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ABSTRACT 

 

Evaluating Oxygen Shielding Effect Using Glycerin 

or Vacuum with Varying Temperature on 3D 

Printed Photopolymers in Post-Polymerization 

Process 

 

Jung Hwa Lim 

 

Department of Applied Life Science, 

The Graduate School, Yonsei University 

(Directed by Professor Jong-Eun Kim, DDS, M.S.D., Ph.D.) 

 

 

With recent advances in digital dentistry, additive manufacturing provides a tailored 

approach to various dental treatments and could offer an advanced solution for fabricating 

dentures that require freeform designs. The photosensitive resin used in additive 

manufacturing is cured by free radical polymerization by UV irradiation. A high percentage 

of polymeric conversion helps improve the mechanical properties. However, undesired 
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reaction with oxygen during polymerization inhibits polymerization and results in an 

under-cured polymer. Therefore, in this study, the hypothesis that successful oxygen 

shielding in the post-polymerization step could affect the properties of the final polymer 

was tested. Additionally, other factors such as temperature variation can influence the 

efficacy of post-polymerization while in interaction with immediate micro-environment. 

Therefore, in this study, we tested the following null hypotheses that (i) oxygen shielding 

in the post-polymerization step could not affect the properties of the final polymer, (ii) 

varying post-polymerization temperature has no significant effect on the final polymer and 

(iii) the two factors do not have any interaction. 

3D printed specimens using denture base resin were post polymerized either by 

immersion in glycerin for oxygen shielding (GL group) or placed in a medium-low vacuum 

chamber at 5 × 10-2 Torr (VA group). Specimens cured with no additional conditioning 

served as the control (CON group). To consider the effect of temperature, all groups were 

additionally compared after post-polymerization at 80 °C or without an increase in 

temperature (room temperature). Fourier transform infrared spectroscopy was used to 

measure the monomer conversion ratios between different groups. In addition, the 

mechanical properties were quantified by the micro-hardness, flexural strength, and 

elasticity, and the water sorption and solubility. Dynamic mechanical analysis (DMA) was 

conducted to observe the trend in storage and loss modulus between the groups against 

temperature. Differences in the surface as a function of the post-polymerization conditions 

were qualitatively observed by scanning electron microscopy (SEM). All results were 
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statistically analyzed by two-way analysis of variants (ANOVA), considering the post-

polymerization conditions and temperature to confirm interaction within the factors. To 

compare the different post-polymerization conditions, ANOVA was performed with the 

Tukey method for post-hoc testing. Finally, the effect of Temperature was compared using 

a t-test for the same post-polymerization condition. The level of significance (p value) was 

set at 0.05 (95% confidence interval) for all tests. 

Oxygen shielding during post-polymerization showed an increase in the degree of 

conversion (DC) and hardness of the resin surface. The highest DC was observed for GL-

group specimens at both room temperature and 80 °C. This result was confirmed by the 

SEM micrographs of the resin surface, where the interface between the layers of the GL 

group structure becomes more robust. However, a difference was observed between the 

samples prepared at room temperature and 80 °C. The flexural modulus was highest in the 

GL group, followed by the VA group, and lowest in the CON group at 80 °C. No difference 

in water sorption was observed for any groups, but high water solubility was observed in 

the GL group at room temperature. Overall, more significant differences in the properties 

were observed for the samples post-polymerized at 80 °C than at room temperature. The 

results of DMA analysis to determine the glass transition temperature showed a similar 

trend in all groups, and the storage modulus and loss rate obtained in the same experiment 

decreased in the order of GL, CON, and VA. 

In conclusion, an oxygen shielded post-polymerization environment at elevated 

temperature effectively improves the mechanical properties of photosensitive resin. 
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Therefore, within the limitations, the use of glycerin as a barrier to oxygen diffusion at 

elevated temperature could be recommended to improve the properties of 3D-printed resins 

for dental applications.  

 

Keywords: 3D printing, post-polymerization, oxygen inhibition, degree of conversion, 

mechanical properties, Dynamic mechanical analysis  
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I. INTRODUCTION 

In clinical settings, removable partial and complete dentures are commonly used as 

treatments to restore lost teeth and reestablish oral functions (Li et al., 2021). Intra-oral 

prostheses are supported by oral tissues and endure various functional stresses (Anusavice 

et al., 2012; Jacobson and Krol, 1983). This is particularly relevant for biomedical resin 

base appliances, such as prosthetic crowns, bridges, splints, and dentures. With the 

development of digital dentistry, computer-aided design (CAD) and additive manufacturing 
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(AM) provide customized approaches for various dental treatments and have the potential 

to provide advanced solutions for fabricating dentures, especially those that require a 

freeform design (Anadioti et al., 2020; Revilla-Leon and Ozcan, 2019). 

3D printing is a common AM method that is used to produce three-dimensional objects by 

layer-by-layer printing (Berman, 2012). Among the 3D-printing techniques, photocuring 

3D printing is based on the photopolymerization technique, and the photosensitive liquid 

resin, such as poly-(methyl methacrylate) (PMMA), undergoes polymerization and hardens 

when cured under light irradiation (Stansbury and Idacavage, 2016).  

The polymerization reaction initiates with the cleavage of photoinitiators into primary 

radicals under irradiation. This triggers a cascade of reactions comprising chain 

propagation and branching. The key site of this chemical reaction between monomers is in 

the region of double bonds, such that the opening of carbon double bonds forms a high 

energy site. As polymerization proceeds, a highly cross-linked network is formed, as shown 

in Figure 1A (Ligon et al., 2014).  

A high degree of conversion (DC) of the monomer to polymer helps to achieve good 

mechanical properties and is considered an essential characteristic for resin-based medical 

devices (Lovell et al., 2001), with an underlying correlation to biocompatibility (Perea-

Lowery et al., 2021). However, the highly reactive sites of both primary and propagating 

radicals show high affinity to react with oxygen.  

