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A B S T R A C T

Objective: To assess the influence of three different wash solutions on the flexural strength (FS), elastic modulus 
(E), surface microhardness (VHN), surface roughness, water sorption (Wsp), and solubility (Wsl) of a 3D-printed 
glass-reinforced composite resin (3D-CR).
Methods: VarseoSmile Crown Plus was printed at a 50 µm layer thickness and a 90◦ build angle. Three test groups 
were formed based on the ultrasonic bath wash solution: InovaPrint Wash (Group 1), 96 % ethanol (Group 2), 
and 90 % denatured ethyl alcohol (Group 3). Thirty bar-shaped specimens (25 × 2 × 2 mm3), ten per group, were 
produced to measure FS and E using a three-point bending test, while five disk-shaped specimens (Ø 15 × 3 mm2) 
per group were employed to evaluate VHN. Both tests were conducted under dry conditions. Additionally, 
another set of five specimens (Ø 15 × 3 mm2) per group was used to assess surface roughness before and after 
simulated toothbrushing, while five disk-shaped specimens (Ø 15 × 1 mm2) were utilized to determine Wsp and 
Wsl over 28 days. Kruskal–Wallis and Bonferroni post hoc tests were applied for statistical group comparisons.
Results: The Kruskal-Wallis test showed a significant difference between the groups in terms of FS (p = .008), E (p 
= .004) and in VHN (p = .001). Variations among groups were notable in Wsp and Wsl at 21 and 28 days (p =
.001). Regarding the surface roughness, the specimens exhibited values surpassing the clinical acceptability 
threshold (0.2 μm) before and after brushing.
Conclusions: These findings underscore the importance of selecting appropriate washing protocols to optimize the 
long-term performance of 3D-printed composite resins.
Clinical implication: Optimizing the washing protocol can mitigate the degradation of mechanical and surface 
properties in 3D-printed composite resins. This is a critical consideration for ensuring the long-term success of 
definitive restorations.

1. Introduction

In recent years, vat-polymerization-based additive manufacturing 
(AM) has emerged as a viable alternative to subtractive manufacturing 
in prosthetic dentistry [1–4]. Among these techniques, digital light 
processing (DLP), which utilizes a projector to cure photopolymer resin 
layer by layer, has become the most widely used 3D printing method in 
dentistry [5,6]. Recently, manufacturers have introduced 3D-printed 
composite resins (3D-CRs), which are specifically formulated for 

various prosthetic applications, including inlays, onlays, crowns, lami
nate veneers, and fixed dental prostheses (FDPs) [7,8].

Although several studies have explored the mechanical properties of 
3D-CRs for definitive restorations, focusing on flexural strength, 
microhardness, and surface properties [9–13], the current literature 
predominantly emphasises factors such as layer thickness [9], build 
platform position [12], and print orientation [13]. However, a signifi
cant gap exists in understanding the influence of postprocessing washing 
solutions on the mechanical and surface characteristics of these 
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materials. Previous research on interim 3D-printed materials has re
ported that variations in rinsing protocols can reduce flexural strength 
[14] and fracture load [15].

For examples, Lambart et al. [16] found that while rinsing solutions 
did not markedly affect the surface topography, roughness, or cytotox
icity of 3D-printed resins for orthodontic applications, the flexural 
strength remained within acceptable limits. However,the impact of 
rinsing protocol on materials intended for definitive restorations has not 
been thoroughly investigated [17]. Moreover, only two studies [18,19] 
have evaluated the effects of washing temperature and time on a single 
type of 3D-printed resin (NextDent C&B; Next Dent), leaving the broader 
applicability of these findings uncertain.

The aim of this in vitro study was to evaluate the impact of various 
washing solutions on the mechanical properties (flexural strength and 
elastic modulus) and surface properties (surface microhardness, surface 
roughness, water sorption, and solubility) of a 3D-CR material intended 
for definitive restorations. The null hypothesis of this study was that the 
type of washing solution would not significantly affect the flexural 
strength of the 3D-printed composite resin. Secondary outcomes 
included elastic modulus, surface microhardness, surface roughness, 
water sorption, and solubility, which were evaluated to further explore 
the impact of washing protocols

2. Material and methods

2.1. Preparation of specimens

A commercially available 3D-printed glass-filler-reinforced com
posite resin of A2 shade (Varseo Smile Crown Plus; Bego, Bremen, 
Germany) was selected for the current study (Table 1). All specimens 
were designed using computer-aided design (CAD) software (Solid
works; Dassault System, Waltham, MA, USA; software version 2023, 
release 9/22/2023). The sample size was calculated a priori using 
G*Power software (v 3.1.3; Heinrich Heine University; Düsseldorf, 
Germany) to detect a medium effect size (Cohen’s d = 0.5) with % power 
(1-β = 0.90) and a significance level of α = 0.05 [20]. Based on this 
calculation, 10 specimens per group were required for flexural strength 
and modulus of elasticity testing, while 5 specimens per group were 
required for each of surface microhardness, surface roughness, water 
sorption, solubility, and brushing simulation testing.

