process; PMMA blocks are produced under high pressure and are commercially pre-

polymerized14.  Studies comparing milled to conventional heat-cured denture base 

demonstrate superior mechanical properties for the milled specimens (ultimate 

strength, yield point, toughness). However other studies have failed to show a 

significant difference between milled and conventional denture samples in terms of 

mechanical properties and biocompatibility.14,15 The advantage of milling a denture 

base from PMMA pucks seems to lie in the ability to reliably mass-produce a highly 

polymerized material, whereas conventional methods introduce variability that may 

influence both mechanical properties and biocompatibility. Furthermore, the final 

dimensions of a milled denture are superior; there is no shrinkage of the material 

because the PMMA is pre-processed. This aspect allows for the creation of a better 

fitting and more retentive denture. 
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NEXTDENT™ BASE MATERIAL 

NextDent™ Base (Vertex-Dental, Soesterberg, Netherlands) is intended for use in 

the production of 3D printed dentures. The material hardens when exposed to light 

within the 315-400 and 400-550 nm range. The recommended post-processing time 

for optimal cure is 10 minutes (Table 1). According to the manufacturer, NextDent™ 

denture base resin experiences less shrinkage during polymerization than does 

conventionally processed PMMA. The exact formula of the 3D denture base is 

proprietary, but the material safety data sheet reveals it to be a “monomer based on 

methacrylate ester” and contains methacrylate oligomers and phosphine oxides 

(photoinitiator), or more specifically, the bisacylphosphine oxide (BAPO) phenylbis(2, 

4, 6-trimethylbenzoyl)-phosphine oxide (Omnirad 819).16 The absorption spectrum for 

Omnirad 819 is between 365 and 416 nm which falls in the manufacturer’s 

recommended curing wavelengths from Table 1.17 

Photoinitiators for methacrylate-based systems typically fall into one of two 

categories: Type I photoinitiators and Type II photoinitiators. The categories describe 

the mechanism in which the photoinitiator generates free radicals after exposure to 

light.17 Type I photoinitiators, such as Omnirad 819, directly generate free radicals 

that initiate polymerization. Most Type I photoinitiators are activated within the UV 

spectral range. When exposed to visible light, Type II photoinitiators enter an excited 

state, but cannot generate free radicals without assistance; the energy of a photon is 

not enough to cleave the bonds. For this reason, a Type II photointiator must interact 

with a co-initiator to generate free radicals and initiate polymerization.17 Some forms 

of Type II photoinitiators are UV-photoinitiators (such as benzophenones/amines or 
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thioxanthones/amines), while others are visible light photoinitiators (such as 

titanocene and the popular camphorquinone used in restorative dentistry).18 In a 

study comparing the polymerization kinetics, flexural strength, and elastic modulus of 

a bisphenol A glycidyl dimethacrylate (Bis-GMA) and triethylene glycole 

dimethacrylate (TEGDMA) dental resin model containing different photointiators, 

Omnirad 819 featured a greater polymerization and conversion rate in a shorter 

amount of time than camphorquinone.17 

Table 1: Manufacturer's curing specifications for NextDent™ denture base resin.19 

Material 
Time 

(Minutes) 
Wavelength (nm) 

Total light output 
(Watts) 

UV lightbox output 
(kJ) 

NextDent Base 10 Blue UV-A + UV-Blue 
315-400 + 400-550 

UV-A = 108 
UV-Blue = 108 

129.6 

 

POST-PROCESSING 

Fully curing the item on the build platform would prevent adherence of the next layer 

to the pre-existing partially cured layers. Thus, when a build is completed, the printed 

object is said to be in a “green state”, or not optimally polymerized. The material is 

not at its highest strength and is covered with unreacted residual liquid resin. In order 

to reach its full potential, the material most undergo alcohol washes to remove 

adherent excess resin and post-curing to complete polymerization. Failure to remove 

excess resin will increase the cytotoxicity of the printed object. Post-curing is needed 

to realize the peak mechanical properties of the print material and to also minimize 

leachable monomer content thereby reducing the potential for cytotoxicity. 

The post-curing process involves additional exposure to light and, optionally, heat. 

Post-curing results in shrinkage of the material, but the design software usually 



Thesis Ulmer Page 24 / 75 
 

compensates for this if the printer and software are approved and calibrated for use 

with the 3D print resin.20  

The process of removing excess resin from printed parts is referred to as “cleaning”. 

For NextDent™ Base, an ultrasonic machine containing 96% isopropyl alcohol (IPA) 

is recommended. The first bath takes at least 3 minutes, and no longer than 5 

minutes. The IPA should then be replaced, and the material submerged for another 

2 minutes in an ultrasonic device.19,21 Afterwards, the printed object should be dried 

with compressed air and placed  on a paper towel to air dry for 30-60 minutes prior 

to post-curing.22 

The printed part should be placed into the UV oven or lightbox such that the side in 

contact with the print platform is resting on the bottom of the curing unit. 23 The 

NextDent™ denture protocol for post-curing is light-only and recommends a 

wavelength of 315-400 nm, a total UV output of 72 Watts and 43.2 kJ, and an 

exposure time of 10 minutes (as detailed in Table 1). These recommendations are 

based on a lightbox utilizing four 18W/71 lamps (Dulux L Blue) and four 18W/78 

lamps (Dulux blue UV-A). After the post-cure is complete, the support struts may be 

removed from the printed object.19 

FDA CLASSIFICATION OF DENTURE MATERIALS 

Medical devices include surgical tools, implants, software for the design of patient-

specific appliances, and any device that treats a medical condition (excluding 

prescription drugs). Medical devices are categorized under three different risk-based 

classes. Class I medical devices are the lowest risk and are exempt from special 

controls. The manufacturer must have safety data and quality control measures. 
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Toothbrushes and floss fall under this category. Class II products include medical 

devices that pose moderate risk and require a pre-marketing submission (510K) to 

the FDA. The 510K must prove that the device is “substantially equivalent” to a pre-

existing device that is legally available in the USA. A device that is only approved for 

medical use in a country other than the USA does not qualify as a predicate device. 

Class III medical devices represent the highest risk. These devices must have pre-

marketing approval, and the manufacturer must provide the FDA with extensive 

documentation regarding safety (e.g. biocompatibility testing) and efficacy. 24 

Interestingly, materials are not considered medical devices. However, there is an 

exception for materials that are used to create patient-specific devices. Because of 

this, many dental materials, such as those used for fillings or dentures, are classified 

as medical devices and thus have restricted use. In other words, a material approved 

for use in fabricating crowns cannot be used to make denture teeth. 24 

Similarly, 3D printers, printing software, and printing resins do not require FDA 

approval. However, this situation becomes more complex if a software design tool for 

the fabrication of patient-specific appliances is introduced. The software design tool 

must be FDA approved, and any parts interacting with the design software (e.g. 3D 

printer, resins, post-processing, etc.) must be validated on the software to obtain 

clearance. Consequently, the 510K for a given 3D printing resin will include other 

information such as specific scanners, design software, printers, and post-curing 

units.24 

Conventional, milled, and 3D-printed denture materials are Class II medical devices 

and must be compliant with regulation number 21 CFR 872.3760 (denture relining, 
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repairing, or rebasing resin). For biocompatibility testing of dental surface devices in 

contact with the oral tissues for greater than 30 days, the FDA recommends 

evaluating biocompatibility under the ISO-10993 standard.25 

BIOCOMPATIBILITY TESTING 

Biocompatibility testing is necessary to examine the safety of a medical device, such 

as a denture. The ISO standard (ISO 10993-5 for the biological evaluation of medical 

devices) categories for evaluation of cytotoxicity in vitro include assessment of cell 

morphology changes, cell damage, cell growth, and changes in cell metabolism.26 

The most commonly used test for evaluation of denture base material biocompatibility 

is the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay.27 

The MTT assay is used to detect cell survival/viability.28 

Introduced in 1983, the MTT test uses color spectroscopy to indirectly assess the 

function of mitochondria by quantifying the activity of succinate dehydrogenase, a 

mitochondrial enzyme.26,29 In a viable cell, MTT is reduced by succinate 

dehydrogenase into an insoluble purple formazan, or dye. The addition of a solvent, 

such as dimethylsulfoxide (DMSO), releases the now soluble dye from the cell. The 

freed dye can then be quantified using a spectrophotometer.28,29 The MTT assay is 

useful for identifying substances that may cause local tissue irritation.29 However, if 

an experimental material can absorb wavelengths close to 570 nm, results may be 

misleading. For this reason, spectrophotometry-based assays can suffer from 

absorbance artifacts, which many be misinterpreted as cytotolerance, or an absence 

of toxicity.30 Furthermore, the MTT assay cannot distinguish between cytotoxic and 

cytostatic substances.28 According to the ISO 10993-5 regarding the biologic 
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evaluation of medical devices, a 30% reduction in cell viability (compared to the blank) 

is indicative of cytotoxicity.31 

Review of the literature returned several papers examining cytoxicity of denture base, 

pre-polymerized milling denture base, and 3D resin intended for surgical guides. 