UV-initiated free-radical polymerization is susceptible to inhibition by oxygen is a major 

concern for clinical application of dental resins. In detail, free radical polymerization is 
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inhibited by oxygen molecules via two processes. First, an oxygen molecule extinguishes 

the active photoinitiator to a reduced state. Another pathway involves scavenging of the 

photoinitiator and polymer radicals through oxidation (Cao et al., 2003). The above 

reactions with oxygen result in the formation of less active peroxyl radicals. This inhibits 

the completion of polymerization, and can limit the final DC (Ligon et al., 2014). This 

reaction is shown schematically in Figure 1B.  

The effects of oxygen have been investigated actively in early research (Decker, 2002; 

O'Brien and Bowman, 2006a). In general, the abundant oxygen near the surface enhances 

the oxidation reaction (Ligon et al., 2014). From the work of Bowman et al. (O'Brien and 

Bowman, 2006b), it could also be explained that oxygen is undesirable in most cases 

because it inhibits photopolymerization, resulting in the formation of tacky surfaces or 

complete cessation of polymerization (limited to thin films) (Wight, 1978). 
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Figure 1 Schematics of the photopolymerization process. (A) In the absence of oxygen, 

i.e., using an oxygen-resistive resin or in an oxygen-free environment, the reaction

completes with a uniformly cross-linked surface. (B) In the case of an environment favoring 

oxygen permeation, oxygen inhibits the reaction near the surface, resulting in the formation 

of dead end chains, and limited cross-linking. 
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Several strategies have been proposed by researchers to prevent the inhibitory 

effect of oxygen on photopolymerization. Broadly, these methods comprise curing in an 

oxygen-free atmosphere or the use of an oxygen-diffusion barrier. The use of oxygen-free 

curing atmospheres is widespread in practical applications and is commonly achieved using 

substitutive inert gases, such as nitrogen, carbon dioxide, and helium (Cao et al., 2003; 

Studer et al., 2003). Although achieving an inert atmosphere is quite straightforward, the 

logistic requirements, such as storage of inert gas, equidistributional setup, and biological 

safety of disposal can prove to be a burden (Ligon et al., 2014). Hence, the use of such 

protective atmospheres finds limited applications outside industrial setups. While inert gas 

substitution is favored, the use of a vacuum environment has also been advocated, owing 

to the general behavior of polymers under vacuum. Under vacuum, the polymer surface 

experiences an immediate loss of normal atmospheric gases including water vapor, carbon 

dioxide, and nitrogen (Frankel, 1969). 

In addition to the application of the inert curing atmosphere, use of a physical 

barrier has been proposed to limit oxygen diffusion. For example, the use of wax coatings 

and immersion in liquids, alone or in combination, have been reported as effective barrier 

methods towards increasing the DC (Bolon and Webb, 1978; Noda and Ogawa, 2003). With 

a specific focus on dental resins, it was reported that the DC of the surface of composite 

resins could be improved using glycerin to limit the diffusion of oxygen (Borges et al., 

2021). In addition, it was shown that the application of glycerin is an effective method to 

reduce the formation of an oxygen-inhibited layer, resulting in an increase in the surface 
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hardness (Strnad et al., 2015); this process is recommended because the oxygen-inhibited 

layer cannot be completely removed and produces inherent defects (pits, fissures) on the 

dental restoration surface. Their results suggested that glycerin effectively blocks contact 

with external air when applied to the surface. Another study showed that there was a 

difference in the DC depending on the presence or absence of oxygen, even after the 

polymerization was completed (Aromaa and Vallittu, 2018). However, the results of these 

studies are limited to restorative composite resin materials intended for direct use in the 

oral cavity. 

During 3D printing, the polymerization of large methacrylate groups leads to a 

DC of more than fifty percent (Kessler et al., 2020). After the printing procedure, a post-

polymerization step is applied, where the sample is exposed to high-intensity UV 

irradiation to ensure that the essential steps of chain elongation and branching occur via 

grafting and curing reactions. As the post-polymerization temperature is close to the glass-

transition temperature (Tg) of the resin, it induces free radical production and bridges the 

energy gap, thereby enhancing polymerization. However, all reactions are limited to very 

small volumes. When radicals react, an increase in chain length or the degree of cross-

linking of the polymer is observed, which limits the movement of other nearby radicals 

because of an increase in modulus and Tg. Therefore, as the temperature increases, the size 

of the reactive volume increases, making the radicals more reactive (Bağis and Rueggeberg, 

1997). Previous studies have shown that there is an improvement in the mechanical 

properties of the material in the range of 60 to 80 °C depending on the light intensity and 
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time for bulk polymerization (Bayarsaikhan et al., 2021; Jindal et al., 2020). 

Furthermore, some resin manufacturers recommend submersion of the resin in a 

glass container of glycerin during the post-polymerization process (Formlabs Application 

Guide: 3D Printing Full Dentures with the Form 2, 2019). Moreover, oxygen inhibition is 

thought to affect the dimensional stability of AM products (Jariwala et al., 2011). However, 

there is a lack of definitive evidence for establishing a standard protocol for oxygen 

inhibition treatments. In contrast, a recent study presented a conflicting conclusion, where 

post-polymerization in air gave resin samples with superior mechanical properties than 

those immersed in glycerin, which was attributed to the glycerin containing absorbed water, 

which could act as an oxygen source (Scherer et al., 2021). 

Taking the conflicting nature of the evidence into account, this study investigated 

the DC, surface morphology, surface hardness, flexural strength, flexural modulus, water 

sorption and solubility, and storage and lost modulus of a 3D-printed resin-based 

photopolymer. A commercially available denture base material was selected, and different 

post-polymerization protocols were developed to investigate the effect of temperature and 

oxygen-shielding methods. It was hypothesized that the temperature and successful 

suppression of the oxygen-rich microenvironment in the immediate vicinity of the printed 

specimen could affect the final polymer properties. The objectives were to compare the 

properties of oxygen-shielded 3D-printed resin with those of non-shielded resin under 

similar post-polymerization temperatures. The null hypotheses were: (1) the post-

polymerization method of oxygen shielding does not affect the properties of the 3D-printed 
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resin; (2) temperature does not have a significant effect on the post-polymerization 

protocols; and (3) there is no interaction between temperature and the oxygen environment 

during post-polymerization. 
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II. MATERIALS AND METHODS

1. Experimental design

In this study, in vitro investigations were conducted considering two post-cure 

variables in the study design, i.e., curing environment and temperature. The protocols of 

post-polymerization were as follows: (i) conventional dry protocol with no oxygen 

inhibition (CON; control group); (ii) oxygen inhibition by immersion in glycerin (GL 

group); and (iii) dry-vacuum protocol (VA group). Moreover, the effect of temperature was 

included as an additional factor altering the post-polymerization environment. As the 

highest possible temperature difference was expected to allow the most notable comparison 

of the results, the effect of temperature was assessed by comparing the maximum feasible 

post-polymerization temperature (80 °C) and room temperature (RT). 