In total, 30 bar-shaped specimens were produced (25 mm in length, 2 
mm in width and 2 mm in height), as specified by the International 
Organization for Standardization (ISO) 4049:2020 standard [21]. Two 
types of discs were produced: 15 disk-shaped specimens (diameter of 15 
mm and a thickness of 1 mm) (ISO 10,477:2020) [22], and 30 
disk-shaped specimens (diameter of 15 mm and a thickness of 3 mm) 
(ISO 14,569–2:2021) [23].

The specimen was obtained in standard tessellation language (STL) 

file format. These files were utilized to create all specimens using a 
digital light processing (DLP)-based printer (Accufab-D1S; Shining 3D 
Tech, Hangzhou, Zhejiang, China), using the 3D-CR in accordance with 
the manufacturer’s instructions [8]. The STL files were exported to 3D 
printer software (AccuWare; Shining 3D Tech, Hangzhou, Zhejiang, 
China), and the build direction for 3D printing was set parallel to the 
build platform. The layer thickness was set to 50 μm with DLP (405 nm) 
polymerizations. All specimens fabricated were cleaned using three 
different solutions (Table 1). In the first group, specimens were washed 
in an ultrasonic bath (Form Wash; FormLabs, Somerville, MA, USA) with 
2-(2-butoxyethoxy) ethanol; diethylene glycol monobutyl ether (Ino
vaPrint Wash; HPdent, Bad Säckingen, Germany) for 5 min, as recom
mended by the manufacturer. In the second group, specimens 
underwent the same ultrasonic bath cleaning, but with ethanol 96 % 
(Purefire; Purenail, London, UK) for 5 min, also following manufacturer 
recommendations. The third group involved washing specimens in the 
same ultrasonic bath using 90 % denatured ethyl alcohol (FIDEA; 
Vicenza, Italy) for 5 min (Fig. 1). Subsequently, all the specimens were 
polymerized using a UV light curing unit (Form Cure; Formlabs, Som
erville, MA, USA) for 20 min on each side at a temperature of 60 ◦C.

2.1. Flexural strength and modulus of elasticity

Ten specimens (25 × 2 × 2 mm3) per test group were tested under 
dry conditions using a universal testing machine Instron 5965 (Instron; 
Norwood, MA, USA) was employed to perform a 3-point bend test (ISO 
4049:2020) [21] to determine the flexural strength and modulus of 
elasticity of each specimen. A load cell recorded the applied pressure at 
the midpoint of each specimen at a crosshead speed of 1 mm/min until 
fracture occurred. The two support centers were positioned 20 mm 
apart. The flexural strength (FS) of each specimen was determined using 
the formula FS = 3 × F × L / (2 × b × d2). Here FS represents flexural 
strength in MPa, F denotes the load at fracture in Newtons, L is the 20 
mm span between supports, b is the breadth of the specimen (2 mm), 
and d is its thickness (2 mm). The modulus of elasticity (E) was calcu
lated from the load-deflection curve using the equation E = F × L3 / (4 ×
Y × b × d3). Here, E represents the flexural modulus in MPa, Y is the 
deflection at a given force F, L is the 20 mm span, b is the 2 mm breadth, 
and d is the 2 mm thickness of the specimen at a point on the 
straight-line segment of the curve.

2.2. Vickers hardness

Five disk-shaped specimens (Ø 15 × 3 mm2) from each group at dry 
conditions were tested with a microhardness tester (Buehler; Illinois 
Tool Works, Lake Bluff, Illinois, USA) to assess surface microhardness, 
yielding results in Vickers Hardness Numbers (VHN). According to ISO 
14,577–1:2015, hardness measurements are categorized as macro-, 
micro-, or nano-scaled based on the applied forces and indentation 
depths. Microhardness testing specifically refers to measurements con
ducted with forces below 2 N for 20 s and indentation depths greater 
than 0.2 µm [24]. Five indentations, spaced one millimeter apart, were 
placed along the line pattern of each specimen. The mean hardness was 
then calculated from these points.