There were no articles available examining 3D printer denture resin. A summary of 

the articles can be found in Table 2. 
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Table 2: Summary of literature regarding the biocompatibility of conventional denture base, pre-polymerized milling pucks, and 3D printer resin for sugical guides. Abbreviations 
for composition are as follows: PMMA is polymethyl methacrylate, UMA is unspecified methacrylate, POM is polyoxymethylene, PEMA is poly (ethylmethacylate), AAEM is 
acetoacetoxyethyl methacrylate, MMA is methyl methacrylate, HGF is human gingival fibroblast, NMDD is non methylene diol dimethacrylate, and 1,4 BD is 1,4-butanediol 
dimethacrylate. Abbreviations for curing method are as follows: PP for pre-polymerized, AP for autopolymerizing, IM for injection method, TP for thermoplastic, and PC for post-
cure. Thermoplastic materials harden at room temperature. 

Paper Materials Composition 
Curing 

Method 
Assay Cell Lines Testing Period Results 

Srinivasan 
et al. 
(2018) 

Aesthetic Red PMMA Heat Resazurin Human primary 
osteoblasts 

21 days 

No significant difference 
Avadent milling puck PMMA PP Embryological mouse 

fibroblasts 

Ata et al. 
(2009) 

Meliodent PMMA Heat MTT L-929 mouse 
fibroblasts 

1 hour, 1, 3, 5, 7 
days 

Acetal resin had > cytotoxicity 
on days 3, 5, & 7. At 1 day, 
autopolymerized was more 
cytotoxic than heat-
polymerized 

Meliodent SC PMMA AP 

Acetal Resin POM IM; TP 

Saravi et al. 
(2012) 

Futura Gen PMMA AP + IM MTT 
ELISA 

L-929 mouse 
fibroblasts 

1 hour, 1 day, 1 
week 

All showed greatest 
cytotoxicity at 1 hour. No 
significant difference between 
1 day and 1 week. 

GC Reline Hard PEMA AP 

Meliodent PMMA Heat 

Kurzmann 
et al. 
(2017) 

Dental SG UMA Light with PC MTT 
Resazurin 

L-929 mouse 
fibroblasts 

Human gingival 
fibroblasts (HGF) 

1 day Toxicity is related to 
processing. Post-cured 
specimens were significantly 
less cytotoxic than as-printed. 
Liquid clear resin 
demonstrated greater 
cytotoxicity than Dental SG 

Liquid Clear UMA Light with PC 

Dental SG (As-Printed) UMA Light 

Liquid Clear (As-
Printed) 

UMA Light 

Trubiani et 
al. 2012 

Tokuyama Rebase Fast 
II 

AAEM + NMDD AP MTT HGF 24, 48, & 72 
hours 

All samples showed a 
reduction in cell growth at 24 
hours. However, there was no 
statistical analysis to allow for 
direct comparisons. 

Ivoclar Probase Cold MMA + 1,4-BD AP 

Coldpac Tooth Acrylic MMA AP 

Control HGFs only - 
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It is a point of interest that only the Trubiani et al. (2012) study used a negative control 

(human gingival fibroblasts without a denture base specimen). It is also unclear if 

statistical analysis was used to examine the MTT assay results, and the 

corresponding graph lacks error bars despite being mentioned in the caption.32 

Generally speaking, the literature seems to indicate that autopolymerizing denture 

base is more cytotoxic than heat-curing denture base, but the cytotoxic effects 

diminish over time until there is no significant difference after 24 hours.14,32–35 

RESIDUAL MONOMER AND DEGREE OF CONVERSION IN CONVENTIONAL AND 

MILLED DENTURE BASES 

Residual monomer may irritate the oral soft tissues, so it is desirable for the denture 

material to achieve a high level of polymerization (degree of conversion) to reduce 

the amount of unreacted monomer that may leach out. The greater the degree of 

conversion, the better the biocompatibility. The “safe” amount of residual MMA 

monomer is not agreed upon in the literature and ranges from 0.45-3%.36,37 Similarly, 

curing studies on conventional denture base materials have generated varying 

degrees of conversion due to the heterogeneity of materials, polymerization 

characteristics, and sample preparation/handling. Previous work shows that the 

degree of conversion using conventional denture bases ranges from 55 – 92.7%.36,38 

Denture base specimens milled from a pre-polymerized puck of PMMA show 

comparable biocompatibility results and superior mechanical properties to properly 

prepared conventional denture base.14,15,39 
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RESIDUAL MONOMER IN 3D PRINTED DENTURE BASE PRODUCTS 

Because 3D printed denture base is relatively new, little publicly available information 

on the cytotoxicity of the product is available. Limited information exists regarding 

MTT testing of as-printed and post-cured specimens using Formlabs Clear resin and 

Dental SG resin for SLA printers. The Clear resin is intended for orthodontic 

appliances (such as splints or retainers) and consists of methacrylate oligomers, 

methacrylate monomers, and photoinitiators. The Dental SG resin is intended for 

surgical guides (short-term use) and contains methacrylate oligomers and 

photoinitiators. The authors found that cell viability was related to material processing, 

highlighting the importance of adequate post-curing. However, the samples did not 

undergo isopropyl alcohol (IPA) washes during post-processing as suggested by the 

manufacturer, and there were no comparisons to other methods of denture base 

fabrication.33 

MECHANICAL PROPERTIES 

Denture base polymers are classified under ISO 20795-1:2013(E). Denture polymers 

are subcategorized into heat-polymerized (Type 1), autopolymerized (Type 2), 

thermoplastic (Type 3), light-activated (Type 4), and microwave-cured (Type 5). The 

ISO document specifies material handling and property requirements (Table 3, Table 

4) and provides standard methods for material testing.40 Heat-cured conventional 

denture base, such as Lucitone 199, and milled denture base are Type 1 polymers. 

Light-cured 3D-printed denture base falls under Type 4. 
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Table 3: Material requirements. Type 1 is heat-polymerized, Type 2 is autopolymerized, Type 3 is thermoplastic, Type 4 is light-
activated, and Type 5 is microwave cured material.40 

DENTURE BASE 
CLASSIFICATION 

MINIMUM FLEXURAL STRENGTH 
(MPa) 

MINIMUM FLEXURAL MODULUS 
(MPa) 

TYPES 1, 3, 4, 5 65 2000 

TYPE 2 60 1500 

 

Following these guidelines, testing of denture materials for flexural strength must 

begin at least 24 hours from the beginning of the curing cycle. At least 5 specimens 

must be prepared to the dimensions outlined in Table 4 and stored in water at 37 ± 1 

°C for 50 ± 2 hours prior to flexural testing. A specimen should be placed on the 

flexural test jig and immersed in the water bath until the specimen reaches equilibrium 

temperature with the bath. The plunger force increases from 0 at a constant rate of 5 

± 1 mm/min until breakage.40  

Table 4: Dimensions for samples to be tested for flexural strength.40 

Length 64 mm 

Width 10.0 ± 0.2 mm 

Height 3.3 ± 0.2 mm 

 

 

Figure 12: Diagram of a 3-point bend test where 𝑙 is the length of the support span (50 mm), b is the width of the sample, and h 
is the height of the sample. F is the force being applied to the specimen. 41 
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Figure 13: The 3-point bend test generates compressive forces on the side facing the plunger, and tensile forces on the opposite 
side. With brittle materials, cracks usually develop on the side under tension.42 

A transverse bending test may be used to find the flexural strength of a brittle material. 