The main response variables included in this study were the: (i) DC; (ii) flexural 

strength and modulus; (iii) surface microhardness; (iv) water sorption and solubility; and 

(v) Tg. Surface qualitative analysis was performed using SEM imaging (Figure 2).
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Figure 2. Workflow schema of the experimental methodology. Experimental grouping and 

the different analyses performed. 
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2. Specimen preparation

Biomedical resin for intraoral appliance (Dentca Denture Base II, Dentca, California, 

USA) was used. The specimen was designed in a CAD program (TinkerCAD, Autodesk, 

CA, USA) and was created in stereolithography (STL) file format. The size and shape of 

the specimens were varied depending on the requirements of the experiment. The STL file 

was imported into the slicing software (Composer v1.1.7, Asiga, Sydney, Australia) 

supplied with digital light processing (DLP)-type 3D printer (Asiga Max UV, Asiga, 

Sydney, Australia). The printing parameters were set as follows: layer thickness of 100 µm; 

build direction of 0° for disk-shaped specimens (15 mm × 2 mm) and 90° for bar-shaped 

specimens (64 mm × 10 mm × 3.3 mm, XZY); support height of 2 mm; and curing 

wavelength of 385 nm (Figure 3). After printing, the specimens were cleaned with 

isopropyl alcohol (90.0%) for 10 min in an ultrasonic cleaner. 
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Figure 3. Geometry and layout of the bar and disk specimens with respect to the build 

direction along z-axis. (A,B) 3D orientation of the specimens with supports prior to printing. 

(C,D) Schematic of the layer intervals with respect to build direction for specimen designs 

used in the present study. 
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Following experimental design, the specimens in each test group were pre-

conditioned before post-polymerization. The GL group specimens were submerged in 15 

ml vials filled with glycerin (Figure 4A) for oxygen suppression during post-curing. After 

post-curing, glycerin was rinsed off the specimen surfaces using distilled water and wiped 

using dry tissue for the subsequent experiments. Conditioning for the VA group included a 

moderate–low-pressure vacuum environment in a vacuum chamber (Complete Flask; 150 

ml, IlshinBioBase, Gyeonggi-do, Korea) achieved with the help of a custom-designed unit. 

The unit comprised a vacuum digital measuring instrument (KC430, KVC, Bucheon, Korea) 

and a vacuum engine (MVP 12, Woosung, Jeju, Korea) (Figure 4B). 
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Figure 4. Post-polymerization conditioning agents. (A) Glycerin, as supplied, and (B) 

custom-designed double-bearing valve vacuum glass chamber and post-polymerization 

process. 
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The vacuum chamber was made of glass, and the cover was made of silicone to 

maintain the internal vacuum. A digital vacuum meter was used to set the vacuum level. In 

this experiment, 5.0×10-2 Torr was used, corresponding to a moderate vacuum pressure. 

After achieving the vacuum pressure (~20 min), a detachable vacuum flask (Figure 4B, 

yellow box) was placed in the post-polymerization chamber. Post-polymerization 

(Formcure, Formals, MA, USA) was performed at the prescribed 405 nm wavelength at RT 

and 80 °C for 20 min. The procedural schematic is shown in Figure 5. 
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Figure 5. Schematic of the post-polymerization process. Different curing-environment 

conditions were applied, viz. immersion in glycerin or moderate–low-pressure vacuum, 

before post-polymerization with an external high-intensity UV curing chamber. 
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3. Fourier transform infrared spectroscopy

Acrylate conversion was analyzed by Fourier transform infrared (FT-IR) 

spectroscopy (Nicolet Is10, Thermo Fisher Scientific, Madison, USA, equipped with an 

attenuated total reflectance (ATR) accessory (Smart Itx)). Since the transformation across 

the polymer sample may not necessarily be uniform, we scanned two points on the surface 

parallel and perpendicular to the build direction (n= 6 for each group). In addition, to 

calculate the DC, liquid resin (non-polymerized) was analyzed for comparison. The DC 

was measured by evaluating the absorbance peak intensity of aliphatic bonds around 1638 

cm-1 and aromatic bonds around 1608 cm-1 wavenumbers using the spectral analysis

software (OMNIC, Thermo Fisher Scientific, Madison, USA). 

The peak heights were measured with respect to the baseline determined. All the 

experiments were performed with a resolution of 4.0 cm-1, averaging 32 scans for each 

spectrum, and a wavenumber range of 650–4000 cm-1. The DC was calculated as follows: 

DC% = 1 − [
[𝑎𝑏𝑠(𝐶=𝐶)1638/𝑎𝑏𝑠(𝐶=𝐶)1608]

𝑝𝑜𝑙𝑦𝑚𝑒𝑟𝑖𝑧𝑒𝑑

[𝑎𝑏𝑠(𝐶=𝐶)1638/𝑎𝑏𝑠(𝐶=𝐶)1608]
𝑚𝑜𝑛𝑜𝑚𝑒𝑟

] × 100 (1)
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4. Scanning electron microscopy

The material surfaces were characterized by scanning electronic microscopy (SEM; 

S-3000N, Hitachi, Krefeld, Germany) at 15.0 kV acceleration voltage. The samples were

attached to a sample holder and coated with a 100-nm layer of Pt. Image acquisition was 

performed at 400× and 1000× magnifications for the directions parallel and perpendicular, 

respectively, to the build direction of the specimen. 

