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Abstract Objectives This in vitro study investigated the effects of different postrinsing times
and methods on the surface roughness, surface hardness, and degree of polymeriza-
tion of materials manufactured via stereolithography (SLA).
Materials and Methods A total of 288 disk-shaped specimens were manufactured
using an SLA three-dimensional (3D) printer. The specimens were randomly divided
into nine groups (n¼32) based on rinsing times and methods. The groups were
categorized into three rinsingmethods: automated, ultrasonic, and handwashing, with
rinsing times of 5, 10, and 15minutes using a 99% isopropanol alcohol as a solvent.
Linear roughness (Ra) and area roughness (Sa) weremeasured using a 3D confocal laser
microscopy; the roughness morphology was evaluated by using scanning electron
microscopy. Vickers hardness (VHN) tests were performed using a Vickers microhard-
ness tester. Fourier-transform infrared spectrometry was used to determine the degree
of conversion of treated specimens.
Statistical Analysis Data were statistically analyzed using two-way analysis of variance.
The post hoc Tukey tests were conducted to compare the differences between groups
(p<0.05).
Results The choice of the rinsing time and method affected the surface properties of
the SLA photopolymer resin. The 15minutes of ultrasonic method exhibited the
highest Ra scores (0.86�0.1 µm), while the 15minutes of automated method
presented the highest Sa scores (1.77�0.35 µm). For the VHN test, the 15minutes
of ultrasonic method displayed the highest VHN score (18.26�1.03 kgf/mm2). For
the degree of polymerization, the 15minutes of automated method was initially
identified as the most effective (87.22� 6.80).
Conclusion To facilitate the overall surface roughness, surface hardness, and degree
of polymerization, the optimal choice of postprocessing rinsing time and method for
achieving a clear photopolymer resin was determined to be the ultrasonic method with
a rinsing time of 15minutes.

DOI https://doi.org/
10.1055/s-0044-1786866.
ISSN 1305-7456.

© 2024. The Author(s).
This is an open access article published by Thieme under the terms of the

Creative Commons Attribution License, permitting unrestricted use,

distribution, and reproduction so long as the original work is properly cited.

(https://creativecommons.org/licenses/by/4.0/)

Thieme Medical and Scientific Publishers Pvt. Ltd., A-12, 2nd Floor,
Sector 2, Noida-201301 UP, India

THIEME

Original Article

Article published online: 2024-05-17

mailto:awutsadapornk@nu.ac.th
https://doi.org/10.1055/s-0044-1786866
https://doi.org/10.1055/s-0044-1786866


Introduction

The implementation of computer-aided design and computer-
aided manufacturing (CAD-CAM) systems has revolutionized
the dental profession through the efficient production of a
wide range of dental restorations, including occlusal splints,
orthodontic appliances, fixed prostheses, and complete den-
tures.1 In the realm of dental restoration manufacturing, two
primary methodologies are used: subtractive methods and
additive methods. Stereolithography (SLA) is an example of
additive manufacturing (AM), which involves the gradual
addition of materials, such as thermoplastic filaments or
photocurable resins, to create the intended forms layer by
layer.2 SLA has notable advantages, including high printing
resolution, smooth surface finish, intricate internal geome-
tries, and minimal waste generation, rendering it a highly
promising technology for various dental applications.2–4

Three essential phases form the SLA process: data
processing, manufacturing, and postprocessing.5,6 Data
processing involves utilizing CAM software to define print-
ing and support parameters, as well as the slicing of data in
the standard tessellation language (STL) format. The
manufacturing step encompasses the additive fabrication
of the interim restoration using a three-dimensional (3D)
printer, while the final step involves postprocessing proce-
dures, such as postrinsing and postpolymerizing. The objec-
tive of postrinsing is to remove any residual unpolymerized
liquid resin from the printed object. Commonly used clean-
ing agents for postrinsing include isopropanol alcohol (IPA)
and tripropylene glycol monomethyl ether (TPM). The
surface characteristics, accuracy, mechanical characteris-
tics, and cytotoxicity of AM dental resins can be radically
affected by postrinsing.3,7,8 Various parameters can be
adjusted during the postrinsing process, such as the dura-
tion of rinsing, the cleaning method employed, and the
choice of cleaning solution.5,9

Surface properties play vital roles in determining the
performance and longevity of dental prostheses. Surface
roughness is particularly important because of its potential
impact on the durability of dental prostheses. Increased
roughness can result in minor tissue trauma, creating
microorganism entrapping environments, and thereby con-
tributing to tissue damage and oral diseases.10,11 Surface
hardness is an indicator of a material’s capacity to with-
stand plastic deformation resulting from abrasive forces.
The decreased hardness makes it prone to scratching and
the formation of microcracks. Consequently, dental pros-
theses composed of polymethyl methacrylate may be com-
promised, creating favorable conditions for bacterial
growth. The degree of polymerization plays a crucial role
in determining the physical, chemical, and biological prop-
erties of denture base resins.3,12,13 Elevated temperatures
typically enhance the polymerization process. However,
residual stress release, polymerization shrinkage, and ther-
mal expansion can all contribute to the deformation of
dental restorations overall.14 Previous studies examining
the impact of postrinsing time and methods on differences
in polymerization have been inadequate. Therefore, further

investigation is needed to understand how the postrinsing
method and duration influences the final product.