One such test is the three-point loading technique (Figure 12). In this test, the 

specimen side facing the plunger experiences compression, while the opposite side 

undergoes tension (Figure 13). The maximum amount of tensile stress occurs on the 

side directly opposite the plunger. Flexural strength is also referred to as the modulus 

of rupture, fracture strength, or bend strength. Using a three-point test, the flexural 

strength (σf) represents the maximum stress at fracture and is calculated using the 

formula below, where F is the load at fracture (newtons), 𝑙 is the length of the span 

(millimeters), w is the width (millimeters) of the specimen, and h is the height 

(millimeters) of the specimen 43: 

𝜎𝑓 =
3𝐹𝑙

2𝑤ℎ2
 

The flexural modulus (Ef) is calculated using the following formula, where 𝑙 is the span 

(millimeters), F1 is the load (Newtons) with the maximum slope on the load/deflection 

curve, w is the width (millimeters) of the sample, h is the height (millimeters) of the 

sample, and d is the deflection (millimeters) at load F1 40:  
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𝐸𝑓 =
𝑙3𝐹1

4𝑤ℎ3𝑑
 

According to the ISO standards, the ultimate flexural strength for 4 out of 5 specimens 

must be at least 65 MPa, or at least 60 MPa for Type 2 denture base, to be considered 

compliant. The flexural modulus for 4 out of 5 specimens must be at least 2,000 MPa, 

or at least 1,500 MPa for Type 2 denture base, to be compliant (summarized in Table 

3).40 

 

Figure 14: Example of a graphical depiction of flexural stress (𝜎𝑓) vs flexural strain (𝜀𝑓). σfM is the flexural strength, σfB is the 

flexural stress at break, and σfC is the flexural stress at conventional deflection. The flexural stress at conventional deflection is 
the point where strain/deflection is equal to 1.5x the thickness of the specimen (Sc). εfM is the flexural strain at the maximum 

flexural stress and εfB is the flexural strain at the point of breakage. (1.) Line 1 depicts a specimen that breaks before  yielding. 
(2.) Line 2 depicts a specimen that yields and then breaks. (3.) Line 3 depicts a specimen that does not yield or break. 44 

The outcome of flexural testing will vary, depending on the material being tested. 

Figure 14 depicts examples of possible 3-point bend testing results. A highly brittle 

material may show little plastic deformation before breakage producing results similar 
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to line 1, while a more ductile material may produce results similar to line 3. The 

flexural strength is the highest stress the material can withstand at the moment of 

yield (σfM). The modulus of elasticity is the ratio of stress to strain within the limits of 

the elastic range of deformation (see Figure 15).45 

 

Figure 15: An illustration of the elastic deformation limit.46 

SUMMARY OF CURRENT KNOWLEDGE ON FLEXURAL STRENGTH AND 

MODULUS OF DENTURE BASE 

Information regarding the mechanical properties of conventional denture base is 

readily available as demonstrated in Table 5. Table 5 also outlines articles evaluating 

milled denture base. However, compared to conventional dentures, there seemed to 

be fewer articles available on milled denture materials when searching the literature 

databases. Currently, there appears to be no publicly available information on flexural 

strength of 3D printer resins certified for use in the fabrication of dentures. Table 5 
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provides an overview of several papers that evaluated the flexural strength and 

modulus of conventional and milled denture materials. 
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Table 5: Summary of papers examining flexural strength and/or modulus of various denture base materials. Abbreviations are as follows: PUR is polyurethane, UDMA is urethane 
dimethacrylate, PCP is polycarbonate polymer, EG is E-glass. For composition, the abbreviations are as follows: MW is microwave, AP is autopolymerizing, and PP is pre-
polymerized. Specimens from PP materials were milled. 

Paper Material Composition 
Curing 

Method 
Bar Size 

(mm) 
Incubation Test Type 

Mean Flexural 
Strength (MPa) 

Mean Flexural 
Modulus (MPa) 

Statistical Analysis 

Polyzois et al. 
(2012)47 

Microbase PUR MW 65 x 10 x 
2.5 

1 month in 
37°C water 

4-point 
bend 
Dry 

58.17 - 2-parameter Weibull 
Tukey's HSD 

2-way ANOVA 
FuturAcryl 2000 PMMA Heat 87.45 - 

Triad UDMA Light 74.44 - 

Diaz-Arnold et 
al. (2008)48 

Diamond D PMMA Heat 64 x 10 x 
3.5 

1 month in 
37°C water 

3-point 
bend 
Dry 

84.92 - 1-way & 2-way ANOVA 
Tukey's HSD 

Bonferroni post hoc 
Kruskal-Wallis test 

Wilcoxon rank sum test 

HI-I PMMA Heat 83.96 - 

Lucitone 199 PMMA Heat 79.54 - 

Nature-Cryl Hi-
Plus 

PMMA Heat 75.82 - 

Eclipse UDMA Light 127.11 - 

Hashem et al. 
(2014)49 

Lucitone 550 PMMA Heat 65 x 10 x 
2.5 

48 hours in 
37°C water 

3-point 
bend 
Dry 

88.9 - 1-way ANOVA 
T-test 

Tukey-Kramer multiple 
comparisons test 

Bio Carbo Resin PMMA + PCP Heat 105 - 

Eclipse UDMA Light 122.6 - 

Ajaj-ALKordy 
et al. (2014)50 

Lucitone 199 PMMA Heat 60 x 10 x 
3 

2 weeks in 37°C 
artificial saliva 

3-point 
bend 
Dry 

82.43 1229.68 Student's t-test 

Rodex PMMA Heat 69.77 1602.68 

Srinivasan et 
al. (2018)14 

Aesthetic Red PMMA Heat 65 x 10 x 
3 

24 hours in 
37°C water 

3-point 
bend 
Dry 

54 2700 Kolmogorov-Smirnov  
Student's t-test 
2-way ANOVA 

Avadent milling 
puck 

PMMA PP 71 2700 

     

Jaikumar et al. 
(2015)51 

Dental Products 
of India 

PMMA Heat 65 x 10 x 
3 

28 days in 
room 

temperature 
water 

3-point 
bend 
Dry 

101.18 - 1-way ANOVA 

Trevalon Hi PMMA Heat 121.5 - 

Unspecified PMMA + EG Heat 144.45 - 
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Gupta et al. 
(2016)52 

Trevalon PMMA Heat 64 x 10 x 
2.5 

50 ± 2 hours in 
37°C water. Air 

storage for 1 
hour prior to 

testing 

3-point 
bend 
Dry 

72.38 1641.7 Fischer f-test 
Bonferroni t-test Trevalon Hi PMMA Heat 65.84 1485.7 

DPI Tuff PMMA Heat 79.04 2202.2 

Metrocryl Hi PMMA Heat 68.01 1918 

Gurbuz et al. 
(2010)53 

Meliodent HC PMMA Heat 65 x 10 x 
3 

48 hours in 
37°C water 

3-point 
bend 
Dry 

120 - Kruskal-Wallis test 
Dunn's multiple 
comparison test 

Acron HC PMMA Heat 113.3 - 

Lucitone 199 PMMA Heat 103.4 - 

Acron MC PMMA MW 124.3 - 

Meliodent SC PMMA AP 84.64 - 

Triad VLC UDMA Light 80.22 - 

Chand et al. 
(2011)54 

Stellon PMMA Heat 64 x 10 x 
2.5 

Unspecified 3-point 
bend 
Dry 

75.29 - Student's t-test 

Acrylin-H PMMA Heat 75.52 - 

Trevalon PMMA Heat 72.93 - 

Trevalon-HI PMMA Heat 100.24 - 

Al-Dwairi et 
al. (2018)15 

Avadent milling 
puck 

PMMA PP 65 x 10 x 
3 

7 days in 37°C 
water 

3-point 
bend 
Dry 

123.11 2519.6 1-way ANOVA 
Tukey pairwise 

multiple comparisons Tizian milling 
puck 

PMMA PP 130.67 2474.7 

Meliodent PMMA Heat 93.33 2117.2 

Chitchumnong 
et al. 198955 

Trevalon PMMA Heat 64 x 10 x 
2.5 

1 month in 
37°C water 

3-point 
bend 

Wet - 37°C 
water 

77.7 2380 Student's t-test 

Trevalon Hi PMMA Heat 78.9 2140 

De Trey SOS PMMA AP 77.2 2212 

  



Of note, only one paper analyzes the results using Weibull statistics (see “Introduction 

to Weibull Analysis” for more information). The dimensions of the specimen bars, 

which impact test results, are similar between the papers. All but one of the papers 

reviewed tested specimens under dry conditions, rather than keeping the specimens 

submerged in 37°C water as mandated by the ISO 20795-1:2013 standard. Previous 

work indicates that wet samples result in lower flexural strength values when 

compared with dry ones56. Furthermore, the testing apparatus can also influence the 

results. For example, 4-point bend tests give lower values than 3-point bend tests. 

