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ARTICLE INFO ABSTRACT
Keywords: Different printing technologies can be used for prosthetically oriented implant placement, however the influence
Digital light synthesis of different printing orientations and steam sterilization remains unclear. In particular, no data is available for

Continuous liquid interface production
Additive manufacturing
Medical 3D printing

the novel technology Continuous Liquid Interface Production. The objective was to evaluate the dimensional
accuracy of surgical guides manufactured with different printing techniques in vertical and horizontal printing
Fused filament fabrication orientation before and after steam sterilization. A total of 80 surgical guides were manufactured by means of
Steam sterilization continuous liquid interface production (CLIP; material: Keyguide, Keyprint), digital light processing (DLP; ma-
Surgical guides terial: Luxaprint Ortho, DMG), stereolithography (SLA; Surgical guide, Formlabs), and fused filament fabrication
(FFF; material: Clear Base Support, Arfona) in vertical and horizontal printing orientation (n = 10 per subgroup).
Spheres were included in the design to determine the coordinates of 17 reference points. Each specimen was
digitized with a laboratory scanner after additive manufacturing (AM) and after steam sterilization (134 °C). To
determine the accuracy, root mean square values (RMS) were calculated and coordinates of the reference points
were recorded. Based on the measured coordinates, deviations of the reference points and relevant distances
were calculated. Paired t-tests and one-way ANOVA were applied for statistical analysis (significance p < 0.05).
After AM, all printing technologies showed comparable high accuracy, with an increased deviation in z-axis
when printed horizontally. After sterilization, FFF printed surgical guides showed distinct warpage. The other
subgroups showed no significant differences regarding the RMS of the corpus after steam sterilization (p > 0.05).
Regarding reference points and distances, CLIP showed larger deviations compared to SLA in both printing
orientations after steam sterilization, while DLP manufactured guides were the most dimensionally stable. In
conclusion, the different printing technologies and orientations had little effect on the manufacturing accuracy of
the surgical guides before sterilization. However, after sterilization, FFF surgical guides exhibited significant
deformation making their clinical use impossible. CLIP showed larger deformations due to steam sterilization
than the other photopolymerizing techniques, however, discrepancies may be considered within the range of
clinical acceptance. The influence on the implant position remains to be evaluated.

1. Introduction complications can be minimized (Fretwurst et al., 2018; Lo Russo et al.,
2023). Apart from a possible fabrication of the surgical guides in a

Surgical guides are used for statically navigated oral implant posi- milling process (Chai et al., 2020), additive manufacturing (AM) rep-
tioning based on prosthetically oriented backward planning in a digital resents the gold standard, as it leads to reduced material wastage and
workflow (Pozzi et al., 2016). As a result, the risk of implant malposition low equipment wear (Ahmad et al., 2022; Revilla-Leon et al., 2020). AM
can be significantly reduced and consequently biological and technical is based on a computer-aided design (CAD) of the surgical guide, which
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is transformed into a three-dimensional object in a layerwise printing
process. In daily practice, surgical guides are most commonly fabricated
from resin-based materials using vat photopolymerization such as ster-
eolithography (SLA) or digital light processing (DLP) (Piedra-Cascon
et al., 2021; Revilla-Leon et al., 2020). In the SLA process, an ultraviolet
(UV) laser beam is directed at photocurable resin, which is applied in
layers to a build platform, curing the object to be printed (Calignano
et al., 2017; Taormina et al., 2018). The DLP process uses an UV light
projector instead of a spot laser, allowing an entire printing layer to be
cured at once. Thus, the printing speed of the DLP process is independent
of the area of the sliced parts in the individual layers and can be
increased compared to SLA (Ligon et al., 2017). These two processes
allow the manufacturing of patient-specific, complex geometries with a
high degree of precision (Quan et al., 2020).