5. Vickers microhardness

The surface microhardness of the 3D-printed resin specimens was measured five 

times for each specimen using a microhardness instrument (MMT-X, Matsuzawa, Akita, 

Japan) and reported as a Vickers hardness number (VHN) (n= 6 for each group). An 

indenter with a 136° angle was forced into the surface using a load force of 300 gf and a 

dwell time of 25 s. The result was reported as the average of all indented locations for each 

specimen. 

6. Flexural strength and modulus

The flexural strength and modulus of the specimens was determined based on the 

International Standards Organization (ISO) standard 20795-1:2013 (n=9 for each group). 

The variations in the flexural strength and modulus of the 3D-printed specimens were 

characterized through a 3-point bend test using a universal testing machine (Instron 3366, 

Instron Corp, Norwood, USA), after 48 h storage in distilled water at 37 ℃. Before testing, 
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the width and height of each sample were measured by a digital caliper (Mitutoyo, 

Kanagawa, Japan). 

For testing, the specimen was mounted on a 3-point fixture with a 50 mm support 

distance, and a load was applied until fracture at a crosshead speed of 5 mm/min. The 

flexural strength (σ) and flexural modulus (E) were calculated in MPa according to the 

following formula: 

𝜎 =
3𝐹𝑙

2𝑏ℎ2 (2) 

𝐸 =
𝐹1𝑙3

4𝑏ℎ3𝑑
(3) 

where F is the maximum applied load (N);   

𝑙 is the distance (mm) between the supports. 

b is the width of the test specimen (mm);  

h is the height of the specimen (mm);  

F1 is the load (N) at a point in the straight-line portion of the load/deflection curve; 

and  

d is the deflection (mm) at load F1 

7. Water sorption and solubility evaluation

For evaluating the water sorption and solubility, disk-shape specimens were prepared 

according to a previous method (n=5) (Shin et al., 2020). Specimens for each group were 
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placed inside a desiccator containing freshly dried silica gel. The desiccator was stored in 

an incubator for 24 h, and the specimens were weighed. This process was repeated until a 

mass, (m1), was achieved, with a difference not more than 0.2 mg between successive 

weights. At the conditioned mass point, the volume (V, mm3) of each specimen was 

determined using the mean of five thickness measurements.  

Subsequently, specimens were immersed in distilled water and kept at 37 °C for 

seven days in a water bath. Then, the specimens were retrieved, excess water was blot dried, 

and then the samples were weighed (m2). After that, specimens were reconditioned to a 

consistent mass in the desiccator, as described above, and this mass was recorded as the 

mass of the reconditioned specimen (m3). The water sorption, Wsp, and water solubility, Wsp, 

were calculated (mg cm3) as follows to analyze the effect of artificial aging on sorption and 

solubility. 

𝑤𝑠𝑝 =
𝑚2−𝑚3

V
(4) 

𝑤𝑠𝑙 =
𝑚1−𝑚3

V
(5) 

8. Dynamic mechanical analysis

The dynamic mechanical properties of storage modulus (E') and loss modulus (E'') 

of the samples with different post-polymerization conditions were investigated using 

dynamic mechanical analysis (DMA; DMA Q800, TA Instruments) in double-cantilever 

mode with a constant frequency of 1 Hz. A temperature ramp from −50 to 200 °C was 
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performed at a constant heating rate of 5 °C/min with an amplitude of 10 µm under an air 

atmosphere.  

DMA typically separates the dynamic mechanical response of the samples into 

elastic and viscous parts. The energy stored in the material is indicated by E'. In contrast, 

in the viscous region, E'' represents the ability of the polymer to dissipate cyclic applied 

energy. The Tg values were calculated from the maximum of the loss factor, tan δ (E''/ E') 

curve, which encompasses both the elastic and viscous behavior. 

9. Statistical analysis

Data distributions were checked for normality using the Shapiro–Wilk test. One-way 

ANOVA was used to statistically compare the different post-polymerization conditions for 

the same temperature and the Tukey method was used for post-hoc testing. In addition, the 

t-test was performed for each post-polymerization condition to compare the results for the

samples prepared at RT or 80 °C. For all tests, the results were analyzed by two-way 

ANOVA, considering the post-polymerization condition and temperature to analyze the 

interactions within the main factors. The level of significance (p value) was set at 0.05 (95% 

confidence interval) for all tests. All statistical analyses were performed using SPSS 

statistical software (IBM SPSS Statistics v25.0, Chicago, IL, USA). 
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III. RESULTS

1. Degree of conversion

The increase in temperature resulted in a significant increase in DC for the GL 

group (p < 0.001), while the DC of the VA group decreased (p < 0.05). The changes 

for the CON group were not significant with increase in temperature (p = 0.719). 

Comparing the same temperature conditions, at RT (Figure 6A, B) there was no 

difference between the GL (68.60±4.35%) and VA (65.30±4.60%) groups. However, 

the difference between DC values for the CON group (55.53±7.88%) and those of 

both GL and VA groups was significant (p < 0.001). For the 80 °C samples (Figure 

6A, C), DC significantly (p < 0.001) increased in the order of CON (56.22±5.16%), 

VA (61.16±5.98%), and GL (78.30±8.51%).  

The two-way interaction between the factors was statistically significant between the 

post-polymerization and temperature conditions (p = 1.36×10-6). 
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Figure 6. Degree of conversion evaluated using FTIR. (A) DC values for all groups. The 

same upper and lower-case letters indicate no significant difference within and between the 

groups, respectively (p < 0.05). Representative absorbance curves were obtained for three 

groups (B) at room temperature and (C) at 80 °C.  
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2. Microstructure  

SEM was used to analyze the difference in surface morphology in the vertical and 

horizontal planes of the 3D-printing direction. Figure 7 shows the layer-by-layer surface. 

A gap can be seen between the vertical structures of the samples. Comparing this gap 

between the RT and 80 ℃ samples clearly indicates that the structures of the GL group 

post-cured at 80 ℃ were bonded better than those cured at RT.  
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Figure 7. SEM micrographs (400×) obtained from unpolished 3D-printed specimens, in 

the direction perpendicular to the build direction. The interlayer region shows notable 

differences in maturation and continuity between the groups. The double-sided arrows 

indicate the interlayer distance. 
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Figure 8 compares the morphology of the top surface layer of all samples. For the 

samples post-cured at RT, the GL group had the smoothest surface, while the surface of the 

CON group was rough. For the samples post-polymerized at 80 ℃, all exposed surfaces 

were rougher than those produced at RT. As for the RT-cured samples, the surface of the 

CON group cured at 80 °C showed more pronounced surface texture than the other groups. 