This is because the 3-point bend test concentrates the force at a smaller point directly 

under the loading nose, whereas the 4-point bend test distributes forces along the 

bar between two loading noses.55 Al-Dwairi et al. (2018) evaluated pre-polymerized 

milled specimens as well as specimens made of a conventional denture base. The 

authors concluded that milled specimens had significantly greater flexural strength 

and flexural modulus than conventional denture specimens.15 Srinivasan et al. (2018) 

also compared milled specimens to conventional denture specimens. The authors 

determined that the milled specimens demonstrated superior mechanical properties 

when compared to the conventional denture specimens.14 

INTRODUCTION TO WEIBULL ANALYSIS 

Weibull analysis allows for the direct comparison of strengths of different materials.57 

The Weibull distribution was created by Waloddi Weibull in 1937 and published in 

1951.Weibull analysis has the advantage of assessing and predicting failures even 

when working with small sample sizes, allowing for more efficient testing of materials. 

A Weibull data plot features a y-axis representative of age to failure and an x-axis 
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representative of the Cumulative Distribution Function (CDF or F(t)), or the percent 

failure at a given age. The slope (β) of the resulting line graph provides information 

about the nature of the failure. Steep Weibull moduli feature less variability, which 

makes them more reliable at predicting outcomes. Brittle materials, such as ceramics 

and PMMA, will usually feature a steep slope. Therefore, Weibull analysis is useful 

for studying the failure characteristics of a variety of dental materials, such as denture 

base.58  

A Weibull distribution is determined by two factors: β and the characteristic life (η). 

Characteristic life is synonymous with characteristic strength and is the point at which 

63.2% of all samples will fail for any given Weibull distribution function or slope. While 

β determines the shape, η determines the scale. If β remains constant, and η is 

increased, the result would be a stretching of the distribution curve along the x-axis, 

and a reduction in the peak height along the y-axis maintaining a constant area under 

the curve.58 The slope and characteristic life play the determining role in a 2-

parameter Weibull distribution.59 

A conference on the use of engineering techniques, such as Weibull analysis, was 

sponsored by the Engineering Foundation and the United States Army Institute for 

Dental Research in 1987. The conference recognized that Weibull characterization 

of dental materials was lacking, and research was needed to describe the properties 

of various dental materials.60 Weibull analysis allows for forecasting the probability of 

failure for a given material.61 While there is literature describing Weibull analysis for 

porcelain, other dental ceramics, and composite filling materials, data regarding 

Weibull analysis for milled or conventional PMMA appears non-existent. Previous 
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experiments comparing conventional denture base types and/or milled denture base 

do not employ Weibull statistics. Srinivasan et al. (2018) compared milled PMMA to 

conventional heat-polymerized PMMA using a three-point bend test. The authors 

opted to analyze their strength and modulus data using a two-way ANOVA, 

Kolmogorov-Smirnov test, and Student’s t-tests.14 Ajaj-ALKordy et al. (2014) 

examined the elastic modulus and flexural strength of different types of conventional 

denture bases using a three-point bend test. Again, no Weibull distribution was used. 

The authors opted for a Student’s t-test instead.50 A study examining the flexural 

strength of light-cured and conventional denture base by Hashem et al. (2014) 

analyzed data using a one-way ANOVA and Tukey’s test.49 Gupta et al. (2016) 

examined the flexural strength of various conventional denture base resins. The 

authors chose to analyze their data using a one-way ANOVA, Fisher f-test, and 

Bonferroni t-test.52 Diaz-Arnold et al. (2008) evaluated flexural strength of four 

different PMMA denture bases and one type of urethane dimethacrylate denture 

base. Data was analyzed using one-way and two-way ANOVAs, Tukey HSD, and 

Bonferroni post hoc tests.48 Despite recommendations that Weibull statistics be 

employed in the analysis of brittle dental materials, it does not appear in the literature 

for denture base. However, there are a few articles that use Weibull statistics in 

analyzing denture reline materials. Hidden within some of these articles is information 

in which the authors have characterized denture base that is bonded to the reline 

material. One such “needle in a haystack”, an article by Polyzois et al. (2012), 

evaluated the flexural and bond strengths of various denture bases bonded to reline 

materials.  The authors used a two-parameter Weibull distribution for flexural 
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strength. The critical bend stress of 55 MPa was estimated by reducing the ISO 

standard minimum flexural strength of 65 MPa by 15%. This lowered value is because 

the authors chose to use a four-point bend test rather than a three-point bend test 

that the ISO values are based on. The authors noted that previous research has 

shown that the strength values for four-point bend tests tend to be 15% lower than 

three-point bend tests. The critical stress is used to estimate the probability that a 

material will have an acceptable lifetime. The paper provides data on the mean 

flexural strength, Weibull modulus, characteristic strength, and survival probability at 

55 MPa for non-relined test groups of Microbase, FuturAcryl 2000, and Triad. 

Microbase is a microwavable polyurethane, FuturAcryl is a heat-polymerized 

conventional PMMA, and Triad is a light-cured urethane dimethacrylate (UDMA).47 

The data are presented in Table 6. 

Table 6: Flexural strength and Weibull characteristics for various denture materials.47 

Material 
Mean Flexural 
Strength (MPa) 

Weibull 
modulus 

Weibull η 
(MPa) 

Survival Probability 
(%) 

Microbase 58.17 12.06 60.42 72.48 

FuturAcryl 2000 87.45 14.45 90.32 99.02 

Triad 74.44 8.03 78.69 94.52 

 

Statistical analysis was performed using a two-parameter Weibull distribution at a 

95% confidence interval. The data were also evaluated using a two-way ANOVA and 

Tukey’s HSD. The results were subsequently compared to the Weibull analysis. 

Weibull analysis showed a significant difference in characteristic strengths among all 

three types of denture base materials, with Microbase being the weakest and 

FuturAcryl being the strongest. FuturAcryl also had a high Weibull modulus, which 
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suggested fewer, and more homogenous structural flaws than the other materials. 

The authors noted that their values for FuturAcryl were elevated compared to 

previous work by other groups; however, this may be attributed to differences in 

experimental protocol. Polyzois et al. did not perform strength testing in a 37°C water 

bath, which has been documented to give lower strength values.47 

SUMMARY OF CURRENT KNOWLEDGE, DEFICIENCIES, AND SIGNIFICANCE OF 

NEW KNOWLEDGE 

Traditional, conventional techniques for the fabrication of PMMA dentures are slow 

and drawn-out. Conventional dentures require lots of equipment, skilled personnel, 

and time. The dentist and the patient must meet for multiple appointments and intra-

oral checking of lab work. Some patients have difficulty tolerating uncomfortable 

dental impressions. Emerging technologies, such as milled and 3D printed dentures, 

have the potential to alleviate these problems allowing for faster rehabilitation of the 

patient. When used in combination with digital intra-oral scanners, there is potential 

for the process to become more comfortable for patients with a sensitive gag-reflex 

or with limited opening. 

Polymethyl methacrylate, the material comprising conventional and milled dentures, 

has seen widespread usage in dentistry since it was first introduced in the 1930s. 

This material has been thoroughly studied in the dental literature, and the chemical 

composition is commonly available information. Cytotoxicity of conventional denture 

base is related to the type of polymerization method employed. For example, in a 

study by Ata et al. (2009) comparing autopolymerizing to heat-cured denture base, 

the autopolymerized denture base was significantly more cytotoxic than the heat-
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polymerized base34. The study also found that this difference disappeared after 1 day. 