Limited research has investigated potential variations in
surface properties resulting from different postrinsing times
and AM process methods. In their study, Ammoun et al15

identified that hand washing with ultrasonics consistently
produced better outcomes compared with automated meth-
ods. Regarding the impact of rinsing method and time on
accuracy, Katheng et al16 observed that the denture base
resin wasmore preciselymanufactured using the automated
approach (rinsing times of 10 and 15minutes) and the
ultrasonic method (15minutes). When examining the rela-
tionship between mechanical properties and rinsing meth-
od, “Yellow Magic” or centrifugal force revealed that
specimens treated with IPA displayed reduced fracture loads
in comparison to thosewhowerewashed.17 For this reason, a
variety of cleaning solutions are utilized, and extensive
research has been conducted on the mechanical proper-
ties.3,8,17 When comparing to various cleaning solution, it
was reported that the specimen’s trueness and precision
increasedwith increasing concentration of TPM solvent after
rinsing, in contrast to the IPA solvent group.18 Additionally,
with respect to the duration of rinsing, Lee et al19 found that
interim crowns that were rinsed with IPA for a period of
10minutes had a high accuracy. The studies have indicated
that SLA-printed orthodontic splint materials washed with
IPA for a duration of less than 1hour do not exhibit any
obvious surface changes.7

Despite manufacturer guidelines for specific materials
and printers, the dental literature is lacking regarding the
impact of rinsing times and methods on the surface rough-
ness, surface hardness, and degree of polymerization. Con-
sequently, the primary objective of this research endeavor
was to examine the impact that different postrinsing times
and methods have on the degree of polymerization, surface
roughness, and surface hardness of photopolymer resins
produced by SLA. The null hypothesis is assumed that there
is no significant difference in the surface roughness, surface
hardness, and degree of polymerization among different
postrinsing times and methods.

Materials and Methods

Study Design and Workflow
The study design and workflow of the experimental process
are illustrated in ►Fig. 1. A disk-shaped specimen that con-
forms to the International Organization for Standardization’s
recommended dimensions (ISO20795–1:2013), Dentistry—
Base polymers,20 was digitally designed using CAD software
(Geomagic Freeform; 3D Systems, Rock Hill, South Carolina,
United States). The specimen had a diameter of 10mm and a
height of 2mm. The STL file of the specimen was imported
into 3D printing software (PreForm software; Formlabs,
Somerville, Massachusetts, United States). Support struc-
tures for the disc specimens were generated using slicing
software. Two hundred eighty-eight specimens were manu-
factured using an SLA 3Dprinter (Form2; Formlabs)with 90-
degree angulation and 100-μm layer height, achieving a 25-
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μm XY resolution. The resin printing material utilized was a
clear photopolymer resin (Formlabs). This resin is specifical-
ly designed for the tissue surfaces of hard splints and
orthodontic appliances. The chemical composition of the
resin is detailed in ►Table 1. The printer was calibrated
according to themanufacturer’s recommendations including
laser intensity, calibration between printer and software,
and changes to resin properties for each individual batch, and
all specimens were manufactured simultaneously. A pros-
thodontist (K.A.) performed all the procedures.

After printing, the specimensweremeticulously detached
from the built platform using a removal tool. Subsequently,
288 specimenswere randomly divided into 9 groups (n¼32)
based on rinsing method (automated; A, ultrasonic; U, and
hand washing; H) and three different rinsing times (5, 10,
and 15minutes), utilizing simple random sampling tech-
nique, aiming to achieve an unbiased representation of
specimens in each group (►Fig. 1). Then, fresh 99% IPA
solvent (KT Chemicals, Nishi, Osaka, Japan) was used to
eliminate excess resin from all specimens.

Automated Method
By means of an automated process, the specimens in the
automated group were rinsed in accordance with the man-
ufacturer’s guidelines (Form Wash; Formlabs). During the
specified rinsing times of 5, 10, and 15minutes, the printed
specimens remained attached to the constructed platform.
The specimens were subsequently separated from the plat-
form with care by employing a spatula.

Ultrasonic Method
Before using the ultrasonic method, the specimens were
rinsed with 99% in a wash bottle containing IPA for approxi-
mately 30 seconds. Following that, the specimens were
submerged completely in a glass container containing IPA
and subjected to the corresponding rinsing times in an
ultrasonic bath (AU-16C Ultrasonic cleaner, Aiwa Medical
Industry, Bunkyo, Tokyo, Japan).

Hand Washing Method
The hand washing method utilized two plastic buckets with
dimensions of 16�16�16 cm3 from the Formlabs Finish Kit
(Finish Kit, Formlabs) as shown in ►Fig. 2. IPA solvent was
added to the rinse bucket until it reached two-thirds of its
volume. The specimens were placed in the rinse basket and
were first rinsed by shaking the rinse basket for 30 seconds.
Then, the basket and specimens were completely submerged
in the solvent bath. The rinse basket and specimens were
soaked for approximately half the total rinsing time. There-
after, the rinse basket was shifted to the second rinse bucket
and shaken for 30 seconds; subsequently, the basket and
specimens were soaked for the remaining rinsing time.