Fused filament fabrication (FFF) is a monomer-free printing tech-
nology (Aimar et al., 2019; Crump, 1992). In this cost-effective and
straight-forward method, a thermoplastic filament is melted and the
resulting object is built layer by layer, requiring only minimal
post-processing (Burkhardt et al., 2020; Ngo et al.,, 2018). FFF is
increasingly used in the dental sector for laboratory or clinical auxiliary
devices such as dental models or individual impression trays (Liichten-
borg et al.,, 2021). Furthermore, the utilization of FFF in the
manufacturing of surgical guides has witnessed a notable surge (Gielisch
et al., 2023; Pieralli et al., 2020). Consequently, filaments tailored for
this specific application are already accessible in the commercial
marketplace. However, the described processes are associated with
limitations such as a long production times (Ngo et al., 2018), possible
warpage (Schirmeister et al., 2021; Spoerk et al., 2017), and potential
difficulties regarding the sterilization process.

Another novel AM technique, termed continuous liquid interface
production (CLIP) or digital light synthesis (DLS), was recently devel-
oped by Carbon (Tumbleston et al., 2015). In contrast to the SLA or DLP
process, oxygen continuously diffuses through a permeable window at
the bottom of the tank (Janusziewicz et al., 2016). Due to the known
phenomenon of oxygen inhibition, a region of unpolymerized resin, also
called dead zone, is formed in this area (Tumbleston et al., 2015). This
enables continuous AM, which eliminates the incremental layer-by-layer
approach. This is reflected in a comparatively smooth, non-layered
surface structure which enables the precise production of fine struc-
tures (Janusziewicz et al., 2020; Johnson et al., 2016). Due to the rapid
printing speed of up to 100 mm/h, large scale production seems feasible
(Tumbleston et al., 2015). The resulting oxygen inhibition layer in-
activates free radicals at the interface between the polymer and the tank
and prevents adhesion of the printing object to the bottom of the tank
(Janusziewicz et al., 2016). Consequently, mechanical delamination is
not necessary, whereby forces on the partially polymerized objects can
be avoided.

For the established printing processes such as SLA, an influence of
the printing orientation on the printing accuracy could be observed
(Dalal et al., 2020; Diken Turksayar et al., 2022; Nold et al., 2021;
Unkovskiy et al., 2018). Little is known about how this is reflected in
objects made with the novel CLIP technology, as they should exhibit a
smooth and layer-free surface compared to the other techniques. How-
ever, it remains unclear how objects manufactured with this new tech-
nology behave regarding their dimensional accuracy during steam
sterilization (Kefler et al., 2022). The influence of different sterilization
techniques on SLA and DLP printed surgical guides was investigated in
recent studies (Chan et al., 2021; Pop et al., 2022). Depending on the
sterilization process and the printing technology, an effect on the
deformation (Chan et al., 2021) and mechanical properties (Pop et al.,
2022) was observed. With regard to FFF printing, it is reported that
heat-based sterilization methods are not recommended for the thermo-
plastic filaments (Told et al., 2022), although other studies describe
dimensionally accurate sterilization for example at 121 °C steam ster-
ilization (Pieralli et al., 2020; Rothlauf et al., 2023).

In addition to accurate A, it is essential that surgical guides can be
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sterilized in a dimensionally stable manner prior to their use in the
surgical field (Sharma et al., 2020; Told et al., 2022). Therefore, this
study aimed to investigate the influence of printing orientation (hori-
zontal, vertical) as well as steam sterilization on the trueness and pre-
cision of surgical guides. For this purpose, surgical guides manufactured
using the novel CLIP technique were compared to the vat photo-
polymerization methods DLP and SLA as well as the extrusion-based
technique FFF. The null hypothesis assumed no differences between
the groups in both printing orientations regarding dimensional accuracy
after AM and steam sterilization.