A study by Srinivasan et al. (2018) compared biocompatibility of a conventional heat-

cured PMMA to a milled PMMA puck and found no significant difference in cell 

viability over the testing period of 21 days14. It is interesting to note that, by 24 hours, 

conventional denture PMMA seems to lose its cytotoxic effects32,34,35. Kurzmann et 

al. (2017) examined 3D resin for surgical guides and found that cytotoxicity was 

related to processing, with post-cured samples being significantly less cytotoxic than 

as-printed33. However, this study only looked at short-term exposure (1 day), but it 

did examine the effects of different dilutions of resin. It is unknown how cytotoxic 3D 

printed denture base is in comparison to conventional and milled denture base. 

The mechanical performance of 3D printed denture base compared to conventional 

and milled denture base is a mystery as well. A review of the literature showed that 

milled dentures have superior mechanical properties when compared to conventional 

denture base. For example, one paper found milled specimens to have a mean 

flexural strength of 71 MPa compared to 54 MPa for a conventional heat-cured 

denture base.14 Another study looked at two different milling pucks compared to a 

heat-cured conventional denture. Like the previous study, the authors showed the 

milled specimens were had significantly greater flexural strength than the 

conventional specimens.15 There is deficient knowledge regarding mechanical 

properties and safety (cytotoxicity) of 3D printed denture base in comparison to 

traditional and milled denture base. 
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PURPOSE 

The purpose of this study is to evaluate and compare conventional, milled, and 3D 

printed denture base using biocompatibility assays and mechanical testing. The 

conventional material will serve as the control, while the milled and 3D printed resin 

will serve as the experimental groups. An MTT assay will be used to test 

biocompatibility. Mechanical testing will evaluate ultimate flexural strength and 

flexural modulus. 

III. SPECIFIC AIMS/HYPOTHESES AND SUPPORTING EVIDENCE 

SPECIFIC AIM #1 

The first specific aim will test the hypothesis that milled denture base bars will have 

significantly greater flexural strength than conventional, as-printed 3D printer denture 

base, and post-cured 3D printed denture base. In comparing the different test groups, 

the order of flexural strength from greatest to smallest is predicted to be as follows: 

milled > conventional > post-cured 3D printed > as-cured 3D printed denture base. 

EVIDENCE TO SUPPORT SPECIFIC AIM #1 

Studies comparing milled to conventional heat-cured denture base materials 

demonstrate greater ultimate strength, yield point, strain at yield point, and toughness 

with the milled group.14 However, another study compared specimens milled from 

PMMA blocks to heat-cured denture base and found no significant difference in 

flexural strength.15 While there are no studies available comparing 3D printed denture 

base to milled and/or conventional denture base, there are studies showing that the 

amount of curing affects the performance of composite resins used in dental fillings.62 
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Based on this knowledge, it is presumed that as-printed denture base will have 

inferior mechanical properties compared to all other experimental groups. 

SPECIFIC AIM #2 

The second specific aim will test the hypothesis that as-printed denture base will 

cause significantly less succinate dehydrogenase activity than conventional, milled, 

or post-cured 3D printed denture base specimens. 

EVIDENCE TO SUPPORT SPECIFIC AIM #2 

Studies comparing milled to conventional heat-cured denture base materials that 

have undergone proper processing failed to demonstrate a significant difference in 

biocompatibility using a Resazurin assay with human osteoblasts and embryological 

mouse fibroblasts.14 No studies were focused on comparing the biocompability of 3D-

printed denture base to conventional or milled denture base. However, a study 

investigating self-etch resin cements showed that a higher degree of conversion 

resulted in less cytotoxicity.63 Therefore, as-printed specimens are expected to be the 

most cytotoxic of all tested experimental groups. Optimally post-cured 3D printer 

resin, conventional, and milled denture base are expected to show no significant 

difference after 24 hours. 

IV. MATERIALS AND METHODS 

EXPERIMENTAL OVERVIEW 

Four different groups were subjected to cytotoxicity/biocompatibility and mechanical 

testing. Those groups included conventional denture base (Lucitone 199, Dentsply 

Sirona, York, Pennsylvania), as-printed 3D printer resin (NextDent® Base, Vertex, 
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Soesterberg, The Netherlands), post-cured 3D printer resin (NextDent® Base), and 

milled denture base (IvoBase CAD®, Ivoclar Vivadent AG, Schaan, Liechtenstein). 

The cytotoxicity tests featured a fifth group of Teflon disks (Du Pont, Wilmington, DE) 

to act as a negative control. 

FLOWCHART OF EXPERIMENTAL METHODOLOGY 

Figure 16 depicts a flowchart of the experimental methodology. The following 

sections will discuss the methodology in more detail.  

 

Figure 16: Flowchart of experimental methodology. 

SPECIMENS FOR MECHANICAL TESTING 

Specimens for mechanical testing were created according to ISO specifications for 

flexural testing of denture base materials.  The 4 experimental groups included the 
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following: conventional PMMA (Lucitone 199), as-printed resin (NextDent® Base), 

post-cured 3D printed resin (NextDent® Base), and milled PMMA (IvoBase CAD®).  

A dry milling machine (Roland DWX 51D, Roland DGA Corporation, Irvine, CA) was 

used to fabricate bars for mechanical testing and cylinders for biocompatibility testing 

from pucks of template wax (Harvest Dental, St. Brea, CA) and PMMA (Figure 17). 

 

Figure 17: A wax puck after milling (left). Wax bars retrieved from the template (right). 

Wax bars were invested in a high strength dental stone (Jade Stone, WhipMix, 

Louisville, KY) using upper flasks with a ratio of 22 ml distilled water to 100 g stone 

and prepared in a vacuum mixer. Wax bars were placed on the surface of the stone, 

and gently pressed until the wax was roughly halfway submerged in stone (Figure 

18). This step was necessary to prevent movement of the bar when adding the next 

layer of stone.  

 

Figure 18: Wax bars partially submerged in jadestone using an upper flask. 

Surfactant was not used because it was found to introduce unwanted bubbles in the 

stone. After the stone hardened, numbers were etched in the stone next to each bar 
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for identification purposes. Two-to-three coats of separator (Al-Cote®, Dentsply 

Sirona, Charlotte, NC) were then applied to the stone, avoiding the wax. The middle 

portion of the flask (as seen in Figure 18) was then placed on top of the base 

containing the stone and wax. Pink dental gypsum (Flask-It™, Garreco LLC, Heber 

Springs, AR) was prepared using a ratio of 33 ml distilled water to 100 g powder in a 

vacuum mixer. The mix was slowly poured into the flask, and the top of the flask was 

applied allowing stone to overflow through the holes in the top (Figure 19). 

 

Figure 19: The fully assembled flask. 

Due to previous issues with chipping upon opening, the atone was allowed set up 

overnight. The flasks were placed in a boil out machine (Labormat SD, Dreve America 

Corp, Eden Prairie, MN) for 4 minutes after which the flask halves were separated 

and placed back into the boil out machine for 1 minute. Due to the plasticized nature 

of the wax, it only slightly softened and had to be manually removed from the mold 

(Figure 20).  
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Figure 20: A freshly cleaned, open mold. 

Two-to-three additional coats of separator were applied to the stone. Lucitone 199 

was prepared using a mix ratio of 32 cc powder (approximately 21 g) to 10 ml 

monomer. The mixing jar was covered and the PMMA was allowed to rest until 

reaching its optimal packing consistency. A polystyrene sheet was used to cover one 

side of the flask, while the other side was packed with PMMA. The flasks were then 

pressed to 100 PSI (pounds per square inch) for the trial packing, and then pressed 

to 200 PSI 2-to-3 more times, removing any excess flash after each pressing (Figure 

21). A stopping point was reached when there was minimal flash to remove. 

 

Figure 21: (Left) Flasks in the press. (Center) A flask with excess PMMA extruding from the seam of the flask. (Right) Removal of 
excess PMMA flash - the acrylic can be difficult to distinguish from the pink stone. 

The flasks were then placed in compresses for final processing in a water curing unit 

(Lab-Pro, Astron, Lake Zurich, IL) for 9 hours, after reaching 165˚F (roughly 74˚C) 

(Figure 22). 
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Figure 22: Flasks in compresses were submerged in a water curing unit for final processing. 

Examples of the resulting specimens can be seen in Figure 23. Note the flash along 

the edges and the blebs of excess acrylic where bubbles were trapped in the stone. 

 

Figure 23: Examples of conventional PMMA bars immediately after removal from the flasks. 