Fig. 1 Flowchart of the experimental process for measuring the surface roughness, surface hardness, and degree of polymerization of
specimens fabricated using stereolithography (SLA).

Table 1 Summary of 3D printing photopolymer resin used in
this study

Product Compositions Manufacture

Clear resin Methacrylate oligomer
Methacrylate monomer
Diphenyl
(2,4,6-trimethyl benzoyl)
phosphine oxide

Formlabs Inc.,
Somerville,
Massachusetts,
United States

Abbreviation: 3D, three-dimensional.
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Subsequently, all the specimens were carefully dried and
placed inaultraviolet (UV)polymerizationmachine (FormCure,
Formlabs) set at a temperature of 40°C for a duration of
30minutes, as recommended in a previous study.2 Following
the removal of the support structures, the specimens were
stored in a light-proof container at room temperature until the
measurementswereperformed.All specimens fromeach group
(n¼32) were randomly divided into four different subgroups
basedontheexperimental tests: the surface roughness (n¼10),
the surfacehardness (n¼10), the scanning electronmicroscopy
(SEM) (n¼2), and the degree of polymerization (n¼10).

Surface Roughness Assessment
The surface roughness assessment involved the measure-
ment of linear roughness (Ra) and area roughness (Sa) in all
specimens. Three random areas were observed along the
linear midline traces located at the center of each specimen,
with 2mm between each observation point. These observa-
tions were recorded for 10 specimens, resulting in a total of
30 observations. Linear (transverse length: 2mm) and area
roughness was analyzed using a 3D confocal laser micro-
scope (LEXT OLS4100; Olympus, Tokyo, Japan). A cutoff
length of 80 μm was used for the analysis. Mean heights of
the line and area roughness were recorded as Ra and Sa,
respectively, in accordance with the guidelines outlined in
ISO 25178–2:2012.21 The average values of the traced areas
were used for subsequent statistical analyses.

The surfacemorphologywas investigated using a SEM. For
each postrinsing method and different postrinsing times
(5, 10, and 15minutes), two samples were utilized. The
surface of each sample was analyzed using a gold spotter-
coated sample (gold sputtering unit, JEOL Ltd., Akishima,
Japan), and the observations were made at a 1,000� magni-
fication using the SEM (JSM-IT500HR, JEOL Ltd., Tokyo, USA).

Vickers Hardness Test
Vickers hardness tests were performed using amicrohardness
tester (Zhu-S, Indentec, West Midlands, United Kingdom). An
indentationwith a load of 300gwas applied at themidpointof
thebasematerial foradwell timeof15secondusingadiamond
tip. Each specimen was measured three times on one side at
the center point with 2mm between measurements. This
resulted in 10 specimens and 30 observations. The pyramids
created using the square-based pyramid indenter were evalu-
ated. The diagonals of the square-shaped traces were mea-
sured using a stereomicroscope (SZX16, Olympus) to
determine the Vickers hardness number (VHN). The average
values of the three VHN tests were calculated and recorded.
VHN was calculated using the following equation:

where VHN denotes the Vickers hardness, F denotes the
applied load (kgf), and d2 is the indentation area in square
millimeters (mm2).

Degree of Conversion
Fourier-transform infrared spectroscopy analysis was per-
formed in attenuated total reflectance mode (ATR, Nicolet
iS50; Thermo Fisher Scientific). This analysis was performed
to identify the functional groups present in the 3D-printed
resin and to assess the degree of polymerization. Disc-shaped
specimenswere positioned at the center of the ATR crystal to
ensure optimal contact (n¼10). The experiment was repeat-
ed three times for each group. The degree of conversion (DC)
was determined by analyzing the changes in the peak height
ratios of the absorbance (Abs) intensities between specific
functional groups in the 3D-printed specimens. An aliphatic
C¼C peak at 1638 cm�1 and the C–H reference peak at

Fig. 2 The three different equipment for rinsing methods: (A) automated method; (B) ultrasonic method; and (C) hand washing method.
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777 cm�1 were used for this purpose. DC was calculated
using the following equation:

where Abs1638 is the absorbance intensity of the aliphatic
C¼C peak and Absreference is the absorbance intensity of the
C–H reference peak.

Statistical Analysis
Statistical analysiswas conducted using a statistical software
program (IBMSPSS Statistics, v24.0; IBMCorp., Armonk, New
York, United States). The normality of data distribution was
assessed using the Shapiro–Wilk test, and the homogeneity
of variances was evaluated using the Levene test. To analyze
the effects of the postrinsing method and time on surface
roughness, surface hardness, and degree of polymerization, a
two-way analysis of variance (ANOVA) was performed. Post
hoc Tukey tests were conducted to compare differences
between groups. The significance level (α) for all statistical
tests was set at 0.05. Based on previous literature,16 the
sample size calculation for this study used an analytical
software program (G�Power 3.1.9.2; Kiel University, Kiel,
Schleswig-Holstein, Germany). A sample size of 10 per
condition was required to obtain an effect size f of 0.45
and 80% power at 5% α error.

Results

The choice of the rinsing time andmethod affected the surface
properties of the SLA photopolymer resin. ►Table 2 summa-
rizes theresultsof thetwo-wayANOVA.Representative images

of the specimens captured using a 3D confocal laser micro-
scope are shown in ►Fig. 3. The SEM results are shown
in ►Fig. 4.