2. Materials and methods
2.1. Digital implant planning

A lower jaw typodont model (X-1072, Nissin, Kyoto, Japan) with the
missing teeth 34-36 (according to FDI notation) was used for the
planning of an implant-supported fixed dental prostheses. To simulate a
clinical workflow, cone-beam tomography (CBCT; Morita Accuimoto
170, J. Morita, Kyoto, Japan) of the model was performed and surface
data were acquired using an intraoral scanner (Trios 4, 3Shape,
Copenhagen, Denmark). The respective datasets (Digital Imaging and
Communications in Medicine, DICOM; standard tessellation language,
STL) were imported into an implant planning software (SMOP, Swiss-
meda AG, Baar, Switzerland). In addition, a digitized wax-up simulating
the prospective prosthetic restoration was used to plan the implant po-
sitions in terms of backward planning. Based on this, the insertion of two
parallel implants (Screw Line Promote Plus, Camlog, Basel, Switzerland)
with a diameter of 4.3 mm was planned. The design of the surgical guide
was created in the implant planning software (SMOP) and the exported
STL was completed with 17 hemispheres with a diameter of 5 mm
serving as reference points (Fusion 360, Autodesk, San Rafael, USA).

2.2. Evaluated materials

Three different methacrylate-based resins for dental AM were
investigated. The resin of the CLIP (Keyguide, Keyprint, Keystone In-
dustries, New Jersey, USA) and SLA Group (Formlabs, Somerville,
Massachusetts, USA) were both approved for the manufacturing of Class
I medical devices, whereas Class Ila medical devices could be manu-
factured with the resin of the DLP Group (Luxaprint ortho, DMG,
Hamburg, Germany). The polyethylene terephthalate (PETG) filament
from the FFF Group (Clear Base Support Filament, Arfona, Englewood
Cliffs, New Jersey, USA) was approved for the manufacturing of Class I
medical devices.

2.3. Additive manufacturing of surgical guides

Four different printing methods were evaluated (CLIP, SLA, DLP,
FFF), with one horizontal and one vertical printing orientation (80-90°
to the printing platform) per group (n = 10 per subgroup). The printing
parameters and details are shown in Table 1, and printed surgical guides
are visualized in Fig. 1.

2.4. Steam sterilization

All surgical guides were steam sterilized after AM (Vaculav 40B+,
Melag, Berlin, Germany) for 5 min and 30 s at 134 °C (2 bar).

2.5. Data acquisition

All surgical guides (n = 80) were digitized within one day after AM
and after steam sterilization with a laboratory scanner (3Shape E4,
3Shape). For this purpose, the surgical guides were fixed in a custom-
made additively manufactured fixture in order to capture the guide as
completely as possible. This enabled the recording of both the fitting
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Table 1

Details of printing technology, materials and setting.

Technology Printer Material Printing Settings
(Group)
CLIP Carbon M2 Keyguide Layer height: 0.1 mm
(Carbon) (Keyprint) Thickness basis: 1.5
mm
Thickness wall: 0.6 mm
DLP 3Demax Luxaprint Ortho Layer height: 0.05 mm;
(DMG) (DMG) Washing: 99 %
Isopropanol (20 min)
Light cure: 70 °C (30
min)
SLA Form 3 Surgical Guide Layer height: 0.05 mm
(Formlabs) (Formlabs) Washing: 99 %
Isopropanol (20 min)
Light cure: 70 °C (30
min)
FFF Prusa Mini+ Clear Base Diameter filament:

(Prusa)

Support (Arfona)

1.75 mm

Layer height: 0.05 mm
Layer height (first
layer): 0.1 mm;
Nozzle diameter: 0.25
mm

