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Abstract: This study compared the surface roughness, contact angle, surface energy, residual
monomers, degree of conversion, and flexural strength of 3D-printed dental resin under various
washing conditions. The specimens were printed with a digital light processing (DLP) printer and
were divided into four groups: the group dipped in IPA for 5 s (IPA-D), the group washed in IPA
for 1 min (IPA-1), the group washed in IPA for 10 min (IPA-10), and the group washed with TPM
for 10 min (TPM-10). Following, the groups were redivided into two groups: a cured group and
an uncured group. All experimental data were statistically analyzed using one-way analysis of
variance and Tukey’s test. In all groups, the surface roughness showed a value of 1.2–1.8 µm, with
no significant difference (p > 0.05). Contact angle showed a significant difference between the three
groups using IPA and the TPM group, whereby the TPM-washed specimen showed a low contact
angle (p < 0.05). The degree of conversion (DOC) increased in the following order: IPA-D group,
IPA-1 group, IPA-10 group, and TPM-10 group, exhibiting a significant difference between all groups
(p < 0.05). Flexural strength was measured at 110–130 MPa in all groups, with no significant difference
between groups (p > 0.05). The washing time and washing solution type of the 3D printing material
had no significant effect on surface roughness and flexural strength.

Keywords: 3D printing; washing time; IPA; TPM; degree of conversion

1. Introduction

Currently, 3D printing is being widely used in the dental field [1,2]. The development
of various materials based on polymers has made it possible to replace existing dental
restorations and devices [1,3]. As the use of 3D-printed dental restorations based on the
digital method is increasing, the research and products are under development [4].

Accuracy is probably the most important factor in the production of 3D-printed
dental restorations because dental care cannot be established if accuracy is not guaranteed.
Therefore, when 3D printing is applied to dentistry, it is crucial for dental clinicians to
make accurate and precise printouts, and as of now, the various research on this topic
is performed and related results have been published [5,6]. Several points should be
considered to improve the accuracy of the 3D-printed outcome. First of all, the light
source, a method for controlling the amount of light, the Z-axis setting, and a method for
overcoming mechanical errors should be determined. After that, the suitable materials
for printing need to be selected and developed. Once the printer and material have been
selected, the next thing to consider is the method of printing. Accordingly, studies and trial
and errors about this topic have been published, such as the thickness of the printing layer,
the speed of printing, and the position and number of supporters for the stacked layer [7].
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However, the 3D printing process used in actual clinical practice does not only require
a printed outcome. The current 3D printing process consists of following three-steps;
removing the supporter, washing, and post-curing after printing. Therefore, it is impossible
to printout the exact restoration without considering the post-processing conditions. Many
printing companies provide guidelines for this, but the guidelines are specific to each
company, and the academic basis for this is still poor. Therefore, many clinicians are
conducting research on washing and post-curing processes [8–11]. In particular, research
on the post-processing process is very sparse compared with research on improving the
accuracy of the printing process [12–14].

Therefore, the goal of this study is to comparatively evaluate the characteristics of
3D-printed outcomes under various washing conditions. The temporary resin specimen
for this study was printed out. The resin, a photopolymer acrylate type resin, is a material
widely used in 3D printing because of its aesthetic color and the ease of process and
polishing procedure. After the printouts, the surface characteristics and the degree of
conversion (DOC) were measured, and the effect on flexural strength after post-processing
was evaluated. The null hypothesis of this study is that there is no difference in surface
properties, the DOC, and flexural strength according to the various cleaning conditions.

2. Materials and Methods
2.1. Experimental Materials

The photopolymer resin (Vericom MAZIC D TEMP, Vericom, Gangwon-do, Korea)
used for temporary crown was used in this study (Table 1). Disk-shaped specimens were
printed out using a digital light processing (DLP) printer, Hunter (Flashforge 3D printer,
Jinhua, China). It was designed to be 10 mm in diameter and 2 mm in thickness using
the CAD software program (Meshmixer, Autodesk). The groups were divided according
to washing methods and materials. Isopropylalochol (IPA, Vaxxen Labs, Cortland, Ohio,
USA) and tripropylene glycol monomethyl ether (TPM, Formlabs, Somerville, MA, USA)
were used as the washing solutions for cleaning the specimen. According to the regulations
recommended by the manufacturer, the TPM group was applied for 10 min.