The mean and standard deviation of the surface roughness
values is listed in ►Tables 3 and 4. Statistical analysis using
two-way ANOVA revealed that both the postrinsing method
and timehada significant impactonRa(F¼15.803and11.661,
respectively, p<0.001). Furthermore, a significant interaction
was observed between methods and time (F¼10.374,
p<0.001). The post hoc multiple comparison test indicated
significant differences (p<0.05) between groups. The Ra
scores ranged from 0.69�0.08 to 0.86�0.10 μm. The 15U
group exhibited the highest Ra score, while the 5H group
obtained the lowest Ra scorewhich did not significantly differ
from the 5U, 10H, and 5A groups.

Significant differences were observed in mean Sa scores
among the three postrinsing methods (F¼11.456, p<0.001).
However, no significant interaction was found between the
methods and time points (F¼2.318, p¼0.064), and time did
not significantly affect mean Sa scores (F¼0.568, p¼0.569).
The post hoc multiple comparison test indicated significant
differences (p<0.05) between groups. As shown in ►Table 4,
the Sa scores ranged from1.19�0.22 to 1.77�0.35μm,where
the 15A group had the highest Sa score. While the 5U group
had the lowest Sa score; however, it was not significantly
different from the 5H, 10H, 15H, 5U, 10U, 15U, and 5A groups.
The confocal imagesas shown in►Fig. 3 reveal that the sample
surface of 5minutes postrinsing time exhibited partial
smoothness, indicating the presence of residual uncured resin
on the surfaces. In contrast, the surfaces displayed irregular
fissured surfaces, likely resulting from the layering process
during printing. Although the quantitative color values repre-
senting specific height or slope may exhibit slight variations

Table 2 Summary of ANOVA results for the surface roughness (Ra, Sa), surface hardness (VHN), and degree of polymerization (DC)
of 3D-printed photopolymer resin specimen under different postrinsing methods and various time conditions

Test Effect df F p

Ra Methods 2 15.803 < 0.001a

Times 2 11.661 < 0.001a

Methods� Times 4 10.374 < 0.001a

Sa Methods 2 11.456 < 0.001a

Times 2 0.568 0.569

Methods� Times 4 2.318 0.064

VHN Methods 2 187.82 < 0.001a

Times 2 62.01 < 0.001a

Methods� Times 4 56.46 < 0.001a

DC Methods 2 1.195 0.308

Times 2 3.605 0.032a

Methods� Times 4 8.830 < 0.001a

Abbreviations: 3D, three-dimensional; ANOVA, analysis of variance; DC, degree of conversion; Ra, linear roughness; Sa, area roughness; VHN, Vickers
hardness number.
Note: df represents the numerator’s degree of freedom.
aIndicates significant differences between the groups.

European Journal of Dentistry © 2024. The Author(s).

Effect of Postrinsing Times and Methods on Mechanical Properties Katheng et al.



between groups, the Ra and Sa scores can be employed to
analyze the surface topographyeffectively. The SEM results are
represented in ►Fig. 4. It was observed that sediment accu-
mulation persisted on the surface of the specimens in the
groups that underwent a postrinsing process of 5 and
10minutes. This accumulation led to the surface exhibiting
some degree of light reflectivity. In contrast, specimens ex-
posed to a 15-minute postrinsing time exhibited more ex-
posed printed layer surfaces compared with the other groups.

The results of the Vickers hardness test presented
in ►Table 5 show that the VHNs ranged from 11.93�0.70
to 18.26�1.03kgf/mm2. Two-way ANOVA revealed that both
the postrinsing method and time had a significant effect on
surface hardness (F¼187.82 and 62.01, respectively,
p<0.001). Furthermore, there was a significant interaction
between themethod and time (F¼56.46, p<0.001). The post
hocmultiple comparison test indicated significant differences
(p<0.05) between groups. The 15U group showed the highest
surfacehardness, followed by the 10U, 15H, and 10H groups in
that order. Nevertheless, no significant difference was ob-
served between the 15H and 10U groups.

For the degree of polymerization (DC), the results of the
two-way ANOVA showed no significant differences between
the postrinsingmethods (F¼1.195, p¼0.308), but therewas
a significant differencebetween postrinsing times (F¼3.605,

p¼0.032). Furthermore, a significant interaction was ob-
served between the time and method (F¼8.830, p<0.001).
The post hoc multiple comparison test indicated significant
differences (p<0.05) between groups. The DC scores ranged
from 73.41 to 87.22% (►Table 6). The 15A group had the
highest DC score (87.22�6.80) but it was not significantly
different from the 15H, 15U, and 10H groups, while the
lowest DC score was observed in the 5A group.

Discussion

3D-printed photopolymer resin, similar to light-cured resin
composite materials, utilizes the oxygen-sensitive free radical
polymerizationmechanism. Thedetrimental impact ofoxygen
onphotopolymerization leads to theformationofa sticky layer
consisting of uncured dimethacrylate monomer, hence
compromising the surface properties. Although the leftover
layer is considered unappealing, the oxygen-inhibited partial
curing of the surface during 3D printing methods is advanta-
geous for interfacial bonding of layer-by-layer structures
during printing processes. The purpose of postrinsing is to
eliminate this layer prior to the postpolymerization process.
The residual oxygen-inhibited polymerization layer cannot
undergo UV curing during the postpolymerization process
due to the lack of free radicals, which in this study influenced

Fig. 3 Representative images of the specimens captured using a three-dimensional (3D) confocal laser microscope. Numbers 5, 10, and 15
denote rinsing times of 5, 10, and 15minutes, respectively. The letters A, U, and H represent automated, ultrasonic, and hand washing,
respectively.
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the surface roughness, surface hardness, and degree of
polymerization.