Shells: 3

Nozzle temperature:
240 °C

Printing bed temp.:
70 °C

Infill: 100 %

Infill pattern: linear
Printing speed: 20-30
mm/s
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surface and the external surface of the surgical guide. Subsequently, all
STL data sets were imported into an inspection software program
(Geomagic Control X, 3D Systems, Rock Hill, South Carolina, USA). The
data sets after AM and after steam sterilization were compared to the
CAD file in order to determine deviations due to AM and additional
steam sterilization. The scans were superimposed with the CAD file by
means of a local best-fit algorithm according to Gauss. The hemispheres
and the corpus of the surgical guide were evaluated separately. In
addition, the area around the holder was omitted by the same extent for
all data sets. The mean deviation in the area of the corpus of the surgical
guides was determined using the Root Mean Square (RMS) value and the
deviations were exemplarily visualized using a color map with a toler-
ance of +50 pm. For the deviation of the reference points, the center of
the hemisphere was automatically computed and the coordinates of the
X-, y-, and z-axis exported. Finally, the deviation was calculated by
subtracting the respective coordinates of the CAD file. Vectors indicating
the extent of distortion were calculated. The distances a-e, shown in
Fig. 2, were calculated after AM and after sterilization and were
compared to the respective distances in the CAD file.

2.6. Statistical analysis

For descriptive analysis mean values and standard deviations (re-
ported as mean + SD) were calculated. For graphical presentation box
plots were used. Linear regression models were applied to test RMS
values for material differences after AM and after steam sterilization and
for changes due to steam sterilization. Paired t-tests were performed to
evaluate RMS differences before and after sterilization within each
subgroup. To calculate the vector length indicating the deviation of the
reference points after steam sterilization in comparison to the CAD file
for each reference point, the square root of the sum of the squared

Fig. 1. Horizontally manufactured surgical guides by means of CLIP (a) after removal of support structures; SLA (b), DLP (c), and FFF (d) with support structures.

(color artwork).
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8

Fig. 2. STL of the surgical guide. Number of reference points (1-17) and
evaluated distances between 1 and 3 (a); 3 and 5 (b); 5 and 7 (c); 1 and 9 (d);
and 4 and 17 (e).

individual differences in x, y, and z direction to the CAD file was build.
The same procedure was applied when computing differences in the
prespecified distances a-e.

Paired t-tests were used to test for differences between pre and post
sterilization per group and axis as well as for within-group differences.
Material differences were tested using one-way-ANOVA, in case of
subsequent pairwise comparisons the Student-Newman-Keuls’s method
was used to correct for multiple testing. The significance level was set to
0.05. All computations were done with STATA (Version 17.0, College
Station, Texas, USA).

3. Results

All surgical guides were digitized after AM to evaluate the dimen-
sional accuracy of the manufacturing process (n = 80). After steam
sterilization, the FFF surgical guides showed distinctive deformations
and warpage (Fig. 3), leading to the exclusion of this group for further
evaluation. The remaining surgical guides (n = 60) were included for
further evaluation after steam sterilization.

3.1. Corpus of the surgical guide

After AM, the corpus of the horizontally manufactured surgical guide
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using FFF (0.39 + 0.16) and DLP in vertical orientation (0.39 + 0.15)
showed the lowest RMS, followed by the horizontal SLA (0.40 + 0.26)
and vertical FFF group (0.40 + 0.34) (Fig. 4). The highest RMS was
observed for the surgical guides of the vertical CLIP group (0.49 + 0.13).
After steam sterilization, the lowest RMS was calculated for the vertical
SLA group (0.34 + 0.16) and the highest for the horizontal CLIP group
(0.46 £ 0.18). Both FFF subgroups showed by far the strongest dimen-
sional change after steam sterilization, however, the RMS value was not
calculated since a matching of the scans of the FFF groups was not
possible. No significant differences were observed between DLP, SLA,
and CLIP after AM and after steam sterilization (p > 0.05) and the
changes due to steam sterilization within one group and between groups
did not reach statistical significance (p > 0.05). Surface analysis showed
increased warpage, particularly in the marginal areas of the CLIP and
SLA surgical guides. The horizontally printed surgical guides of the DLP
group showed a consistent positive deviation of approximately 200 pm
(Fig. 5).

