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Abstract: Guided implant placement has been shown to be more accurate than free-handed insertion.
Still, implant position deviations occur and could possibly pose risks. Thus, there is a quest to identify
factors that might impair the accuracy of implantation protocols using templates. This study aimed to
investigate the influence of autoclaving cycles (cycle 1: 121 °C, 1 bar, 20.5 min; cycle 2: 134 °C, 2 bar,
5.5 min) on the Vickers hardness and flexural modulus of five different materials used for 3D-printed
insertion guides. The specimens were subjected to Vickers hardness tests, showing significant changes
in the Vickers hardness for two and three materials out of five for cycle 1 and 2, respectively. The
results of the three-point bending tests (1 = 15 specimens per material) showed decreasing flexural
moduli after autoclaving. However, changes were significant only for one material, which presented
a significant decrease in the flexural modulus after cycle 2. No significant changes were detected after
cycle 1. In conclusion, our findings show that autoclaving can alter the mechanical properties of the
templates to some extent, especially with cycle 2. Whether these modifications are associated with
dimensional changes of the templates and reduced accuracy of the implantation protocols remains to
be investigated.

Keywords: flexural modulus; hardness; surgical template; sterilization; additive manufacturing

1. Introduction

In recent years, computer-guided surgery in combination with digital backward-
planning gained popularity among clinicians in the field of implant dentistry and also in
orthodontics for mini-implant placement. Especially in challenging situations, accurate
transfer of the virtually planned position of the implants may increase the safety of the
intervention, and improve patient comfort as a consequence of reduced operation time
and invasiveness [1]. Guided implant surgery using surgical templates was found to
be more accurate compared to free-handed implant placement, exhibiting significantly
lower angular, coronal, and apical deviations between the intended and the actual implant
positions [2,3].

Despite these benefits, a mean coronal deviation of 1.3 mm (95% CI: 1.09 mm; 1.56 mm)
with values up to 2.2 mm and a mean apical deviation of 1.5 mm (95% CI: 1.29 mm; 1.62 mm)
with values up to 2.5 mm have been reported for computer-guided implant insertion [4].
These distances should be incorporated into the virtual planning to reduce the risk of
permanent damage to adjacent anatomical structures. Nevertheless, this risk cannot be
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fully eliminated and a safe distance between the implants and the anatomical structures
should be considered in the planning phase [5]. These circumstances stress the importance
of investigating factors that could provoke the loss of accuracy, so that the risk—-benefit
ratio of computer-guided implantation protocols can be optimized in the future. As stated
in the EU Medical Devices Regulation (MDR), it is crucial to minimize all the “known
and foreseeable risks and any undesirable side-effects” and weigh them against possible
benefits of the chosen protocol [6].

Formerly identified factors influencing the accuracy of guided implantation include the
support of the surgical template, favoring tooth- and mucosa-supported surgical templates
over bone-supported ones [7]. In the case of mucosa-supported surgical templates, the
mucosal thickness at the insertion site was found to affect implant placement accuracy,
whereby increased tissue thickness seems to lower the accuracy and may require flap
preparation for more accurate results [8,9]. Furthermore, the quality of radiographic image
data and the usage of intraoral scanning devices might have an impact on the accuracy of
guided implantation protocols [10-13]. In addition, the fit and the length of the metallic
drilling sleeves embedded within the surgical template and the drilling distance could
determine the extent of implant position deviations [14,15].

Surgical guides have been widely employed in implant dentistry. Recently, mini-
implant insertion templates were introduced in orthodontics to increase the safety and
accuracy of the procedure [16]. Few studies confirmed an increased accuracy following
guided placement of orthodontic implants [17]. In the anterior palate, insertion templates
not only favor ideal mini-implant positioning in accordance with the variable bone height
available [18], but also facilitate simultaneous placement of skeletally anchored orthodontic
appliances in a digital workflow [19].