Based on the results of this study, postrinsing time and
method influenced the surface roughness, surface hardness,
anddegree of polymerization in at least one group; therefore,
the null hypothesis was rejected. However, the difference in
efficacy could be attributed to the measurement methods
used.22 Generally, the rinsing time depends on the 3D-
printed material. Additionally, factors such as resin and

printer type,23 printer manufacturer’s guidelines,24,25 and
specific postprocessing requirements can also influence the
results.26

Regarding linear roughness (Ra), a longer rinsing time
resulted in an increase in linear roughness. The results
showed that after 15minutes of postrinsing, the ultrasonic
method had the highest mean Ra score (0.86�0.01 μm) but
was not significantly different from the automated method
(0.80�0.09 μm), while hand washing (0.78�0.06 μm) had

Fig. 4 Surface morphology of the specimens by using the scanning electron microscope (SEM) at 1,000�magnification. Numbers 5, 10, and 15
denote rinsing times of 5, 10, and 15minutes, respectively. The letters A, U, and H represent automated, ultrasonic, and hand washing,
respectively.

Table 3 Arithmetic mean height of the lines (Ra) of 3D-printed photopolymer resin specimen under three different postrinsing
methods and various time conditions

Rinsing method Ra (µm, n¼ 10/group)

Rinsing time

5min 10 min 15 min

Mean SD Mean SD Mean SD

Automated 0.76cdef 0.10 0.79abcd 0.08 0.80abc 0.09

Ultrasonic 0.71ef 0.12 0.85ab 0.08 0.86a 0.10

Hand washing 0.69f 0.08 0.72def 0.07 0.78bcde 0.06

Abbreviations: 3D, three-dimensional; Ra, linear roughness; SD, standard deviation.
Note: Different superscript letters indicate statistically significant differences (p< 0.05).
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significantly lower value than both the ultrasonic and auto-
mated methods.

Postrinsing refers to the step in which a printed object is
submerged in a solvent, typically IPA, to remove excess or
uncured resin from its surface. The duration of the postrins-
ing step can affect the final surface finish of a 3D-printed
object.27 Insufficient postrinsing time may result in the
presence of residual uncured resin, or other contaminants,
on the surface of the printed object, resulting in a rougher
finish, as it can solidify and create irregularities or small
bumps. However, longer postrinsing times facilitate more
thorough removal of uncured resin from the printed object’s

surface. The findings of the current investigation indicate
that the Ra score was highest in the 15-minute postrinsing
time group for all rinsingmethods. As comparedwith the 10-
and 5-minute groups, which correspond to the SEM result,
the less sediment accumulation and more exposed printing
layer surface are related to the high Ra score in the 15-minute
postrinsing time group. However, previous studies have
shown that extended postrinsing times can negatively affect
the surface topography of 3D-printed resins, leading to
surface fissures when the rinsing time is increased to
12 hours. This was likely due to solvent molecules diffusing
into the polymer network, causing surface swelling.7,28

Table 4 Arithmetic mean height of the surface (Sa) of 3D-printed photopolymer resin specimen under three different postrinsing
methods and various time conditions

Rinsing method Sa (µm, n¼ 10/group)

Rinsing time

5min 10 min 15 min

Mean SD Mean SD Mean SD

Automated 1.56 abc 0.38 1.69 ab 0.34 1.77a 0.35

Ultrasonic 1.19c 0.22 1.33abc 0.20 1.44abc 0.18

Hand washing 1.29bc 0.51 1.24c 0.16 1.54 abc 0.26

Abbreviations: 3D, three-dimensional; Sa, area roughness; SD, standard deviation.
Note: Different superscript letters indicate statistically significant differences (p< 0.05).

Table 5 Vickers hardness (VHN) of 3D-printed photopolymer resin specimen under three different postrinsing methods and
various time conditions

Rinsing method Surface hardness (kgf/mm2, n¼10/group)

Rinsing time

5min 10 min 15 min

Mean SD Mean SD Mean SD

Automated 11.93f 0.70 12.53f 0.64 13.66de 1.23

Ultrasonic 13.93cd 0.88 16.26b 0.70 18.26a 1.03

Hand washing 12.73ef 0.70 14.73c 0.70 16.06b 0.79

Abbreviations: 3D, three-dimensional; SD, standard deviation; VHN, Vickers hardness number.
Note: Different superscript letters indicate statistically significant differences (p< 0.05).