Table 1. The component of photopolymer resin (MAZIC D TEMP).

Photopolymer Resin

Monomers Methacrylic oligomers

Crosslinking agent Phosphine oxide

2.2. Experimental Groups

According to washing conditions, a total of 80 specimens were classified into 4 groups:
the IPA-D group was dipped with isopropylalochol for 5 s, the IPA-1 group was washed
with isopropyl alcohol for 1 min, the IPA-10 group was washed with isopropyl alcohol
for 10 min, and the TPM-10 group was washed with TPM for 10 min. All groups were
washed with the resin washing device (FormWash, Formlabs, Somverville, MA, USA) at
room temperature. After that each group was divided into uncured and cured groups
(Table 2). The surface characteristics were evaluated by using the uncured specimen and
the cured specimens were used for measuring the flexural strength.

Table 2. Experimental groups according to washing conditions.

Dipping with
IPA (IPA-D)

1 min with IPA
(IPA-1)

10 min with IPA
(IPA-10)

10 min with
TPM (TPM-10)

Uncured 10 10 10 10

Cured 10 10 10 10
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2.3. Experimental Method

The surface of the specimen was coated with platinum and observed using a field
emission scanning electron microscope (SNE-4500M Plus, BRUKER, Pleasanton, CA, USA),
and the surface roughness was measured using a nanosurface 3D optical profiler (NV-
E1000, Nano System, Daejeon, Korea). To measure the contact angle, a drop of 4 µL of
distilled water was dropped onto the specimen and 30 shots were taken at 0.1 s intervals
using a contact angle analyzer (video contact angle measuring device: Phoenix 300, SEO
Inc., Suwon, Korea). The surface energy value was also measured. The amount of residual
monomers remaining on the surface after washing was measured with a Fourier infrared
spectrometer (INVENIO-X, BRUKER, USA) in the wavenumber range of 4000–500 cm−1

and with a resolution of 4 cm−1. Ten specimens were tested for each group, and the
degree of conversion (DOC) of each group was calculated using the standard baseline
method by converting the measured transmittance to absorbance. To determine the degree
of conversion, the ratio between unpolymerized aliphatic(C=C) bond at 1640 cm−1 and
the aromatic (C=C) at 1610 cm−1 peaks was used. The uncured aromatic (C=C) bond at
1610 cm−1 peak was used as an internal standard.

DC (%) = 1 − 100 ×
[

Aliphatic polymerized / Aromatic polymerized

Aliphatic unpolymerized / Aromatic unpolymerized

]

Flexural strength was measured after using a post-curing device (LC-3D Print Box,
3D Systems, Rock Hill, SC, USA) for 30 min to cure all residual monomers remaining on
the surface after washing. In the three-point flexural fracture test based on the ISO-178
standard, starting with a preload of 1 N, the load value was measured when the specimen
was broken while applying a load rate of 1 mm/min with a universal testing machine
(Hydraulic type universal testing machine 1000 kN, ELE, Leighton Buzzard, UK).

2.4. Statistical Analysis

Statistical analysis was performed using a statistical analysis program (GraphPad
Prism, Prism 7 for Windows, version 7). One-way analysis of variance and Tukey’s post-
hoc tests were performed. They were used to analyze the influence of washing time and
solution on the temporary resin surface (roughness, contact angle) and its mechanical
characteristics (DOC, flexural strength). All results confirmed the statistical significance at
the p < 0.05 level.