Nowadays, guides are usually produced in resin-based materials using additive man-
ufacturing technologies [20]. Recent studies have suggested that the influence of different
3D-printers on the accuracy of the protocol is negligible [21,22], whereas dimensional
changes caused by prolonged storage have been reported [23]. Another critical aspect that
might alter the accuracy of implant insertion and that has not gained much attention so far
is the impact of steam autoclaving. The sterilization of the templates is fundamental, as
they can come temporarily in contact with blood. According to international hygiene guide-
lines, including the Center for Disease Control and Prevention (CDC, USA) and the EU
Regulations, they are critical medical devices and have to be sterilized before usage [6,24].
Few recent studies could not find significant changes in template dimension after autoclav-
ing [25-27], whereas the impact on biomechanical properties remains unclear. Alteration
of the biomechanical properties, such as flexural properties and hardness of the template
materials, might lead to inaccuracies in implant insertion. Thus, there is a quest for studies
assessing the influence of steam autoclaving parameters, such as temperature, pressure,
and duration of autoclaving. Furthermore, the effect of autoclaving on different resin-based
materials manufactured with different printing methods, such as stereolithography (SLA),
liquid crystal display stereolithography (LCD-SLA), and digital light processing (DLP),
remains to be clarified.

Therefore, the aim of this study was to evaluate the influence of steam autoclaving pa-
rameters on the Vickers hardness and flexural modulus of 3D-printed resin-based templates,
manufactured using different resin materials and printing methods. The null hypotheses
were that being subjected to autoclaving did not significantly change the specimen Vickers
hardness HV 0.5 and the flexural modulus.

2. Materials and Methods
2.1. 3D-Printed Specimens Preparation

As the test standard DIN EN ISO 178 requires the usage of test pieces with a length (1)
height (h) ratio of 1/h = 20 for 3-point bending tests on polymer materials, a virtual model

of the specimens with the dimensions 2 mm x 25 mm x 40 mm was designed using the
software 3D-Builder (Microsoft, Redmond, WA, USA). In total, 75 specimens (i.e., 15 for
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each of the 5 materials) were printed for 3-point bending tests and Vickers hardness tests.
With regard to test groups, two different digital light processing (DLP) printers (group 1:
NextDent 5100, Vertex-Dental B.V., Soesteberg, The Netherlands; group 2: ASIGA MAX,
Pluradent GmbH & Co. KG, Offenbach, Germany), one desktop stereolithography (SLA)
printer (group 3: Form 3, Formlabs Inc., Sommerville, MA, USA), and one liquid crystal
display stereolithography (LCD-SLA) printer (group 4: Slash Plus, UniZ Technology LLC.,
San Diego, CA, USA) were used. The samples were produced using four different 3D
printing resins, one for each printing machine (group 1: NextDent SG, Vertex-Dental B.V,;
group 2: Optiprint Guide, dentona AG, Dortmund, Germany; group 3: Dental SG, Formlabs
Inc.; group 4: zSG Amber, UniZ Technology LLC.). All of the resins mentioned before are
authorized by the manufacturer for steam autoclaving and printing with the particular
printer utilized. The resin used in group 0 (E-Guide, Envisiontec Inc., Dearborn, MI, USA)
is not authorized by the manufacturer for steam autoclaving, but only for immersion
disinfection. It was printed with the DLP printer authorized by the manufacturer (Micro
Plus XL, Envisiontec Inc.).

All specimens were printed such that the printing layers were parallel to the longer
edge and perpendicular to the support structures and to the shorter edges, as recommended
by Quintana et al. [28].

Five specimens per group (total n = 25) were not subjected to autoclaving and were
used as controls. Ten specimens per group were sterilized by two different vacuum steam
autoclaving programs (Vacuklav 44-B, MELAG oHG, Berlin, Germany): 5 specimens at
121 °C, 1 bar, and 20.5 min (cycle 1), while the remaining 5 were sterilized at 134 °C, 2 bar,
and 5.5 min (cycle 2). A summary is provided in Table 1.

Table 1. Printers and resins used in this study, with details of the number of specimens per group
and subgroup.

Group § Printing Method Printer, Manufacturer Resin, Manufacturer
0 DLP Micro Plus XL, Envisiontec Inc. E-Guide, Envisiontec Inc.
1 DLP NextDent 5100, Vertex-Dental B.V. NextDent SG, Vertex-Dental B.V.
2 DLP ASIGA MAX, Pluradent GmbH & Co. KG Optiprint Guide, dentona AG
3 SLA Form 3, Formlabs Inc. Dental SG, Formlabs Inc.
4 LCD-SLA Slash Plus, UniZ Technology LLC. zSG Amber, UniZ Technology LLC.