When comparing the groups intended to block oxygen, the VA group had a slightly 

smoother surface.  
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Figure 8. SEM micrographs (1000×) obtained from unpolished 3D-printed specimens in 

the direction parallel to the build direction.  
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3. Vickers microhardness 

The surface microhardness results are shown in Figure 9. The higher 

temperature significantly increased the surface micro-hardness (p < 0.001).  

Comparison of the RT groups showed significant (p < 0.001) differences with 

the highest VHN values observed for the VA group (12.55±1.21), followed by the GL 

group (10.76±1.05), and finally the CON group (8.58±1.56). Significant (p < 0.001) 

differences were also observed for the samples post-cured at 80 °C; the CON group 

showed the lowest hardness (12.78±0.77), followed by VA (15.12±0.66) and GL 

(17.17±1.50) groups. 

The results of two-way ANOVA showing interaction between the factors was 

statistically significant between the post-polymerization and temperature conditions 

(p = 5.08×10-15). 
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Figure 9. Vickers microhardness (VHN) values for three groups post-polymerized at RT 

or 80 °C. Different upper-case and lower-case letters indicate significant differences within 

the post-polymerization or temperature groups, respectively (p < 0.05). 
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4. Flexural strength and modulus 

The results and statistical differences are presented in the Figure 10 and Table 1, 

respectively. The increase in post-polymerization temperature produced significant 

increase in both flexural strength (p = 0.003) and modulus (p = 0.001) for the VA group. 

For the samples processed at 80 °C, post-polymerization oxygen shielding significantly (p 

< 0.001) increased the flexural modulus in both VA and GL groups compared to CON. 

However, the flexural strength did not show significant differences (p = 0.084). For the RT 

samples, neither the flexural modulus (p = 0.140) nor strength (p = 0.623) had statistically 

significant differences between post-polymerization protocols. Two-way ANOVA showing 

interaction between the oxygen shielding in post-polymerization and temperature 

conditions was significant for the flexural modulus (p = 0.036), while the strength results 

were non-significant (p = 0.083). 
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Figure 10. Three-point flexural test results. (A) Flexural strength and (B) flexural modulus 

as a function of the post-polymerization and temperature conditions. Significant differences 

are presented by different upper-case and lower-case letters, within the post-polymerization 

and temperature groups, respectively (p < 0.05). 
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Table 1. Flexural strength and flexural modulus of specimens fabricated using various post-

polymerization conditions and temperatures (mean ± SD). 

Condition Temperature 
Flexural strength 

(MPa) 

Flexural modulus 

(MPa) 

CON 
RT 85.15 ± 12.27 2035.17 ± 405.42 

80 °C 91.24 ± 13.93 2037.99 ± 369.15 

GL 
RT 81.54 ± 9.27 2320.01 ± 292.77 

80 °C 88.58 ± 14.73 2593.74 ± 349.66 

VA 
RT 80.43 ± 10.25 2284.71 ± 232.90 

80 °C 104.56 ± 17.56 2900.99 ± 394.81 
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5. Water sorption and solubility evaluation

A graphical representation of the statistical differences is shown in Figure 11 

and the mean±SD values are presented in Table 2. The higher temperature 

significantly reduced Wsp in the CON group (p < 0.01), while the GL (p = 0.056) and 

VA (p = 0.417) groups did not show statistically significant differences. In contrast, 

with higher post-polymerization temperature significant differences in water 

solubility were observed for all groups (p < 0.001).  

For water sorption, the oxygen-shielding post-polymerization protocol 

produced no significant differences between the groups at either RT (p = 0.059) or 

80 °C (p = 0.068). The Wsl at RT was significantly (p = 0.001) higher for the GL group 

compared to both VA and CON groups. However, the groups presented no statistical 

differences at 80 °C (p = 0.060). 

Two-way ANOVA showing the interaction between oxygen-shielding during 

post-polymerization and temperature showed a significant outcome for both sorption 

(p = 0.006) and solubility (p = 0.005). 
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Table 2. Water sorption and water solubility of specimens fabricated using various post-

polymerization conditions and temperatures (mean ± SD). 

Condition Temperature 
Water sorption 

(µg/mm3) 

Water solubility 

(µg/mm3) 

CON 
RT 21.96 ± 0.47 4.17 ± 0.21 

80 °C 20.27 ± 0.66 0.60 ± 0.47 

GL 
RT 21.95 ± 0.54 5.15 ± 0.80 

80 °C 20.96 ± 0.83 1.65 ± 0.47 

VA 
RT 21.26 ± 0.20 3.55 ± 0.33 

80 °C 21.70 ± 1.07 1.67 ± 0.72 
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Figure 11. Water sorption and solubility results following water immersion. (A) Water 

sorption and (B) solubility of the samples processed at room temperature or 80 °C. 

Different upper-case and lower-case letters indicate significant differences within the post-

polymerization and temperature groups, respectively (p < 0.05). 



36 

 

6. Dynamic thermal behavior 

The E’ and E’’ versus temperature relationships of each group obtained from DMA 

measurement at 1 Hz is as shown in Figure 12. The E’ curves were strongly temperature 

dependent, and also influenced by the post-polymerization protocol. In contrast to the green 

state (GS), all groups showed higher moduli values at all temperatures during DMA. 

Specifically, comparing the E’ results of the groups of samples processed at room 

temperature, small but notable differences between the GL and VA groups and the CON 

group were observed up to 120 °C, which could indicate a higher density and stiffness after 

oxygen-shielding treatment. 

The E’’ curves representing the energy dissipation of the GL, VA, and CON groups 

showed a temperature dependence during heating in the DMA tests, which was in marked 

contrast with the GS group. Specifically, in the comparison of the groups of samples treated 

at RT, the curves of both the VA and GL groups show peak modulus values at a higher 

temperature than that of the CON group. The curves of the samples post-polymerized at 

80 °C showed a similar trend to the corresponding RT groups. However, notably, the GL 

group showed a remarkable increase in both E’ and E’’ after treatment at 80 °C, while the 

CON and VA groups had similar values for both treatment temperatures. 