Table 6 Degree of polymerization (DC) of 3D-printed photopolymer resin specimen under three different postrinsing methods
and various time conditions

Rinsing method Degree of polymerization (%, n¼ 10/group)

Rinsing time

5min 10 min 15 min

Mean SD Mean SD Mean SD

Automated 73.41c 3.25 77.60bc 8.62 87.22a 6.80

Ultrasonic 76.83bc 2.66 78.59bc 1.35 80.22abc 7.45

Hand washing 78.12bc 3.22 80.99ab 4.11 82.79ab 4.96

Abbreviations: 3D, three-dimensional; DC, degree of conversion; SD, standard deviation.
Note: Different superscript letters indicate statistically significant differences (p< 0.05).
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There was a significant difference in mean Sa scores
between the three methods. Multiple comparison analyses
showed that at 15minutes of rinsing time, the ultrasonic
method had the lowest Sa score (1.44�0.18 μm), followed by
the hand washing (1.54�0.26 μm) and automated methods
(1.77�0.35 μm). However, there was no significant differ-
ence in the mean scores between the hand washing and
ultrasonic methods. The method used for postrinsing can
also affect surface roughness. In contrast, previous studies
have found no statistically significant difference in surface
roughness when comparing the rinsing times of 1 to
10minutes for automated method.29 The variability in find-
ings across studies may be attributed to differences in the
compositions of printing resin materials and printing pro-
tocols utilized in these studies.7,29

Different postrinsing methods had varying effects on the
final surface texture. Immersion and agitation are two com-
mon methods for postrinsing. The immersion method is
relatively gentle and suitable for removing excess resin;
however, it may not be as effective in eliminating fine details
or achieving a highly polished surface finish. Agitation
techniques, such asmechanical agitation or ultrasonic clean-
ing, involve activelymoving or agitating the printed object in
a rinsing solvent.15,16,30 Agitation can enhance resin removal
by dislodging any remaining resin particles and improving
the overall cleanliness of the object’s surface.30 According to
the findings of this study, hand washing may be comparable
to immersion, whereas ultrasonic cleaning, which resembles
agitation, produces smoother surface finishes.

Regarding the degree of polymerization, the two-way
ANOVA indicated no significant differences between the
methods, but a significant difference between the times.
An insufficient postrinsing time may result in the presence
of residual uncured resin or contaminants on the printed
object’s surface. These residues can interferewith the degree
of polymerization and the process.31,32 The degree of poly-
merization may be influenced by the efficacy of the post-
rinsing procedure, which ensures the elimination of uncured
resin and reduces the existence of unreacted monomers.33

Thefindings indicated that automated procedures rinsing for
15minutes produced the greatest DC score; however, no
statistically significant differences were seen among the
other methods.When postrinsing time is taken into account,
a longer postrinsing time may facilitate the removal of
residues from the uncured resin layer, therefore increasing
the surface object’s exposure to UV radiation and enabling
polymerization to occur during the postpolymerizing stage.
This promotes further polymerization and cross-linking,
leading to a higher degree of polymerization and improved
mechanical properties.

Microhardness is a crucial indicator of surface structural
stability. In addition, this propertymay indicate scratching or
brushing resistance in dental restorations. Previous studies
have indicated that microhardness is influenced by the
chemical composition and denture prefabrication techni-
ques.34–36 Focusing on methacrylate-based polymers, the
most used dental appliance, molecular crosslinks can be
formed by polymerization. However, incomplete polymeri-

zation can occur, resulting in residual monomer retention,
which leads to increased water absorption and decreased
mechanical properties.28 In this study, the duration and
rinsing technique had a significant impact on the hardness
value of a 3D-printed denture base. The amount of residual
monomer can be decreased by extending the washing pro-
tocol, as described in a previous study.28 In addition, a
positive correlation between surface hardness and DC has
been reported.37 Although the postrinsing time of automat-
ed method for clear photopolymer resin, as per recommen-
dation from the manufacturer, is 10minutes, the results of
this study show that the automated method at 15-minute
rinsing times had higher surface hardness (13.66�1.23
kgf/mm2) than 10minutes (12.53�0.64 kgf/mm2). Further-
more, when compared with different rinsing methods, for
15-minute rinse durations, the ultrasonic approach achieves
the highest in surface hardness (18.26�1.03 kgf/mm2). It is
possible that the agitation from ultrasonication might be the
most effective rinsing process for removing uncured resin
compared with other techniques. In addition, the higher the
rinsing time interval, the higher the hardness level detected.

The clinically recommended postprocessing approach
involves using theultrasonicmethodwith a 15-minute rinsing
time, optimizing overall surface roughness, material hardness,
and degree of polymerization. This guidance is essential for
dental professionals, aiding them in selecting postrinsing
protocols that enhance biocompatibility, material durability,
and structural integrity in 3D-printed dental devices. Despite
thehigherRascore associatedwith theultrasonicmethodwith
a 15-minute rinsing time, its effectiveness in achieving im-
proved hardness and polymerization outweighs the potential
drawback of increased roughness. The study underscores the
intricate interplay between postrinsing parameters and their
collective impact on the final characteristics of 3D-printed
photopolymer resin, emphasizing the need for balanced con-
siderations indental applications andpromoting standardized
postprocessing procedures for consistent outcomes.

Limitations of this study include its in vitro design,
excluding variations in intraoral conditions. It is important
to consider that these study results are not directly compa-
rable to all 3D-printed resins currently available in the
market. Therefore, the results may vary if the parameters
are changed during 3D printing and postcuring. Achieving an
optimal surface finish depends on factors other than post-
rinsing, such as printing technology, resin properties, curing
process, and subsequent postprocessing steps. Furthermore,
specific recommendations for the postrinsing time and
method may vary depending on the printer manufacturer,
resin supplier, and the desired surface quality for a particular
application.