§ for each of the five groups, 15 samples divided in 3 subgroups (1 = 5 per subgroup): untreated; cycle 1 (121 °C,
1 bar, 20.5 min); cycle 2 (134 °C, 2 bar, 5.5 min). DLP: digital light processing; LCD-SLA: liquid crystal display
stereolithography; SLA: stereolithography.

2.2. Mechanical Tests

The Vickers hardness test was performed on three specimens of each subgroup using
the hardness testing machine ZHV20/Z72.5 (Zwick-Roell GmbH & Co. KG, Ulm, Germany)
and repeated 5 times. Tests were run according to the ISO/TS 19278 norm. A 136° pyramidal
indenter was pressed into the material with a force (F) of 4.903 N for 10 s. Images of the re-
sulting impression were acquired using the optical microscope with a magnification of 20:1,
that the hardness testing machine ZHV20/Z2.5 is equipped with. The diagonals d; and
d; of the impression were measured manually using the software testXpert (Zwick-Roell
GmbH & Co. KG) (Figure 1). Then, the average diagonal d and Vickers hardness HV0.5
were calculated using the following equations.

d=(dy +d)/2 1)

HV0.5 =0.1891 x F/d? 2)
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Figure 1. Microscopic image of the impression left by the pyramidal indenter during the Vickers
hardness test with markings of diagonals d; and dj.

To evaluate autoclaving-induced changes in terms of flexural properties of the tested
materials, a 3-point bending test was performed following the test standard DIN EN ISO
178 on all specimens (1 = 75). The tests were performed using the material testing machine
ZMART.PRO (Zwick-Roell GmbH & Co. KG) with a testing stamp radius of 5 mm that
bends the specimens with a speed of 2 mm/s. The specimens were positioned such that
the acquired ratio of the test piece length (1) to the distance between the support points (d)
was 1/d =16 (Figure 2). The software testXpert (Zwick-Roell GmbH & Co. KG) was used
to detect the flexural moduli.

Figure 2. 3-point bending test of a specimen from group 3.

2.3. Statistical Analysis

The statistical analysis was performed using Excel 2016 (Microsoft). A convenience
sample size was determined, based on similar publications in this field [29,30]. For Vick-
ers hardness, repeated measurements on the same specimen were pooled. For each
resin/printer combination and autoclaving protocol, the mean =+ standard deviation
(M £ SD) Vickers hardness and flexural modulus were calculated. The Shapiro-Wilk
test was used to assess whether measured data were normally distributed. The normal
distribution of residues was validated through Q-Q plots. Homoscedasticity was verified
by conducting a Levene test.

The ANOVA and post hoc t-test with Bonferroni correction were used to assess differ-
ences among autoclaving protocols for each printer/resin combination. If the assumptions
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for ANOVA were not met, a Kruskal-Wallis test and a post hoc Bonferroni-corrected
Mann-Whitney-U test were utilized instead.

As the measurements of d; and dj in Vickers hardness testing were performed manu-
ally, the reliability of the test method was assessed using the interclass correlation coefficient
(ICC), which was calculated based on the 5 repeated measurements.

Results were found significant at p < 0.05.

3. Results
3.1. Vickers Hardness

The reliability of the Vickers hardness test ranged from moderate (ICC = 0.58) to excel-
lent (ICC = 0.99). The mean Vickers hardness (in HV0.5) and standard deviations ranged
from 13.50 £ 2.62 to 29.16 + 6.83 for the untreated subgroups. After the specimens were
autoclaved with cycle 1, the Vickers hardness ranged from 6.94 &+ 2.21 to 27.67 £ 5.42. After
being subjected to cycle 2, the Vickers hardness ranged from 10.52 & 1.05 to 25.30 £ 1.65.

The results of the Vickers hardness test are given in Table 2, and corresponding
boxplots are provided in Figure 3. In three out of five resin/printer groups, the Kruskal-
Wallis test pointed at qualitative differences (group 0, group 2, and group 3). In these groups,
a post hoc test was conducted. In group 0, the Vickers hardness of the specimens autoclaved
with cycle 1 significantly decreased and almost halved compared to the untreated control
(p < 0.001), whereas cycle 2 yielded significantly higher Vickers hardness values (p < 0.001.
In group 2, the Vickers hardness of cycle 1 increased slightly (p = 0.359) compared to the
untreated control, whereas the Vickers hardness of the cycle 2 subgroup was significantly
lower compared to the untreated control and cycle 1 groups (p < 0.001, respectively). In
group 3, a higher Vickers hardness was found for both autoclaving protocols (untreated vs.
cycle 1: p = 0.010; untreated vs. cycle 2: p < 0.001), whereas no significant differences were
found between the two autoclaving cycles.