3. Results

After the washing process, the surface aspects of the specimens of each group were
photographed using FE-SEM. For the IPA-D group, which had a relatively short washing
time, it could be observed that suspensions remained on the surface of the specimen, and
groups A and B, which had a relatively long washing time of 10 min, contained relatively
few foreign substances (Figure 1). Surface roughness was measured with a nano surface 3D
optical profiler, and Ra (µm) values were 1.27 ± 0.23 µm for group IPA-D, 1.55 ± 0.60 µm
for group IPA-1, 1.47 ± 0.91 µm for group IPA-10, and 1.86 ± 0.83 µm for group TPM-10.
Between the four groups, no statistically significant difference was found (Figure 2). As
for the contact angle, the results of the TPM-10 group (43.26 ± 0.15◦) were statistically
more significant than those of the IPA-D group (67.74 ± 1.96◦), IPA-1 group (64.58 ± 1.29◦),
and IPA-10 group (63.92 ± 0.07◦). TPM-10 group has a very small contact angle (p < 0.05),
indicating that this surface is the most hydrophilic (Figures 3 and 4). In the case of surface
energy, the TPM-10 group (125.8 ± 0.13 mN/m) had the highest energy compared with
the IPA-D group (100.4 ± 2.31 mN/m), the IPA-1 group (104.0 ± 1.48 mN/m), and the
IPA-10 group (104.8 ± 0.07 mN/m), and the difference was determined to be statistically
significant (p < 0.05) (Figure 5).
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Figure 1. FE-SEM images at 1.0 K magnification after washing the surface of the specimen (A) IPA-D
group: IPA dipping, (B) IPA-1 group: IPA washing for 1 min, (C) IPA-10 group: IPA washing for 10
min, (D) TPM-10 group: TPM washing for 10 min.
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Figure 5. Adhesion energy according to different washing conditions: * significant difference at
p < 0.05.

The amount of residual monomers was measured using a Fourier infrared spectrome-
ter (PerkinElmer, Waltham, MA, USA). From this, the amount of residual monomers could
be evaluated quantitatively. Due to the substituted alkenes, the residual monomers were
calculated from the peak at the 1637 cm−1 [15–17]. The FTIR equation was used to evaluate
the DOC by referencing the result of uncured state [18]. By comparing the DOC for each
resin, the groups washed for a long time such as the IPA-10 and TPM-10 groups were
determined to be approximately 37% and 47%, respectively. The short washing time for the
IPA-D group and the IPA-1 group resulted in a DOC of 27–32%. In particular, the TPM-10
group showed the highest DOC (46–50%), and the statistical significance was confirmed
between the four groups (p < 0.05) (Figure 6). Flexural strength was 131.46 ± 25.97 MPa for
group IPA-D, 133.07 ± 19.37 MPa for group IPA-1, 114.56 ± 20.54 MPa for group IPA-10,
and 114.64 ± 26.76 MPa for group TPM-10. Overall, the four groups showed a value of
about 110–130 MPa. For the groups lacking washing, such as the IPA-D and IPA-1 groups,
the flexural strength was slightly higher, but there was no statistically significant difference
(Figure 7).
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4. Discussion

This study was conducted to examine the characteristics of the surface according to the
various 3D printing washing conditions and to determine the clinically optimal washing
time and washing solution. The experimental results showed no statistically significant
difference in terms of surface roughness and flexural strength, but the evaluation on the
contact angle and the DOC showed the difference. Therefore, the null hypothesis of this
study was partially rejected.

When the contact angle was compared, the surface of the TPM-10 group had the
highest wettability and the highest surface energy compared to the other three groups (IPA-
D, IPA-1, IPA-10). There is still much debate about wetting and bacterial adhesion [19,20].
However, several studies have shown that hydrophobic bacteria colonize on hydrophobic
surfaces [19,21]. Streptococcus mutans, which is most commonly found in the oral cavity,
is a representative hydrophobic bacterium, and the TPM-10 group conducted in the above
study is likely to be more resistant to bacterial adhesion [22]. In the case of amount of
residual monomers, for long washing times, as for the IPA-10 and TPM-10 groups, the DOC
was high because of the small amount of residual monomer. This resulted in a relatively
low DOC. In addition, the IPA-D and IPA-1 groups showed relatively high flexural strength,
but this difference was determined to be not statistically significant.