The relationship between the two moduli, also known as the loss factor tan δ was 

used to derive Tg. (Table 3). Similar trends in Tg values were observed for the groups treated 

at both RT and 80 °C, viz GL>CON>VA. A clear increase in Tg with the increase in post-

polymerization temperature was observed.  
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Figure 12. Variations of storage modulus (E') and loss modulus (E") with temperature 

during DMA tests of the various groups subjected to post-polymerization at (A) RT or (B) 

80 °C compared to the green state (GS). 
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Table 3. Glass transition temperatures (Tg/°C) of the 3D-printed polymers with different 

post-polymerization protocols. For reference, the Tg of the GS before post-polymerization 

treatment was 65.9 °C. 

Group RT 80 °C 

CON 125.27 142.52 

GL 125.62 143.30 

VA 123.71 142.16 
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IV. DISCUSSION

Different strategies, such as curing in an oxygen-depleted atmosphere and/or 

physically creating a barrier against oxygen diffusion, were considered as approaches for 

limiting the oxygen-inhibition effect on resin polymerization. The effects of oxygen 

suppression on the cured resin were reported in several studies using resin-based 

composites (RBCs). While RBCs can achieve a near complete cure in a single step, AM 

involves an initial printing step after which the DC is usually below 50%, subsequently 

requiring a post-polymerization process in the second stage.  

The two-stage process towards the completion of polymerization makes the AM 

resin polymers more susceptible to polymerization inhibition in the presence of oxygen. 

Although the DLP printing stage is believed to be resistant to oxygen inhibition, the post- 

polymerization stage can be influenced by the oxygen present in the immediate 

environment. Therefore, this study aimed to determine how the oxygen-blocking method 

used during the post-polymerization process of 3D printing could affect the properties of 

the resulting resin specimens. We found significant differences in the DC and mechanical 

properties between the different post-polymerization conditions, that is, conventional air-

exposed curing and curing under conditions that aided in blocking oxygen diffusion. 

Additionally, we observed that the post-polymerization temperature had a significant 

influence on the properties within the groups. Considering this, the second null-hypothesis 

was rejected, while the others were partially rejected, as the flexural strength did not show 
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statistically significant differences. 

Oxygen shielding with glycerin has been a method of choice for protecting resin 

surfaces exposed to environmental oxygen during curing (Park and Lee, 2011). The 

oxygen-blocking mechanism of glycerin is believed to be due to the chemical properties of 

glycerin, whereby the aqueous glycerin solution resists the diffusion of oxygen from the 

surrounding environment, effectively limiting oxygen permeation to the outermost surface 

of the resin. In addition, glycerin enables a microscale interaction by virtue of its low 

viscosity, resulting in oxygen dissociation until the oxygen concentration in the oxygen 

suppression layer and the glycerin are in equilibrium. The established oxygen gradient 

effectively frees the polymerization initiator, which can be stimulated to continue 

polymerization. 

In contrast to the chemically dominant effect of glycerin, the use of a moderate-to-

low-pressure vacuum chamber is a physical method whereby an oxygen-deficient 

environment was created in the immediate vicinity of the specimen. The negative pressure 

then retards the free diffusion of oxygen and changes the polymerization environment. 

Furthermore, when polymer chains are exposed to high radiation in vacuo, the mobility of 

free radicals increases with increasing reaction energy (Decker, 1998). In addition, such a 

reaction can proceed at RT if sufficient time is allowed for the monomer to diffuse to the 

active centers. With the aforementioned oxygen shielding protocols post-polymerization 

stage was modified for specimen groups and the changes in the properties of the AM 

polymer was compared.  
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On evaluating the degree of conversion, the GL and VA groups displayed notably 

different DC compared to the CON group, while the DC of the GL group was significantly 

higher than that of the VA group. In general, oxygen reacts with free radicals to form less 

active peroxyl radicals. Since this reaction is more pronounced near oxygen-rich surfaces, 

it was limited when oxygen was blocked by direct contact with the specimen surface (Zhao 

et al., 2016). Moreover, in the present study, with due consideration of limiting shape 

deformity, a moderate–low-pressure environment was used. While the oxygen content can 

be greatly reduced under such conditions, it cannot be eliminated completely. Therefore, 

the DC differences between the GL and VA groups could be attributed to a combination of 

these factors.  

Additionally, when comparing the two reaction temperatures (RT and 80 °C), the GL 

group showed the most significant differences in properties. It is proposed that the reaction 

rate of radicals and monomer motion were enhanced at higher temperature. Similarly, the 

higher temperature affects the energy of free oxygen and can increase oxygen diffusivity. 

In addition, as glycerin was in direct contact with the post-polymerization specimen, it 

acted as a direct heat-transfer media upregulating the temperature response, which helps 

explain the lower DC observed for the VA group at 80 °C. Under the VA conditions, only 

an oxygen-deficient environment was achieved, whereas the GL conditions provided a 

physical liquid barrier. In contrast, the CON group showed no temperature dependence. 

Comparing the findings with the results of previous studies, it was confirmed that the DC 

increased not only with temperature but also with curing time for double-bond conversion 
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processes (Bayarsaikhan et al., 2021; Kim et al., 2020). Although the temperature is one of 

many factors affecting the polymerization reaction during post-polymerization, the 

relationship between the time and environment are equally relevant. Zhao et al. confirmed 

that the interfacial strength increased after a long curing time because the presence of 

oxygen slowed the rate of double-bond conversion (Zhao et al., 2016). Therefore, in this 

study, since the presence of oxygen was the dominant factor affecting the CON specimens, 

it can be inferred that the temperature did not significantly affect the polymerization rate 

under the same time conditions. In addition, the selected vacuum conditions applied to the 

VA group in this study may not have been sufficient to block oxygen to the same extent as 

the glycerin, because of the factors discussed earlier. 