The ISO standard describes further processing required for specimens before they 

can be used for mechanical testing. Details of processing will be provided later in this 

section, because it marks a point of convergence in the preparation of the 4 test 

groups. 

Bar specimens milled using a dry milling machine (Roland DWX 51D, Roland DGA 

Corporation, Irvine, CA) from pre-polymerized PMMA pucks were detached from their 

struts using a dental lab handpiece, being careful to avoid nicking the specimens. 

The 3D printed resin bars were printed from a computer model of appropriate 
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dimensions using a 3D printer (Moonray Model S UV-DLP, SprintRay, Los Angeles, 

CA) and software (RayWare CAD software, SprintRay, Los Angeles, CA). Post-cured 

bars underwent an additional cleaning process to remove adherent, uncured resin, 

consisting of a 2-step alcohol wash (two 10 minute baths in 99% isopropyl alcohol) 

followed by 15 minute-exposure in a custom curing unit (featuring two 52-watt drying 

lamps and eight 9-watt, 400 nm UV bulbs with a rotating solar table). The as-printed 

specimens were prepared similarly to the previously mentioned post-cured bars but 

did not undergo the alcohol wash or post-processing in the light box.  

Per the ISO standard, all specimens were finished and polished using a series of wet 

metallographic grinding paper, with a final grain size of 15 µm (P1200). Any work with 

the 3D printed specimens was done under red light to prevent further curing (Figure 

24). 

 

Figure 24: (Left) Wet polishing a specimen using metallographic grinding paper. (Right) The same setup under red light for 
working with 3D printed specimens. 

One specimen side was left unpolished – the side with the fewest imperfections in 

the critical zone (the middle of the bar in contact with the loading nose) was picked to 



Thesis Ulmer Page 52 / 75 
 

be left unpolished. Dimensions of each bar were obtained using a digital caliper were 

performed throughout the polishing process to ensure adherence to the specimen 

dimensions outlined in Figure 25 with a maximum deviation in height and width of ± 

0.02 mm at three measured points along the span of the bar. 

 

Figure 25: Diagram depicting measurements of the bars used for flexural testing. 

 

MECHANICAL TESTING 

Mechanical testing was performed according to the previously described ISO 

standards to determine ultimate flexural strength and flexural modulus. Testing 

utilized a custom-built, three-point bending jig (Figure 26) to deflect specimens until 

rupture. Supports were positioned 50 mm apart, and the loading nose was centered 

between the supports. 

 

Figure 26: The three-point bending test machine. Warm water can be cycled through the metal coil to maintain the water 
temperature at 37˚C while the bending test is occurring. 
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All specimens were labeled and measured prior to water storage. The specimens 

were incubated in 37˚C water for 50 ± 2 hours. After incubation, specimens were 

individually transferred to the flexural test rig that was immersed in a 37˚C water bath. 

The bars were positioned so that the unpolished side was in contact with the loading 

nose. The force applied increased from 0 at a rate of 5 ± 1 mm/minute until the 

specimen broke or until a deflection of 17 mm was achieved (Figure 27). 3D printed 

bars were tested under red light to prevent further curing. 

 

Figure 27: 3-point bend test in progress. The specimen is submerged in 37˚C water during testing. 

Data were collected using testing software (Instron Corp, Norwood, MA), and 

calculations for flexural strength and modulus were performed a spreadsheet 

program (Excel® for Office 365, Microsoft, Redmond, WA). Calculations included 

tolerances for compression of the supports and loading nose during testing. In total, 

24 bars of conventional denture base, 27 bars of milled denture base, 16 bars of post-

cured 3D printed denture base, and 16 bars of as-printed 3D printed denture base 

were tested. 

SPECIMENS FOR BIOCOMPATIBILITY TESTING 

Twelve discs were created for each of the 5 groups consisting of: conventional PMMA 

(Lucitone 199), as-printed 3D printed resin (NextDent® Base), post-cured 3D printed 
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resin (NextDent® Base), milled PMMA (IvoBase CAD®), and Teflon. The discs were 

5 mm in diameter and 2 mm in height as depicted in 

 Figure 28.  

 
 Figure 28: Diagram depicting measurements of the discs to be used for biocompatibility testing. 

Wax cylinders were created from the wax pucks and sliced into discs of appropriate 

dimensions. The wax discs were invested (Figure 29) and processed in the same 

manner as the wax bars mentioned previously to create discs of conventional PMMA. 

Excess flash was carefully removed from the fully processed discs with a dental lab 

handpiece. 

 

Figure 29: Wax discs invested in jade stone. 

Milled cylinders were carefully sectioned into discs using a low speed saw (Isomet, 

Manassus, VA). A wooden shim was used to help stabilize the specimen in the vice 

and to allow a cleaner cut through the entirety of the PMMA cylinder (Figure 30). 



Thesis Ulmer Page 55 / 75 
 

 

Figure 30: A cylinder of milled PMMA being sliced into discs for biocompatibility testing. 

The 3D printed specimens were created using a digital 3D printer (Moonray Model S 

UV-DLP) with software (RayWare CAD). The specimens were printed to the exact 

dimensions needed. As-printed specimens underwent no further processing at this 

point. Post-cured specimens were treated with a 2-step alcohol wash and post-curing 

in a lightbox as previously described. 

Lastly, Teflon discs were prepared from a 2 mm thick sheet using a 5 mm diameter 

punch. 

Prior to biocompatibility testing, all discs were disinfected with 70% IPA for 10 

minutes. 

BIOCOMPATIBILITY TESTING (MTT ASSAY) 

Human periodontal ligament (PDL) “900L” fibroblasts were used for the MTT assay 

of the 5 different experimental groups: conventional PMMA, milled PMMA, as-printed 

3D printer denture base, post-cured 3D printer denture base, and Teflon. The Teflon 

discs served as a negative control. Cell culturing procedures were carried out in 

compliance with the regulations stipulated by the Human Assurance Committee at 
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Augusta University. PDL fibroblasts were collected from teeth extracted from a 20-

year-old healthy male without periodontal disease. Periodontal ligament tissue was 

collected from an extracted tooth, rinsed with Hank’s Balanced Salt Solution a total 

of 3 times, and placed in a 6-well plate with medium (20% fetal bovine serum). The 

cells grew to confluency and were transferred to T-75 flasks before being placed in 

liquid nitrogen storage. The discs were stored in human gingival fibroblast (HGF) 

media for 24-hour intervals. The eluate was collected, and the discs were transferred 

to phosphate buffer solution (PBS) for aging. Specimens were aged for 1, 3, 7, 10, 

and 14 days. At the end of each aging period, the PBS was collected and frozen, the 

specimens stored in HGF media for 24 hours, the resulting eluate was collected, and 

the specimens aged in PBS once again. Human PDL cells were incubated with aged 

media for each of the aged material groups in a 96 well plate. Dimethylsufoxide 

(DMSO) was added to each well, and a spectrophotometer was used to measure the 

optical density of formazan at the 562 nm wavelength.33,64 An overview of the process 

can be seen in Figure 31 and Figure 32. Any work done using the 3D printed resin 

discs was performed under red light to prevent further curing. 
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Figure 31: Flowchart of the experimental methodology for biocompatibility testing. Specimens were aged for 1, 3, 7, 10, and 14 
days. All incubations were performed at 37˚C. 

 

Figure 32: A. Examples of specimen discs for each of the 5 groups: conventional, milled, as-printed, post-cured, and Teflon. B. 
Specimens were incubated in human gingival fibroblast media for 24 hours. C. Eluate was collected. Specimens were stored in 
PBS for aging. A 96-well plate was seeded with human PDL fibroblasts and 250 µl of aged media were added to each seeded 

well. D. Cells and aged media were incubated for 3 days at 37˚C for 3 days. E. Aged media was removed and MTT was added to 
the seeded wells. Plates were incubated for 60 minutes at 37˚C. F. Cells were fixed with tris-formalin. G. DMSO was added to 

release dye from cells. 

 

The percent cell viability was calculated using the formula below.  