Table 2. Results of the Vickers hardness test and statistical analysis.

H‘s:é(:::s Kruskal-Wallis Bonferroni-Corrected Post Hoc Test
[HV0.5] (Mann-Whitney-U, If py < 0.05)
Group § ICC Subgroup S5 M+ SD H () pPH Comparison U z pPuU r
untreated 13.50 + 2.62 “jsntzeﬁs‘i 8 4334 <0.001**  —0.791
0 0.993 35896  <0.001 *** ur'mzate 3
cycle 1 6.94 & 2.21 9 —4293  <0.001**  —0.784
vs. cycle 2
cycle2 19.57 + 2.04 cycle 1 vs. 1 —4625  <0.001**  —0.844
cycle 2
untreated 29.16 + 6.83 - - - - -
1 0.582 cycle 1 27.67 + 5.42 5.847 0.054 - . - . B
cycle 2 25.30 + 1.65 - - - - -
untreated 1414 +2.33 “jsntzeii‘i 75 —1555 0.359 —0.284
2 0.945 26303  <0.001 *** ur;tr}e/ate a
cycle 1 16.00 =+ 3.06 26 —3588  0.001**  —0.655
vs. cycle 2
cycle 2 10.52 + 1.05 cycle 1 vs. 3 4542  <0.001**  —0.829
cycle 2
untreated 17.12 + 1.96 “/‘S“tzeg:‘i 42 2924 0010*  —0534
3 0.925 22659 <0001% v YEE
cycle 1 20.80 + 2.95 1 —4625  <0.001**  —0.844
vs. cycle 2
cycle 2 23.84 £ 224 cycle 1 vs. 60 2178 0.088 —0.398
cycle 2
untreated 15.67 +2.41 - - - - -
4 0.670 cycle 1 16.96 + 2.92 1.844 0.398 - - - - -
cycle 2 14.74 £ 1.25 - . . . .

*p < 0.05;** p < 0.01; *** p < 0.001; S n = 9 specimens for each of the 5 groups; S8 1 = 3 specimens for each of the
15 subgroups; py p-value from Kruskal-Wallis test; py p-value from Mann-Whitney-U test.
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Figure 3. Boxplots: Vickers hardness of the different groups and subgroups. The x represents the
mean, the circles represent data points not covered by the boxplots.
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3.2. Flexural Modulus

The results of the three-point bending test are summarized in Table 3, and correspond-
ing boxplots are provided in Figure 4. The mean flexural moduli ranged between 1960 MPa
and 2762 MPa for the untreated groups. After autoclaving, the mean flexural modulus was
lower for each resin/printer combination, ranging from 1205 MPa to 2466 MPa and from
1337 MPa to 2454 MPa for cycles 1 and 2, respectively. However, in the majority of groups,
these data failed significance.

Table 3. Results of the three-point bending test and statistical analysis.

Flexural Modulus Bonferroni-Corrected Post Hoc Test
E¢ [MPa] ANOVA (Students-t, If pa < 0.05)
Group § Subgroup 5§ M £ SD F (2,12) PF Comparison t(8) Pt
untreated 1960 + 405 - - -
0 cycle 1 1738 £ 494 0.322 0.731 - - -
cycle 2 1812 £ 261 - - -
untreated 2762 + 88 “j;tzeii‘i 2.671 0.085
1 4.492 0.035 * Y ed
cycle 1 2466 + 203 3.080 0.045 *
vs. cycle 2
cycle 2 2454 4 179 cycle 1vs. 0.089 >0.999
cycle 2
untreated 1710 + 194 - - -
2 cycle 1 1205 £ 204 1.810 0.206 - - -
cycle 2 1337 £ 613 - - -
untreated 2280 £ 1108 - - -
3 cycle 1 2050 + 542 0.181 0.837 - - -
cycle 2 2372 £ 551 - - -
untreated 2654 + 338 - - -
4 cycle 1 2440 + 564 0.580 0.575 - - -
cycle 2 2367 + 536 - - -

*p < 0.05; 8 1 = 15 for each of the 5 groups; 5§ n = 5 for each of the 15 subgroups; pr p-value from ANOVA; py
p-value from Student’s t-test.