2.3. Water solubility and sorption

The water sorption and solubility of 3D-CR were assessed using 5 
disk-shaped specimens (Ø 15 × 1 mm2) from each group according to 
ISO 10,477 standards [22]. Initially, the specimens were stored at 37 ◦C 
for 24 h in a desiccator filled with freshly dried silica gel. They were then 
transferred to a second desiccator with new silica gel and stored at 23 for 
an additional two hours. The specimens were weighed to an accuracy of 
0.001 mg using an Ohaus analytical balance (OHAUS; Parsippany, NJ, 
USA). The drying cycle was repeated until a consistent mass (m1) was 
achieved. The volume (V) of each specimen was calculated using a 

Table 1 
Materials used in this study.

Material Composition Manufacturer

Varseo Smile 
Crown Plus

Esterification products of 4,40 
isopropylidiphenol, ethoxylated and 2- 
methylprop-2enoic acid, silanized 
dental glass, methyl benzoylformate, 
diphenyl(2,4,6-trimethyl-benzoyl) 
phosphine oxide. Total fillers by weight 
30–50 %.

Bego; Bremen, 
Germany

InovaPrint wash 2-(2-butoxyethoxy) ethanol; diethylene 
glycol monobutyl ether

HPdent; Bad 
Säckingen, 
Germany

Ethanol 96 % Ethanol 96 % Purefire; Purenail, 
London, UK

90 % (v/v) 
denatured ethyl 
alcohol

90 % (v/v) denatured ethyl alcohol FIDEA; Vicenza, 
Italy
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high-precision digital caliper after measuring the mean thickness and 
diameter. The specimens were then immersed in 15 mL of distilled water 
at 37 ◦C. Their weight was recorded daily for the first week, then at 14, 
21, and 28 days or until a constant mass (m2) was attained. The speci
mens were subsequently reconditioned using the previous method until 
they reached their final constant mass (m3). The water sorption (Wsp) 
and solubility (Wsl) were determined in micrograms per cubic milli
meter using the following formula: Wsp = m2(t) - m3/v and Wsl = m1- m3 

(t) /v. where V representing the specimen’s volume, m1 its mass after 
conditioning, m2 its mass after water submersion, and m3 its mass after a 
week of reconditioning.

2.4. Protocol for brushing simulation

A soft nylon toothbrush (Colgate; Colgate-Palmolive Company, New 
York, NY, USA) and toothpaste slurry (Colgate; Colgate-Palmolive 
Company, New York, NY, USA) were used to reproduce the brushing 
process using a device (ZM 3; SD Mechatronik, Feldkirchen-Westerham, 
Germany) according to the ISO normative (ISO 14,569–2). Five disk- 
shaped specimens (Ø 15 × 3 mm2) from each group were brushed 
with a vertical force of 2.45 N at a stroke rate of 180 per minute for a 
total of 10,000 cycles, approximating a year of brushing in an oral 
environment. A new brush and solution were introduced every 5000 
cycles. Post-brushing, the specimens were rinsed, dried, and then 
measured.

2.5. Surface roughness

The mean surface roughness (Ra) of five specimens from each group 
was gauged using a non-contact profilometer (Contour GT-X; Bruker 
Nano Surfaces Division, Tucson, AZ, USA) (ISO 16,610–21:2011) [25], 
with measurements taken both before and after the brushing protocol. 
Each specimen was secured to an automated x-y stage for scanning. 
Scanning parameters set in the View 64 software included a 5× nano 
lens, 1× field of view, 1× scan speed, and 0.1× stage speed. The mean 
roughness (Ra) of each specimen were estimated by averaging readings 
from five different locations on the specimen surface. The Ra values 
were then calculated using a Gaussian filter.

2.6. Statistical analysis

Descriptive and comparative statistics were analysed, with the re
sults subjected to the Shapiro-Wilk test, where a P-value of 0.001 was 
considered indicative of non-normal distribution. The Kruskal-Wallis 
and Bonferroni post-hoc tests were then employed to compare groups, 
with an alpha level set at 0.05. Statistical analyses were conducted using 

SPSS software (v26.0; IBM SPSS Statistics; IBM, Armonk, NY, USA).