Conversely, Katheng et al. proposed a long polymerization step at a low temperature 

owing to the negative impact of over-elevated temperatures that can possibly provide 

unsuitable conditions for effective curing (Katheng et al., 2021). Therefore, it is necessary 

to observe the effect of time as a factor along with the modified post-polymerization 

environments to clarify the differences in DC, especially between the CON and VA groups. 

The Vickers hardness test has been primarily used as a widely available method for 

determining whether an adequate degree of polymerization has been achieved (Ferracane 

et al., 2017). In this study, the DC was calculated from the intensity of spectroscopy peaks 

that can be used to quantify the amount of residual double bonds from the monomer, 

whereas the micro-hardness is indicative of the cross-linking stability of the polymer (Tarle 

et al., 2015). Hence, the interpretation of the polymerization efficiency from two different 
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perspectives is feasible. The results of the present study were also in mutual agreement, in 

particular, the microhardness values and DC measurements performed sequentially on the 

same specimen.  

In this study, the differences between the flexural strength and modulus of each group 

were investigated. A three-point bending method was used for flexural strength 

measurements by applying a force to the plane perpendicular to the build direction. The 

CON, GL, and VA groups had similar flexural strength, indicating a non-significant effect 

of the post-polymerization conditions (oxygen content and temperature). Shim et al. 

showed that the bending strength is mostly dependent on the printing direction and 

interlayer characteristics, e.g., adhesive strength (Shim et al., 2020). Therefore, the 

observed increase in hardness under oxygen-shielding conditions probably improved the 

physical properties of the outermost layer, rather than achieving bulk polymerization (Aati 

et al., 2021). 

In contrast with the flexural strength results, significant differences in the flexural 

modulus values were observed between the CON, GL, and VA groups. Furthermore, the 

VA group was positively affected by increasing the temperature, i.e., a higher modulus was 

observed for the specimens treated at 80 °C than at RT. It is plausible that the strong 

aqueous properties of glycerin (Dossat et al., 1999), may have had an effect similar to 

plasticization by making it easier to bond with water while the specimen was in distilled 

water for conditioning prior to testing. Subsequently, unlike GL, the reactive polymer 

structure of the PMMA-type resin was not altered in the specimen under the otherwise dry 
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environment when post-cured under vacuum. However, the study of Scherer et al. presented 

contrasting results, where a decrease in strength was observed after post-polymerization 

conditions involving immersion in glycerin and water, and a higher strength was observed 

for the conventional dry phase (Scherer et al., 2021). Although their study used similar 

post-polymerization conditions as the present study (dry and glycerin immersion), they 

observed a negative effect of glycerin immersion, which was made worse by the fiber-like 

deterioration of the surface and longer curing time (25–40 min). Considering this, the 

surface changes were observed via SEM across all study groups using similar methodology, 

but no fiber-like deterioration was observed for the present specimens. 

The results of the flexural properties are representative of the isothermal behavior of 

a pre-conditioned specimen. Moreover, the static flexural test methods are limited to 

providing information about the structure and related physical properties (Whiting and 

Jacobsen, 1980). In contrast, DMA, which provides information about the effect of the 

degree of co-polymerization and the presence of cross-links on the mechanical properties, 

which can better predict the clinical performance of dental materials subjected to changes 

in temperature or cyclic masticatory loads in the oral cavity (Saber-Sheikh, 1999). In 

addition, DMA facilitates the identification of Tg of a polymer with high cross-linking 

tendency (Fadda et al., 2010; Wilson and Turner, 1987). The DMA results presented here 

showed a notable trend between the groups with an obvious increase in storage and loss 

moduli and Tg with an increase at higher post-polymerization temperature. The Tg also 

shifted towards higher temperatures for the GL group, while those of the VA and CON 
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groups were comparable. These results could also be interpreted considering the DC trend 

showing a clear response to conditioning with GL during post-polymerization. A higher DC 

results in a higher network density and storage modulus (Steyrer et al., 2018). As a result 

of this study, it was observed that Tg was in range of 123–143 °C under all post-

polymerization conditions. 

Molecules absorbed by the resin have a lubricating effect that causes the polymer 

chains to spread and facilitates slippage. This effect is called plasticization and water is a 

known plasticizer of acrylate-type polymers (Anusavice et al., 2012). Therefore, evaluating 

water sorption and subsequent solubility in polymerized PMMA is considered essential. In 

the present study, no significant differences in the water absorption were observed between 

the groups after a 7-day period. However, the solubility analysis, i.e., the weight loss due 

to drying, showed significant differences for the specimens treated at RT. The highest 

solubility values were observed in the GL group, where glycerin was the chemical mode of 

oxygen shielding. Glycerin is rich in hydroxyl groups (reactively strong primary and 

accessory secondary and tertiary groups) and is also a known plasticizer (Dossat et al., 1999; 

Luna et al., 2016). During the post-polymerization period, glycerin molecules could bind 

to the oligomer structure and be present to some extent within the bulk polymer structure. 

However, the glycerin molecules have a much higher affinity towards water molecules and 

display preferential binding. It could thus be suggested that the water loss step and the 

magnitude of solubility are affected by the loss of glycerin and bound molecules retained 

during the post-polymerization process. Moreover, this could explain the reduced flexural 
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properties of the GL group in contrast to VA specimens pre-conditioned in water. 

In recent years, studies of commercial nitrogen-substituting post-polymerization 

units have demonstrated 3D printing resins with high DC values for temporary crown-

bridge applications (Mayinger et al., 2021; Reymus et al., 2019). However, the operating 

principle and parameters such as the wavelength and curing time vary depending on the 

type of commercial unit, which are also dimensionally restricted regarding the denture base 

dimension.  

Some limitations of the present study should be mentioned. First, the inherently low 

elastic modulus of PMMA (particularly in the GS) makes it susceptible to dimensional loss 

under high-vacuum conditions. Although decreasing the vacuum pressure can effectively 

reduce the oxygen concentration, it can make denture base design susceptible to 

deformation. Although the observations from the present study confirm vacuum-based 

oxygen inhibition as an effective post-polymerization protocol, future studies addressing 

the effect of the vacuum pressure and the possible role of inert gas substitution are needed 

for further optimization.  