A qualitative difference was noted in group 1 (ANOVA, p = 0.035). The post hoc test
revealed a significantly lower flexural modulus following cycle 2 autoclaving compared
to the untreated group (t-test, p = 0.045). In contrast, no differences were seen following
cycle 1 autoclaving compared to the untreated control (t-test, p = 0.085). However, there

were no significant differences in flexural modulus between the two autoclaving protocols
(p >0.999).
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Figure 4. Boxplots: flexural moduli of the different groups and subgroups. The x represents the mean,
the circles represent data points not covered by the boxplots.



Appl. Sci. 2022,12, 6195

9of 12

4. Discussion

The aim of this study was to evaluate whether autoclaving changes the Vickers hard-
ness and flexural modulus of resin materials used to additively manufacture insertion
guides, which could pose a risk for the accuracy of static navigated implantation.

For the majority of specimens, the two autoclaving protocols had a minor impact on
the flexural modulus, whereas changes in the Vickers hardness were more pronounced.

Looking at the results of the Vickers hardness testing, it seems that choosing the right
autoclaving cycle might decrease the risk of hardness deterioration of the templates. In one
out of the three groups exhibiting significant autoclaving-induced changes in the Vickers
hardness (group 2), these changes occurred after the cycle 2 sterilization protocol (134 °C,
2 bar for 5.5 min) and not with the so-called “delicate” program cycle 1 (121 °C, 1 bar
for 20.5 min). Overall, none of the materials that are authorized for autoclaving by the
manufacturers showed signs of decreasing Vickers hardness after being autoclaved with
cycle 1. Still, it is questionable whether the increase in hardness could be accompanied by a
contraction of the material, which could lead to dimensional changes of the templates.

Our results showed that in most cases, autoclaving does not significantly change
the flexural modulus of resin materials used to print the templates. Thus, it seems that
autoclaving might not be a major risk factor for implantation accuracy loss caused by
significant changes in the flexural modulus. We found no significant changes in the flexural
modulus for groups 2, 3, and 4.

Interestingly, a decrease in flexural modulus was also seen in group 0, which was
expected to be more prone to heat-induced changes in the flexural properties, as that resin
is not authorized for autoclaving. Nevertheless, for most of the groups, the flexural moduli
decreased to some extent. In group 1, autoclaving significantly decreased the flexural
modulus, independently from the cycle.

Avoiding medical risks related to the contamination of the surgical site is the primary
reason that makes autoclaving a must. It has been shown that the immersion in different
disinfection solutions such as chlorhexidine digluconate, sodium hypochlorite, sodium
perborate, or glutaraldehyde cannot entirely eradicate the microbial contamination of
surgical template surfaces made of acrylic resin [31,32]. Ethanol at 70-80% resulted to
be most effective among the disinfectants [25,32]. Tallarico et al. found that, after im-
mersion disinfection with 70% ethanol for 15 min, about 16% of colony-forming units
(CFU) remained on the resin surfaces [25]. Hence, in accordance with the risk mitigation
when utilizing medical devices, as requested by the EU Medical Device Regulation [6], the
sole reduction in microorganisms on surgical template surfaces by immersion disinfection
seems insufficient and sterilization should be chosen. In light of our findings, the biological
benefit of autoclaving the templates outweighs the risk of changes in the flexural properties
or Vickers hardness. Nevertheless, some authors suggest cold sterilization protocols for
heat-sensitive resin materials, i.e., utilizing ethylene oxide gas [33], which, however, are
not commonly utilized in dental practice. The investigation of high-temperature sterilizing
protocols such as autoclaving is clinically relevant, as it is one of the most commonly used
methods in dentistry [34-37].