Conclusion

Based on thefindings of this in vitro study, we concluded that
rinsing time and method influenced the surface roughness,
surface hardness, and degree of polymerization. To facilitate
the overall surface roughness, surface hardness, and degree
of polymerization, the ultrasonic methodwith a rinsing time
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of 15minutes is optimal choice for achieving a clear photo-
polymer resin.

Conflict of Interest
None declared.

References
1 Revilla-León M, Özcan M. Additive manufacturing technologies

used for processing Polymers: Current status and potential appli-
cation in prosthetic dentistry. J Prosthodont 2019;28(02):146–158

2 Katheng A, Kanazawa M, Iwaki M, Arakida T, Hada T, Minakuchi S.
Evaluation of trueness and precision of stereolithography-fabricat-
ed photopolymer-resin dentures under different postpolymeriza-
tion conditions: an in vitro study. J Prosthet Dent 2022;128(03):
514–520

3 Katheng A, Kanazawa M, Iwaki M, Minakuchi S. Evaluation of
dimensional accuracy and degree of polymerization of stereo-
lithography photopolymer resin under different postpolymeriza-
tion conditions: an in vitro study. J Prosthet Dent 2021;125(04):
695–702

4 Tian Y, Chen C, Xu X, et al. A review of 3D printing in dentistry:
technologies, affecting factors, and applications. Scanning 2021;
2021:9950131

5 Piedra-Cascón W, Krishnamurthy VR, Att W, Revilla-León M. 3D
printing parameters, supporting structures, slicing, and post-proc-
essing procedures of vat-polymerization additive manufacturing
technologies: a narrative review. J Dent 2021;109:103630

6 Baroudi K, Ibraheem SN. Assessment of chair-side computer-
aided design and computer-aided manufacturing restorations: a
review of the literature. J Int Oral Health 2015;7(04):96–104

7 Xu Y, Xepapadeas AB, Koos B, Geis-Gerstorfer J, Li P, Spintzyk S.
Effect of post-rinsing time on the mechanical strength and
cytotoxicity of a 3D printed orthodontic splint material. Dent
Mater 2021;37(05):e314–e327

8 Mayer J, Reymus M, Wiedenmann F, Edelhoff D, Hickel R, Sta-
warczyk B. Temporary 3D printed fixed dental prosthesis materi-
als: impact of post printing cleaning methods on degree of
conversion as well as surface and mechanical properties. Int J
Prosthodont 2021;34(06):784–795

9 Bardelcik A, Yang S, Alderson F, Gadsden A. The effect of wash
treatment on the mechanical properties and energy absorption
potential of a 3D printed polymethyl methacrylate (PMMA).
Mater Today Commun 2021;26(01):101728

10 Moslehifard E, Ghaffari T, Abolghasemi H, Maleki Dizaj S. Com-
parison of conventional pressure-packed and injection molding
processing methods for an acrylic resin denture based on micro-
hardness, surface roughness, and water sorption. Int J Dent 2022;
2022:7069507

11 Al-Dulaijan YA, Alsulaimi L, Alotaibi R, et al. Comparative evalua-
tion of surface roughness and hardness of 3D printed resins.
Materials (Basel) 2022;15(19):6822

12 Abed YA, Sabry HA, Alrobeigy NA. Degree of conversion and
surface hardness of bulk-fill composite versus incremental-fill
composite. Tanta Dental Journal. 2015;12(02):71–80

13 Galvão MR, Caldas SG, Bagnato VS, de Souza Rastelli AN, de
Andrade MF. Evaluation of degree of conversion and hardness
of dental composites photo-activated with different light guide
tips. Eur J Dent 2013;7(01):86–93

14 Unkovskiy A, Bui PH, Schille C, Geis-Gerstorfer J, Huettig F, Spintzyk
S. Objects build orientation, positioning, and curing influence
dimensional accuracy and flexural properties of stereolithograph-
ically printed resin. Dent Mater 2018;34(12):e324–e333

15 Ammoun R, Dalal N, Abdulmajeed AA, Deeb GR, Bencharit S.
Effects of two postprocessing methods onto surface dimension of

in-office fabricated stereolithographic implant surgical guides. J
Prosthodont 2021;30(01):71–75

16 Katheng A, Kanazawa M, Komagamine Y, Iwaki M, Namano S,
Minakuchi S. Effect of post-rinsing time and method on accuracy
of denture base manufactured with stereolithography. J Adv
Prosthodont 2022;14(01):45–55

17 Mayer J, Stawarczyk B, Vogt K, Hickel R, Edelhoff D, Reymus M.
Influence of cleaning methods after 3D printing on two-body
wear and fracture load of resin-based temporary crown and
bridge material. Clin Oral Investig 2021;25(10):5987–5996

18 Mostafavi D, Methani MM, Piedra-Cascón W, Zandinejad A,
Revilla-León M. Influence of the rinsing postprocessing proce-
dures on the manufacturing accuracy of vat-polymerized dental
model material. J Prosthodont 2021;30(07):610–616