This study was designed to minimize the bias due to various variables to allow 

objective comparison by observing the effect of oxygen shielding using glycerin (liquid 

barrier) and vacuum (dry). However, as discussed earlier, factors such as the time and 

temperature can also influence the DC of 3D-printed resins. Therefore, follow-up studies 

that can demonstrate the interrelationship with various factors will aid the development of 

a standard post-polymerization protocol as a critical step in resin-based AM.  
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V. CONCLUSIONS

This study compared the effect of the oxygen shielding method and temperature of 

post-polymerization on the physical properties of 3D-printed acrylic resin. The null 

hypothesis was partially rejected, and the following conclusions were drawn: 

1. The surface properties showed a significant (p < 0.05) enhancement with glycerin

immersion, with a notable increase in microhardness and DC.

2. Dry moderate–low-pressure vacuum conditioning showed significant (p < 0.05)

increases in the DC and surface microhardness compared to the control, although the

glycerin group showed better overall performance.

3. The properties of 3D-printed PMMA were positively influenced by the elevated

temperature during post-polymerization. All three post-polymerization conditions

showed a significant improvement in dynamic mechanical properties of specimens

treated at higher temperature.

4. In the post-polymerization process, temperature and conditions showed an

interactive effect on the mechanical properties, except for flexural strength (p < 0.05).

Therefore, it was concluded that during post-polymerization, the immediate environment 

with elevated temperature and oxygen inhibition can influence the polymerization reaction 

and subsequent properties of 3D-printed specimens. Despite possible limitations, it is 

recommended that post-polymerization processing by immersion in glycerin at high 

temperature could improve the properties of 3D-printed appliances 
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ABSTRACT (KOREAN) 

 

후-중합 과정에서 3D 프린팅 된 광중합체에  

다양한 온도와 함께 글리세린 또는 진공을  

사용한 산소 차단 효과 평가 

(지도교수 김 종 은) 

연세대학교 대학원 응용생명학과 

임 정 화 

 

디지털 치과의 발전과 함께 맞춤형 접근 방식을 제공하는 적층 제작 방식은 자

유형 디자인을 필요로 하는 치과 보철물 제작에 진보된 해결책을 제공할 수 있다. 적

층 제조에 사용되는 감광성 수지는 자외선 조사에 의해 자유 라디칼 중합으로 경화되

며, 고분자의 높은 전환율은 우수한 기계적 특성을 달성하는데 도움을 준다. 하지만 

중합과정에서의 산소와의 반응은 중합을 억제하고 경화되지 않은 중합체를 생성한다. 

또한 온도 변화와 같은 다른 요인도 즉각적인 미세 환경과 상호 작용하면서 후-중합 

효과에 영향을 미칠 수 있다. 따라서 본 연구에서는 후-중합 단계에서 (1) 산소 차단, 
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(2) 다양한 후-중합 온도는 최종 광중합체 특성에 영향을 미칠 수 없고, (3) 두 요인

간 상호작용이 없다는 귀무 가설을 검증하였다. 

의치상 베이스용 수지를 사용하여 3D 프린팅 된 시편은 글리세린에 담그거나

(GL 군), 5.0×10-2 Torr의 중-저 진공 챔버(VA 군)에 넣어 후-중합 하였다. 추가적

인 컨디셔닝 없이 경화된 시편은 대조군으로 사용되었다(CON 군). 또한, 온도 변화의 

작용을 고려하여 모든 그룹을 80 °C와 실온에서 비교하였다. 푸리에 변환 적외선 분

광 분석법(FT-IR)을 사용하여 경화된 시편의 표면에서 단량체 전환을 직접 측정하였

다. 또한, 표면 미세경도, 굴곡강도 및 탄성, 물의 흡수 및 용해도를 통해 기계적 물성

을 정량화 하였다. 온도에 대한 그룹 간에 굴곡 탄성계수의 경향을 관찰하기 위해 동

적 기계적 분석(DMA)을 수행하였다. 후-중합 조건에 따른 표면의 차이를 주사전자현

미경(SEM) 이미지를 통해 정성적으로 차이를 관찰하였다.  

모든 결과는 요인 내 상호 작용을 확인하기 위해 후-중합 조건과 온도를 고려

하여 이원 배치 분산분석에 의해 통계적으로 분석되었다. 다양한 후-중합 조건을 비

교하기 위해 일원 배치 분산분석을 수행하였으며, 사후 검정으로 Tukey 방법을 사용

하였다. 마지막으로 후-중합 조건에 대해서 온도 변화의 영향을 t-test를 사용하여 

비교하였다. 유의 수준은 모든 테스트에 대해 0.05(95% 신뢰 구간)로 설정되었다. 

후-중합 동안 산소의 차단은 수지 표면의 전환율과 경도의 증가를 보였다. 전

환율은 실온과 80 °C에서 모두 GL 군에서 가장 높게 나타났다. 이는 수지 표면의 

SEM 현미경 이미지에서도 볼 수 있다. 그러나 실온과 80 °C 에서는 차이가 관찰되었

다. 굴곡 탄성은 80 °C에서 GL 군이 가장 높았고, VA 군이 그 뒤를 이었으며, CON 

군이 가장 낮았다. 물의 흡수도는 모든 군에서 차이를 보이지 않았지만, 실온에서 GL 
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군에서 높은 용해도가 보였다. 전반적으로 실온 보다는 80 °C에서 후-중합 했을 때 

효과의 차이가 높게 관찰되었다. 유리전이온도(Tg)에 대한 DMA 분석 결과 모든 그룹

이 비슷한 경향을 보였으며, 동일한 실험에서 저장 탄성률과 손실률은 GL, CON, VA 

순으로 감소하였다. 

결론적으로 높은 온도에서 산소 차단된 후-중합 환경은 감광성 레진의 기계적 

특성을 효과적으로 향상시킨다. 따라서 연구의 한계 내에서 높은 온도에서 산소 확산

에 대한 장벽으로 글리세린을 사용하여 치과 응용 분야에서 3D 프린팅 레진의 특성

을 개선하는 것이 추천된다. 

 

핵심되는 말: 3D 프린팅, 후-중합, 산소 차단, 전환율, 기계적 특성, 동적 기계 분석 

 

 