In agreement with our results for groups 1, 2, and 4, a pilot study by Torok et al. found
that additively manufactured template materials did not significantly change in hardness
when subjected to 121 °C autoclaving [27]. Our observations differ to some extent, as we
found significant changes of the hardness for group 3 after 121 °C autoclaving. Furthermore,
their investigation on specimens that had been autoclaved at 134 °C exhibited significant
changes in hardness values compared to specimens that were left untreated. These results
are in line with our findings for groups 0 and 2. Despite utilizing similar autoclaving cycles
(i.e., 121 °C, 1 bar, 20 min and 134 °C, 2 bar, 10 min), the varying observations could be
a consequence of the different specimen preparation. In their work, the specimens were
cut out of surgical templates, embedded, and coated with a gold layer to improve the
visibility of the indentations prior to testing. In addition, the group conducted their tests
with different parameters in terms of load (50 g) and duration (5 s). Furthermore, they
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investigated the flexural properties by testing for changes in the flexural strength, showing
that autoclaving at 134 °C increased the materials stiffness significantly, while there were
no significant changes in the flexural properties after autoclaving at 121 °C. Overall, our
results are not entirely comparable, as different flexural properties were tested. Still, the
results found in our study show similarities to the findings of Torok et al., as we found
no significant changes in the flexural modulus for 121 °C, while detecting a significant
change for one group after autoclaving at 134 °C. However, the limited amount of data
does not allow us to draw any firm conclusions about the influence of the autoclaving
parameters on the flexural properties. It would be interesting to clarify whether autoclaving-
induced changes in flexural properties are minor at lower sterilization temperature and
pressure [27].

Most recently, Pop et al. conducted a similar study on the influence of disinfection and
autoclaving on the flexural properties of surgical guide materials for additive manufactur-
ing [29]. In contrast to our results, they found significantly increased flexural moduli for
both autoclaving cycles that the specimens were subjected to (i.e., 121 °C, 1 bar, 20 min and
134 °C, 2 bar, 10 min). Reasons for the contrasting results could be different post-curing
conditions of the specimens, different materials, different loading speed (i.e., 5 mm/s), and
possibly different specimen geometry, which, however, remained unspecified. Interestingly,
one of the two materials that were examined in their study was used in the present study
in group 3 (i.e., Dental SG, Formlabs Inc.), which was the only group that we found to have
an increased flexural modulus after being treated at 134 °C, in agreement with the results
of Pop et al. [29].

Bayarsaikhan et al. investigated the behavior of resin materials for additive manu-
facturing when subjected to different temperatures (i.e., 40 °C, 60 °C, and 80 °C) and for
varying treatment durations (i.e., 15, 30, 60, 90, and 120 min) after curing. They found that,
with increasing temperature and treatment duration, the flexural modulus and Vickers
hardness increased [30]. Jindal et al. conducted a resembling study on post-curing treat-
ment, showing that 3D-printed aligner materials treated with higher temperatures endured
higher compressive loads without deforming plastically [38].

In the present study, only two sterilization protocols were selected, and this might
represent a limitation of the current study. However, the chosen protocols are among
the simplest and most effective ones in dental practices and therefore are clinically rele-
vant [39]. Another limitation is that not all the resin/printer combinations available on the
market could be tested. Further, as recommended in the literature, specimens designed
for mechanical testing were utilized, which is not 100% transferable to clinical settings.
In addition, it has to be noted that three resins were printed with DLP, whereas only one
resin was printed with SLA and SLA-LCD. It might be of interest to perform chemical
analyses of the different materials before and after steam autoclaving to verify if there is
any common pattern in autoclaving-induced chemical modifications. In future studies, in
addition to the analysis of the mechanical properties, it would also be relevant to further
explore the autoclaving-induced dimensional changes of templates fabricated by common
resin—printer combinations.

5. Conclusions

In conclusion, and within the limitations of this study, in three groups out of five, a
significant change in Vickers hardness was observed following autoclaving. This included
the material not authorized for steam autoclaving. Just one material presented a significant
decrease in the flexural modulus after cycle 2, whereas none of the materials showed a
significant change following cycle 1. Thus, clinicians might consider using lower tempera-
tures and pressures and longer autoclaving durations to sterilize additively manufactured
templates. Materials authorized for autoclaving should be preferred. It is not possible to
draw firm conclusions on the clinical significance of autoclaving-induced guide changes
relying solely on biomechanical data. Indeed, whether and to what extent the autoclaving
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cycles are also associated with dimensional changes of the templates should be investigated
in future studies.
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