3. Results

The means and standard deviations of the flexural strength (FS), 
elasticity modulus (E), and Vickers hardness (VHN) for the tested ma
terial postprocessing with different washing solutions are presented in 
Table 2. The Kruskal-Wallis test showed a significant difference between 
the groups in terms of FS (p = .008), E (p = .004) and in VHN (p = .001). 
For FS, post-hoc comparison showed a difference only between Groups 1 
and 3 (p = .0001) and Groups 2 and 3 (p = .003). Instead, for E, sig
nificance was found only between groups 1 and 2 (p = .0005) and for 
VHN between Groups 1 and 2 (p = .0004) and Groups 2 and 3 (p =
.0001). Statistically significant differences among the groups were 
observed in water sorption (Wsp) after 21 days (p = .001) and water 
solubility (Wsl) after 28 days (p = .001). However, both mean values 
reported in this study were well below the threshold values (Table 3) 
[22]. The mean surface roughness and standard deviation (Sa ± SD) of 
the 3D-CRs before and after brush polishing are presented in Table 4. As 
the data highlights, there are no significant differences between the 
samples before and after brushing.

4. Discussion

This in vitro study evaluated the effects of different wash solutions on 
the mechanical and surface properties of a commercially available final 
3D-printed material. The null hypothesis, which posited no significant 
difference in flexural strength between groups subjected to different 
washing solutions, was rejected. Secondary outcomes including elastic 
modulus, surface microhardness, surface roughness, water sorption, and 
solubility also exhibited statistically significant differences, highlighting 
the influence of wash solutions on these properties. Comparisons with 

Fig. 1. Study design.

Table 2 
Means ± standard deviation for flexural strength (FS), elasticity modulus (E) 
and Vickers hardness (VHN).

Materials FS (MPa) 
(n◦10)

E (GPa) 
(n◦10)

VHN (N/ 
mm2) 
(n◦5)

Bego washing using InovaPrintWash 
(Group 1)

109.9 ±
15.8A

3.82 ±
0.2A

31.5 ±
0.6A

Bego washing using 96 % ethanol 
(Group 2)

115.8 ±
11.6B

3.58 ±
0.8B

31.4 ±
0.5A

Bego washing using 90 % denatured ethyl 
alcohol (Group 3)

98.3 ±
12.4C

3.71 ±
0.5A

30.1 ±
0.4B

In each column, different superscript uppercase letters indicate significant dif
ferences between material. Alpha level was set at 0.05.
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previous studies are limited due to the small number of articles evalu
ating 3D-printed materials for definitive restorations. However, the 
findings of this study align with previous research suggesting that the 
chemical composition of wash solutions can significantly impact the 
mechanical properties of 3D-printed resins. For example, ethanol-based 
solutions may promote less polymer swelling, thereby preserving 
network integrity, while additional constituents in denatured alcohol 
could interfere with polymer cross-linking.

Oh et al. [18] concluded that increasing the temperature and expo
sure to the wash solution decreased the flexural strength of resins, which 
supports the observation that chemical composition and exposure con
ditions play a critical role in determining mechanical performance. 
Similarly, Hwangbo et al. [19] reported that different wash solutions 
resulted in variations in flexural strength, even when washing time and 
temperature were controlled.

The modulus of elasticity (E), which may be more clinically relevant 
than FS [26], also differed among groups in this study. These differences 
could be attributed to the drying effect induced by the non-alcoholic 
solutions such as InovaPrint Wash, which might alter the microstruc
ture of the resin surface. Comparable mean E values reported by Borella 
et al. [9] (4.51 GPa) and Grzebieluch et al. [27] (4.37 GPa) further 
support the idea that even modest modifications in surface treatment 
protocols can yield clinically meaningful differences. The lower mean 
E-modulus values observed in this study could be attributed to the 
morphology of the inorganic fillers and the low filler content [28].

Regarding surface hardness, the reduced VHN observed in certain 
groups may be linked to the chemical action of alcoholic solvents, which 
can cause polymer swelling and lead to the extraction of partially cured 
or uncured components, ultimately weakening the network structure 
[29]. This observation underscores the need for further work to eluci
date the exact mechanisms by which each wash solution alters the 
resin’s microstructure.

Water sorption (Wsp) and water solubility (Wsl) were also influenced 
by the chemical composition of the wash solutions. Specimens cleaned 

with 90 % denatured ethyl alcohol showed lower Wsp, whereas those 
washed with InovaPrint Wash had lower Wsl. These findings suggest 
that the network structure and residual monomer content of the resin are 
modified differently depending on the wash solutions used.