The surface roughness of dental prostheses has a significant impact on clinical practice.
A rough surface can become easily colonized by bacteria in the oral cavity, and it also
increases the wear of the opposing teeth [23]. Moreover, prostheses with rough surfaces are
not considered to be aesthetically pleasing [24]. In addition, the fit of a prosthesis may be
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poor due to its rough surface, which is the most important factor in clinical situations [25].
This is because if the rough surface of the prosthesis is placed in the mouth, it may act as
an undercut and the possibility of an inaccurate prosthesis margin increases. Because 3D-
printed dental prostheses cannot be polished inside, a smooth inner surface is essential for
restoration. However, according to the results of this experiment, there was no significant
difference in surface roughness according to the washing solution or time. From the SEM
image, residual suspended solids were observed in the IPA-D group, and relatively clear
surfaces were observed in the IPA-10 and TPM-10 groups. The clear surface indicates an
exposed layer which is unique in 3D printouts. In other words, it was speculated that
the well-washed printed surface rather offset the degree of roughness due to residual
suspended solids observed in the IPA-D group because the printed layer was exposed.
The SEM images showed that the IPA-D and IPA-1 groups, which lacked washing time,
showed more residual suspended solids than the IPA-10 and TPM-10 groups. In contrast,
if washing is insufficient, such as for the IPA-D group and the IPA-1 group, the residual
monomers will be cured naturally, which may lead to over-curing, which may have made
the surface lubricated. In the case of the TPM group, the result showed a rougher surface,
but visually from SEM image, it showed a smooth state, and there was no statistically
significant difference between other three groups (IPA-D, IPA-1, IPA-10). As such, the
aspect of surface roughness due to washing should be studied further in the future.

Many studies on residual monomers of dental resins have been reported [26,27]. In
particular, in terms of strength and cytotoxicity, many clinicians are concerned about
residual monomers, and studies are being conducted on the importance of washing along
with efforts to develop substances that are harmless to the human body [28–30]. In addition,
it has been reported that the subsequent amount of polymerized residual monomers has a
negative effect on the marginal adaptation of a temporary crown in clinical practice [31].
Statistical differences between the IPA groups arise only based on the time spent for
washing, which shows that proper time spent on washing is essential in dental practice.
Usually, the DOC of resins fabricated by dental printing resin companies is reported to be
approximately 50–60%, but only the IPA-10 group showed this value in this experiment.
Therefore, it can be said that at least 10 min of washing is required to achieve clinical
precision. The TPM group showed a high DOC, which may imply the lower amount of
residual monomers, compared with that for IPA group. It proves the superb washing ability
of the ether functional groups. Of course, the influence of not only the residual monomers,
but also of the washing solution in the oral cavity should be considered; however, in light
of the results of this experiment, the use of TPM is judged to be more suitable for dental
use than IPA.

Flexural strength was evaluated in accordance with ISO standards, and the measure-
ments were performed after post-curing under the same clinical conditions. In flexural
strength, since there was no statistically significant difference between the specimens,
washing and strength are irrelevant. In all groups, the strength was found to be consis-
tent with the information provided by the resin companies whose products were used in
the experiment (approximately 110 MPa). The reason why the IPA-D and IPA-1 groups
showed relatively high flexural strength is thought to be that many residual monomers
showed a higher resin content as a result of the post-curing process. It is presumed that
the amount of resin increased as the residual monomers, which were not washed off
the surface, were cured after post-curing and hardened. However, this did not result
in a statistically significant difference, and any difficulties in removing the prosthesis
due to the presence of residual monomers will eventually be accompanied by relief dur-
ing the procedure. Therefore, this increase in flexural strength is not expected to be
clinically useful.

This experiment was conducted in a short washing time (10 min or less) which is
useful for 3D printing in dental clinic. However, there is a possibility that the surface
energy may differ depending on the characteristics of the washing material (isopropyl
alcohol, TPM). Therefore, further research is needed to associate washing conditions
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with surface roughness. In addition, the most important part of clinical practice is the
adequate adaptation of a 3D-printed prosthesis in the oral cavity. Therefore, additional
experiments to confirm the marginal adaptation in various oral environments (prepared
teeth or implant abutments) are necessary. However, under these limited conditions, this
experiment showed that even a very short washing time (1 min) was clinically acceptable.
This result can be used as a guideline for dental 3D printing protocols that have not yet
been established.

5. Conclusions

In all four groups, the surface roughness showed a value of 1.2–1.8 µm, and the flexural
strength was measured at 110–130 MPa. The contact angle of the TPM-10 group showed
better wettability compared to other three groups using IPA. The degree of conversion
(DOC) was higher as the washing time increased, and the TPM group showed higher value
than in other three IPA groups.

Within the limitations of this experiment, the following conclusions can be drawn
when a temporary crown is fabricated with 3D-printed resin:

Even if the washing times and methods of 3D printing were changed, there was no
significant difference in the surface roughness of the resin.

However, if the washing time is insufficient, the DOC of resin was low, which is
expected to have a negative clinical effect.

In addition, residual monomers in 3D-printed resin do not clinically affect the
flexural strength.
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