% 𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =  
𝑇𝑒𝑠𝑡

𝐶𝑜𝑛𝑡𝑟𝑜𝑙
× 100 
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STATISTICAL ANALYSES 

The methods described in Pittayachawan et al. (2007) were used to obtain estimates 

of the characteristic strength and Weibull modulus for a Weibull model fitted to the 

flexural strength data for each method (Conventional, Milled, As-Printed, and Post-

Cured)65.  Using these parameter estimates and their standard errors, the Wald test66 

was then used to compare each method to each of the others. A Bonferroni 

adjustment was made so that the family-wise error rate for the collection of pairwise 

method comparisons would be controlled at the 0.05 level. Approximate 95% 

confidence intervals were also calculated for each parameter separately for each 

fitted Weibull model. 

In addition to the Weibull analysis, a one-way ANOVA was used to compare the 4 

experimental methods in terms of mean flexural strength and mean flexural modulus. 

Tukey-Kramer post-hoc analyses was used to examine all possible pairwise 

comparisons among the 4 methods. Data were summarized in each group as mean 

± standard deviation (SD). 

Repeated measures analysis, with one between factor (“method”: the 4 experimental 

methods plus the Teflon control) and one within factor (“time of aging”: 24 hours, 72 

hours, 7 days, 10 days, 14 days), was used to analyze the biocompatibility testing 

results. Tukey-Kramer analysis for repeated measures was used to perform post-hoc 

pairwise comparisons among the 5 methods and the 5 times of aging. Data were 

summarized in each group as least squares mean (LSM) ± standard error (SE). 

If a significant interaction was found between the method and time of aging factors, 

a simple-effects analysis was performed; that is, the 5 times of aging were compared 
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separately for each method, and the 5 methods were compared separately for each 

of the 5 times of aging. The Tukey-Kramer method of multiple comparisons was used 

to control the overall Type I error rate at 0.05 for all these comparisons. 

The Shapiro-Wilk test was used to test the assumption of normality for the data for 

each of the analyses described above. If normality was rejected, the appropriate rank-

based method corresponding to the analysis described above was used instead to 

compare the methods. (For example, when comparing more than two methods, the 

appropriate rank-based method would be the Kruskal-Wallis test, followed by Dwass, 

Steel, and Critchlow-Fligner (DSCF) pairwise comparisons.)  

All analyses were two-tailed and were performed at the 0.05 level of significance. All 

statistical analyses were performed using SAS 9.4 for Windows (SAS Institute Inc., 

Cary, NC, 2012). 

V. RESULTS 

Specific Aim #1: Test the hypothesis that as-printed denture base bars will have 

significantly less flexural strength than conventional, milled, or post-cured 3D printed 

denture base.  

The Shapiro-Wilk test indicated that the flexural strength data were normally 

distributed (p > 0.10 in each group), so a one-way ANOVA was performed on the 

original data. Summary statistics for flexural strength (MPa) for each group are 

presented in Table 7. It should be noted that none of the as-printed specimens broke, 

and only 6 of the post-cured specimens broke. As stated previously, if a specimen 

did not break, the test was manually stopped at 17 mm of deflection. 
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Table 7: Mean Flexural Strength (MPa) by Method. SD: Standard Deviation. 

 

Method 

 

 

n 

 

Mean ± SD 

 

Minimum 

 

 

Maximum 

 

     

Conventional 22 63.8 ± 3.1 55.3 69.9 

     

Milled 27 82.6 ± 1.9 79.1 87.5 

     

As-Printed  16 5.1 ± 0.4 4.5 5.7 

 

Post-Cured 16 22.1 ± 6.4 14.6 37.8 

     

 

Each of the products were significantly different from each of the others (p < 0.001 

for each comparison using the Tukey-Kramer method). In particular, the groups were 

arranged as follows in terms of flexural strength: Milled > Conventional > Post-Cured 

> As-Printed. Figure 33 contains a bar chart comparing the four groups in terms of 

flexural strength. 

 

Figure 33: Bar chart comparing the four groups in terms of mean flexural strength. 65 MPa is the ISO minimally accepted value. 
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The Shapiro-Wilk test indicated that the flexural modulus data were normally 

distributed in each of the groups except Conventional (p < 0.001; p > 0.30 in each of 

the other groups). Thus, the DSCF method was used to perform pairwise 

comparisons among the 4 methods. Each of the methods were significantly different 

from each of the others (p < 0.001 for each comparison using the DSCF method). In 

particular, the groups were arranged as follows in terms of flexural modulus: Milled > 

Conventional > Post-Cured > As-Printed. Summary statistics for flexural modulus for 

each group are presented in Table 8. 

 

Table 8: Mean Flexural Modulus by Method. SD: Standard Deviation. 

 

Method 

 

 

n 

 

Mean ± SD 

 

Minimum 

 

 

Maximum 

 

     

Conventional 22 1757 ± 110 1395 1875 

     

Milled 27 2227 ± 76 2028 2355 

     

As-Printed  16 110 ± 20 81 145 

 

Post-Cured 16 537 ± 210 261 962 

     

 

Figure 34 displays a bar chart comparing the four groups in terms of flexural modulus. 
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Figure 34: Bar chart comparing the four groups in terms of mean flexural modulus. 2,000 MPa is the minimally accepted ISO 
value. 

 Summary statistics for characteristic strength (σ) and Weibull modulus (m) for each 

method are presented in Table 9.   

Table 9: Estimated Characteristic Strength and Weibull Modulus by Method. 

 

Method 

 

 

n 

 

Characteristic 

Strength (σ) 

(MPa) 

 

 

95% C.I. for 

Characteristic 

Strength 

 

 

Weibull 

Modulus (m) 

 

 

95% C.I. for Weibull 

Modulus  

 

      

Conventional 22 65.2 64.0 - 66.4 23.5 17.3 - 31.9 

      

Milled 27 83.5 82.7 – 84.3 42.8 33.0 - 55.6 

      

As-Printed  16 5.3 5.1 – 5.4 16.6 11.2 – 24.6 

      

Post-Cured 16 24.5 21.3 – 28.2 3.7 2.6 – 5.3 

      

 

The Wald test with Bonferroni adjustment indicated that each of the methods were 

significantly different from each of the others in terms of characteristic strength (p < 

0.001 for all pairwise comparisons). In particular, the groups were arranged as follows 
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in terms of characteristic strength: Milled > Conventional > Post-Cured > As-Printed. 

The Wald test indicated that each of the materials were significantly different from 

each of the others in terms of Weibull modulus (Bonferroni p-value < 0.024 for all 

tests), with the exception of Conventional vs. As-Printed (p = 0.167). The groups were 

arranged as follows in terms of Weibull modulus: Milled > Conventional = As-Printed 

> Post-Cured. A larger Weibull modulus indicates smaller defects and greater 

structural reliability. Weibull probability plots for each group are given in Figure 35. 

 

Figure 35: Weibull probability plots in each group. The Weibull modulus in each group is given by the slope of the fitted line. This 
figure illustrates that the Weibull modulus was very similar in the Conventional and As-Printed groups (Table 9). 

 Each distribution indicates an adequate fit of the Weibull distribution to the flexural 
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probability plot has obvious curvature. Figure 36 shows a non-linearized Weibull 

distribution for comparison of the characteristic strength of each of the material 

groups. 

 

Figure 36: Weibull plot of flexural strength versus the cumulative probability of failure. The dashed line demarcates the 
characteristic strength at 63.2%. 

As with the linear version of the plot, a steep slope for the non-linear plot indicates a 

greater Weibull modulus indicating fewer defects and better structural integrity. 

Specific Aim #2: Test the hypothesis that as-printed denture base will demonstrate 

significantly less cell viability (with MTT testing) than conventional, milled, or post-

cured 3D printed denture base specimens. 
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The Shapiro-Wilk test indicated that the data were not normally distributed for the 

MTT values, so rank-based repeated measures analysis was used. There was a 

significant interaction between method and time of aging (p = 0.002), so simple 

effects were analyzed.  In the analysis of simple effects comparing the 5 methods for 

each time of aging, the Tukey-Kramer method indicated that optical density in the 

Teflon group was significantly less than in the Conventional (p < 0.001), Milled 

(p=0.029), and Post-Cured (p = 0.042) groups at 14 days of aging. There were no 

other significant differences among the methods at any of the times of aging. Figure 

37 depicts the mean optical density for each method separately at each time-of-aging. 

 

Figure 37: Clustered bar chart showing mean MTT for each method separately at each time-of-aging. 