Further investigation is needed to detail these mechanisms and their 
long-term effects. Surface roughness was another property influenced by 
the washing and brushing protocols. All groups presented the same 
surface roughness before mechanical brushing, which is equivalent to 
approximately one year of brushing in an oral environment [30,31]. 
However, differences emerged after the wear test. These differences 
could be attributed to various factors, such as the hardness of the ma
terial [32], the position of the build platform [33], or the granulometry 
of the toothpaste or the nylon bristles of the toothbrush. Similar findings 
have been reported by Borella et al. [9] and Rosentritt et al. [11], who 
emphasized the importance of finishing and polishing procedures in 
achieving a smooth surface. A smooth surface is critical for preventing 
plaque accumulation and subsequent periodontal disease in all restor
ative materials.

Based on the results obtained in this study, the various washing so
lutions recommended by the manufacturer yielded similar mean values 
for flexural strength compared to the use of 90 % denatured ethyl 
alcohol. However, no significant differences were observed in other 
mechanical and surface properties. While the manufacturer of the 3D- 
printed resin recommends the use of alcohol-containing solvents for 
cleaning, this study suggests that clinicians and dental technicians may 
consider alternative washing solutions. These alternatives could have 
minimal impact on the mechanical and surface properties of the tested 
resin while offering additional benefits, such as lower flammability 
risks, reduced cost, and diminished volatile chemical odor. Furthermore, 
these findings may serve as a valuable resource for educating clinicians, 
dental technicians, and students on optimizing post-processing protocols 
to enhance the clinical performance of 3D-printed materials.

The clinical relevance of these findings should not be under
estimated. Although all specimens met ISO requirements, subtle differ
ences in mechanical properties and surface characteristics could 
influence the long-term performance of restorations under masticatory 
stress and in oral environments. Furthermore, the present study provides 
initial insights into the influence of rinsing regimes on 3D-printed resins; 
however, further in vitro and in vivo investigations are needed to fully 
understand the underlying mechanisms and their implications for clin
ical longevity.

Recognizing the limitations of this study, including the restricted 
range of materials tested, the in vitro conditions that may not completely 
mirror clinical scenarios, the absence of a control group of milled 
composite resin for comparison and the fact that biocompatibility was 
not explored, further research is required. Future studies should aim to 
optimize washing protocols to better preserve the mechanical and sur
face properties of these advanced materials.

5. Conclusion

Within the limitations of this in vitro study, the findings demonstrate 
that the choice of washing solution has a significant impact on the me
chanical and surface properties of 3D-printed composite resins. Non- 
alcoholic washing solutions can offer comparable performance to 
alcohol-based solutions. Future research should validate these findings 
under simulated intraoral conditions and across a broader range of 
materials.
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Table 3 
Means ± standard deviation for water sorption (Wsp) and water solubility (Wsl) 
at 21d and 28d.

Materials Wsp (μm3) 
After 21 d

Wsl (μm3) 
After 28d

Bego washing using InovaPrintWash (Group 1) (n◦5) 12.43 ±
0.4A

0.98 ±
0.3A

Bego washing using 96 % ethanol 
(Group 2) (n◦5)

12.63 ±
0.6B

1.52 ±
0.7B

Bego washing using 90 % denatured ethyl alcohol 
(Group 3) (n◦5)

10.60 ±
0.4C

1.36 ±
0.6C

In each column, different superscript uppercase letters indicate significant dif
ferences between material. Alpha level was set at 0.05.

Table 4 
Means ± standard deviation for surface roughness (Sa) before and after 
brushing.

Materials Sa (μm)

Before 
Brushing

After 
Brushing

Bego washing using InovaPrintWash 
(Group 1) (n◦5)

0.54 ±
0.04Aa

0.88 ±
0.05Ab

Bego washing using 96 % ethanol (Group 2) (n◦5) 0.58 ±
0.03Aa

0.99 ±
0.05Ab

Bego washing using 90 % denatured ethyl alcohol 
(Group 3) (n◦5)

0.56 ± 0.07 
Aa

0.91 ±
0.03Ab

In each column, different superscript uppercase letters indicate significant dif
ferences between material. For each row, different superscript lowercase letters 
indicate significant differences within a material before and after aging. Alpha 
level was set at 0.05.
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