19 Lee BI, You SG, You SM, Kang SY, Kim JH. Effect of rinsing time on
the accuracy of interim crowns fabricated by digital light proc-
essing: an in vitro study. J Adv Prosthodont 2021;13(01):24–35

20 International Organization for Standardization (ISO) Dentistry—
Base polymers—Part 1: Denture base polymers; ISO 20795–
1:2013(en). Geneva, Switzerland: International Organization of
Standardization (ISO); 2013 Accessed April 8, 2024 at: https://
www.iso.org/obp/ui/#iso:std:iso:20795:-1:ed-2:v1:en

21 International Organization for Standardization. Geometrical
product specifications (GPS) Surface texture: Areal. Part 2:
Terms, definitions and surface texture parameters; ISO 25178–
2:2012(en). Geneva, Switzerland: International Organization of
Standardization (ISO) Accessed April 8, 2024 at: https://www.iso.
org/standard/42785.html

22 Lambart AL, Xepapadeas AB, Koos B, Li P, Spintzyk S. Rinsing
postprocessing procedure of a 3D-printed orthodontic appliance
material: Impact of alternative post-rinsing solutions on the
roughness, flexural strength and cytotoxicity. Dent Mater 2022;
38(08):1344–1353

23 Park SM, Park JM, Kim SK, Heo SJ, Koak JY. Flexural Strength of 3D-
printing resin materials for provisional fixed dental prostheses.
Materials (Basel) 2020;13(18):3970

24 KEßLER A, Hickel R, Ilie N. In vitro investigation of the influence of
printing direction on the flexural strength, flexural modulus and
fractographic analysis of 3D-printed temporary materials. Dent
Mater J 2021;40(03):641–649

25 Shim JS, Kim JE, Jeong SH, Choi YJ, Ryu JJ. Printing accuracy,
mechanical properties, surface characteristics, and microbial
adhesion of 3D-printed resins with various printing orientations.
J Prosthet Dent 2020;124(04):468–475

26 Li P, Lambart AL, Stawarczyk B, Reymus M, Spintzyk S. Postpoly-
merization of a 3D-printed denture base polymer: impact of post-
curing methods on surface characteristics, flexural strength, and
cytotoxicity. J Dent 2021;115:103856

27 Schubert A, Wassmann T, Holtappels M, Kurbad O, Krohn S,
Bürgers R. Predictability ofmicrobial adhesion to dentalmaterials
by roughness parameters. Coatings 2019;9(07):456

28 Srinivasan M, Chien EC, Kalberer N, et al. Analysis of the residual
monomer content in milled and 3D-printed removable CAD-CAM
complete dentures: an in vitro study. J Dent 2022;120:104094

29 Jang W, Kook G-S, Kang J-H, et al. Effect of washing condition on
the fracture strength, and the degree of conversion of 3D printing
resin. Appl Sci (Basel) 2021;11(24):11676

30 Charasseangpaisarn T, Wiwatwarrapan C, Leklerssiriwong N.
Ultrasonic cleaning reduces the residual monomer in acrylic
resins. J Dent Sci 2016;11(04):443–448

31 Vallittu PK, Ruyter IE, Buykuilmaz S. Effect of polymerization
temperature and time on the residual monomer content of
denture base polymers. Eur J Oral Sci 1998;106(01):588–593

32 Ayaz EA, Durkan R, Koroglu A, Bagis B. Comparative effect of
different polymerization techniques on residual monomer and

European Journal of Dentistry © 2024. The Author(s).

Effect of Postrinsing Times and Methods on Mechanical Properties Katheng et al.

https://www.iso.org/obp/ui/&x0023;iso:std:iso:20795:-1:ed-2:v1:en
https://www.iso.org/obp/ui/&x0023;iso:std:iso:20795:-1:ed-2:v1:en
https://www.iso.org/standard/42785.html
https://www.iso.org/standard/42785.html


hardness properties of PMMA-based denture resins. J Appl Bio-
mater Funct Mater 2014;12(03):228–233

33 Freitas RFCP, Duarte S, Feitosa S, et al. Physical, mechanical, and anti-
biofilmformationpropertiesofCAD-CAMmilledor3Dprinteddenture
base resins: in vitro analysis. J Prosthodont 2023;32(S1):38–44

34 Çakmak G, Donmez MB, Akay C, Abou-Ayash S, Schimmel M,
Yilmaz B. Effect of thermal cycling on the flexural strength and
hardness of New-generation denture base materials. J Prostho-
dont 2023;32(S1):81–86

35 Alshamrani AA, Raju R, Ellakwa A. Effect of printing layer thickness
and postprinting conditions on the flexural strength and hardness
of a 3D-printed resin. BioMed Res Int 2022;2022:8353137

36 Guimaraes DM, CampanerM, Santos RWD, Pesqueira AA,Medeiros
RA. Evaluation of the mechanical properties of different materials
for manufacturing occlusal splints. Braz Oral Res 2023;37:e034

37 Ferracane JL. Correlation between hardness and degree of con-
version during the setting reaction of unfilled dental restorative
resins. Dent Mater 1985;1(01):11–14

European Journal of Dentistry © 2024. The Author(s).

Effect of Postrinsing Times and Methods on Mechanical Properties Katheng et al.