In the analysis of simple effects comparing the 5 times of aging for each method, 

Tukey-Kramer analysis indicated that, in the Conventional group, optical density was 
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density was significantly greater at 24 hours than at 14 days (p = 0.010). There were 

no other significant differences among the 5 times of aging for any of the methods. 

Figure 38 depicts the mean optical density at each time-of-aging separately for each 

method. 

 

Figure 38: Clustered bar chart showing mean MTT at each time-of-aging separately for each method. 

VI. DISCUSSION 

The ISO 20795-1:2013(E) states minimum requirements that a denture base material 

must meet in order to “pass” the 3-point bend test. The minimum flexural strength is 

65 MPa, and the minimum flexural modulus is 2000 MPa40. The ISO also states that 

all sides of the bar specimens should be polished, but this current study left one side 

unpolished to simulate the unpolished intaglio side, the side that touches the oral 

tissues, of a denture. Leaving one side unpolished may have affected results of the 
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current study. Previous work outlined in Table 5 shows a wide range of flexural 

strength and moduli for various types of milled and conventional denture materials. 

Unfortunately, only 3 of the studies employed Lucitone 199 (as was used in this 

study), and none of the studies used IvoBase CAD milling pucks. In that survey of 

studies, the flexural strength for Lucitone 199 ranged from 79.54 MPa48 – 103.4 

MPa53. Only 1 study examined the flexural modulus of Lucitone 199, reporting a value 

of 1230 MPa50. The current study found the mean flexural strength of Lucitone 199 

to be 63.8 ± 3.1 MPa and the mean flexural modulus was 1757 ± 110 MPa. While the 

flexural strength is lower than previously reported values, it is important to note that 

the prior research focused on dry specimens, which have been shown to have 

increased flexural strength compared to wet specimens56. The flexural modulus was 

higher than previously reported data for Lucitone 199, but still fell short of the desired 

2000 MPa recommended by the ISO. Al-Dwairi et al. (2018) examined the flexural 

strength and modulus for Avadent and Tizian PMMA milling pucks. The Avadent puck 

had a mean flexural strength of 123 MPa and mean flexural modulus of 2520 MPa, 

while the Tizian puck demonstrated a mean flexural strength of 131 MPa and mean 

flexural modulus of 2475 MPa. Once again, the methods used in that work were 

performed on dry specimens. The current study found the mean flexural strength of 

IvoBase CAD PMMA milling pucks to be 82.6 ± 1.9 MPa and the mean flexural 

modulus was 2227 ± 76 MPa. These results mean the milled specimens were the 

only group that passed both the flexural strength and flexural modulus 

recommendations put forth by the ISO. While there was no prior research to compare 

with the current study’s results regarding the 3D printed resin, it was anticipated that 
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the post-cured resin would demonstrate a performance on par with conventional 

denture base. This assumption proved not to be the case. While the post-cured bars 

demonstrated superior mechanical properties compared to the as-printed bars, the 

results were disappointing. For the post-cured bars, the mean flexural strength was 

22.1 ± 6.4 MPa and the mean flexural modulus was 537 ± 211 MPa. The as-printed 

bars featured a mean flexural strength of only 5.1 ± 0.4 MPa and a mean flexural 

modulus of 110 ± 20 MPa. Given the weakness of the post-cured bars, it seems that 

the 3D printer resin used in this study is not yet ready for long-term clinical use. The 

current study highlighted the importance of the post-curing process by showing there 

is a significant difference in flexural strength and modulus between as-printed bars 

and post-cured bars. Future experiments should use fractography to examine the 

fragments left over from the 3-point bend test to better describe the nature of the 

fractures. Other experiments looking into the depth of cure for the 3D printer resin 

may be useful in refining the post-curing protocol.  

 The 4 groups of bars were also examined using Weibull analysis. Previous research 

by Polyzois et al. (2012) included Weibull analysis of a similar heat-cured 

conventional denture base (FuturAcryl 2000)47. As outlined in Table 6, that study 

found a Weibull modulus of 14.45 and a Weibull characteristic strength of 90.32 MPa. 

The Weibull modulus for the conventional denture base used in the present study, 

Lucitone 199, was 23.5, with a characteristic strength of 65.2 MPa. The Weibull 

moduli for the milled, as-printed, and post-cured bars were 42.8, 16.6, and 3.7 MPa 

respectively. The Weibull modulus was significantly different for each group, except 

between conventional and as-printed bars. The Weibull modulus reflects the 
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structural reliability of a sample group, thus, if there is little variation between samples 

then the Weibull modulus will be higher. It is important to note that none of the as-

printed bars experienced a brittle fracture during testing – all tests were arbitrarily 

stopped at a 17 mm deflection because the bar would slip off the test rig supports if 

the loading nose continued past this point. The post-cured bars were less consistent 

– only six of the bars broke. Consequently, the Weibull modulus for this group is very 

low, which highlights the variations in test outcomes for the post-cured group. The 

characteristic strengths for the conventional, milled, as-printed, and post-cured bars 

were 65.2, 83.5, 5.3, and 24.5 MPa respectively. The characteristic strengths were 

found to be significantly different among all groups.  

The current study found no significant difference regarding cytotoxicity of 

conventional, milled, as-printed, and post-cured 3D printer denture base materials, 

with the exception of the Teflon control at day 14 (see Figure 37). While the results 

for conventional and milled PMMA samples are comparable with research by 

Srinivasan (2018), the results for the 3D printed samples differs from previous 

research that used surgical guide 3D printer resin33. A possible explanation for this 

finding may lie in specimen preparation differences. The Kurzmann paper made no 

mention of alcohol rinses, whereas specimens in the current work were exposed to 

10 minutes in 70% IPA in an effort to reduce risk of contaminating the cell cultures. 

This wash may have affected the amount of residual, unpolymerized resin left on the 

samples and may explain why there was little difference between the as-printed and 

post-cured 3D printer resin samples. Another factor that may have influenced results 

is the choice of cell line. This current study utilized human PDL fibroblasts, while the 
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ISO standard recommends using mouse fibroblasts (L929). The decision to use 

human PDL fibroblasts was to be more representative of the denture-wearing 

population. Another potential factor that may have influenced results was the 

specimen preparation time. The 3D printed discs and bars were kept in dark storage 

at room temperature until the rest of the specimens were made. It is possible that 

some additional polymerization of the resin occurred during this time which could 

have decreased cytotoxicity and increased mechanical properties for the 3D printed 

specimens.  

When comparing the different groups by material type, the results show that optical 

density (viability) was significantly less at 72 hours versus 14 days for the 

conventional denture base group (see Figure 38). Given that previous work showed 

that cytotoxicity of conventional base is not significantly different after the first few 

days, it is not surprising to see that levels of cell viability are less at the earlier time 

points when compared to later time points. The Teflon control group demonstrated 

significantly less cell viability at 14 days versus 24 hours. On day 14, the Teflon group 

also showed significantly less cell viability than the other 4 groups. This result 

suggests that there may have been an issue with the cell culture, or the 

spectrophotometer incorrectly reading the Teflon row for the 14-day specimens. 

Ultimately, the MTT assay data suggests that by 1 week, there are no statistically 

significant differences in succinate dehydrogenase activity among conventional 

denture, milled, as-printed, and post-cured specimens.  

Because patients may wear a set of dentures for years, future studies should continue 

the aging process to see if there is further material breakdown and release of resin 
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or monomer. It would be interesting to repeat the MTT assay using discs that were 

not treated with a 10-minute 70% IPA bath to see if that part of the protocol potentially 

affected the results by removing residual monomer. 

VII. CONCLUSION 

SPECIFIC AIM #1 

Using the 3-point bend test, the current study shows that milled PMMA has superior 

mechanical properties compared to conventional and 3D printer resin. Therefore, the 

hypothesis presented by the first specific aim is accepted. In summary, all test groups 

(conventional, milled, as-printed, and post-cured) were significantly different from one 

another in terms of flexural strength and flexural modulus. Flexural strength and 

modulus groups arranged from greatest to smallest are: milled PMMA > conventional 

PMMA > post-cured 3D printer resin > as-printed 3D printer resin. 

SPECIFIC AIM #2 

This study shows that by day 7, there is no statistically significant difference in 

succinate dehydrogenase activity between conventional PMMA, milled PMMA, as-

printed 3D resin, post-cured 3D resin, and Teflon discs. Therefore, the hypothesis 

presented by the second specific aim is rejected. 
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