3.2. Reference points

The coordinates of the 17 reference points were measured after AM
and after steam sterilization. A vector was calculated for each reference
point, reaching from the coordinate points of the CAD file to the
measured coordinates. Measured coordinates are shown in Fig. 6 and
vector lengths, indicating the deviation from the CAD file, are shown in
Fig. 7. Similar to the surface analysis of the corpus, CLIP surgical guides
showed an increased deviation after steam sterilization. With both
vertical and horizontal printing orientation, the CLIP surgical guides
showed an increased deviation of the reference points 1-8, which were
located in the marginal areas. In particular, the vertical printing orien-
tation showed that the reference points were more central in the pe-
ripheral areas of the surgical guide (points 3, 4, 5, 7, 8) after
sterilization. Similar to the surface analysis, both printing orientations of
the DLP group revealed only minor changes of the reference points after
steam sterilization. The SLA groups showed increased warpage in the
left (point 1) and right peripheral areas (points 7, 8).

When calculating the total deviation of all reference points per
subgroup (horizontal, vertical), the highest deviation was observed in z-
axis for all horizontally printed groups after AM (Fig. 8). This was also
apparent after steam sterilization, with the horizontal CLIP group in
particular showing the strongest deviation in z-axis. In the vertical CLIP
group, however, the strongest deviation was observed in y-axis before
and after sterilization. When comparing the deviations per group and
axis, significant changes (p < 0.001) were observed in x-, y-, and z-axis
for the horizontal and vertical SLA group due to steam sterilization.

Fig. 3. Exemplary visualization of a horizontally (a) and vertically (b) manufactured FFF surgical guide after steam sterilization, both showing distinctive defor-

mation. (color artwork).
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Fig. 4. RMS value of the corpus of the surgical guide after AM and after steam sterilization of the groups CLIP (a); DLP (b); SLA (c); and FFF (d).

Q

Horizontal

o
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Fig. 5. Representative surface analysis of the surgical guides (tolerance of +50 pm in green) manufactured by means of CLIP (a, d); DLP (b, e); and SLA (c, f) after
steam sterilization. The upper row represents the horizontally printed surgical guides, the lower row the vertically printed surgical guides. Areas in blue (negative
divergence) indicate a smaller surgical guide, while areas in yellow, orange, and red (positive divergence) indicate a larger surgical guide compared to the CAD file.

(color artwork).

While significant changes regarding x-, y-, and z-axes were observed by
steam sterilization for CLIP in horizontal printing orientation (p <
0.001), changes were significant in vertical printing orientation only in
x- and y-axis (p < 0.01), but not in z-axis (p = 0.25). The changes due to
sterilization of the horizontal and vertical DLP groups were not signifi-
cant, except for the x-axis when AM was performed in a vertical printing
orientation (p = 0.0021).

3.3. Distances

When printed horizontally, the distances a and c, located longitudi-
nally on the left and right side (Fig. 2), showed no significant differences
from the CAD file (p > 0.05) (Fig. 9). After steam sterilization, a
significantly longer distance was measured compared to the CAD file for

both distances of all printing technologies (p < 0.05), with the exception
of distance a for the horizontal CLIP group (p = 0.37). A high increase of
the distances a and ¢ was measured after AM for the vertical CLIP group
compared to the CAD file, which increased further after sterilization.
Considering the distances b and d, which were both located trans-
versally, no changes to the CAD file (p > 0.05) or significantly shorter
distances (p < 0.05) were measured for the CLIP and DLP technology
regardless of the printing orientation (Fig. 9). The SLA technology,
however, showed a significant increase of distance b after AM when
printed horizontally (p < 0.01), whereas this distance in vertical print-
ing orientation (p = 0.48) and distance d in both orientations (both p >
0.50) showed no significant differences to the CAD file. After steriliza-
tion, a significant increase was observed for both distances and printing
orientations (p < 0.01), with the exception of distance d in horizontal
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row represents the horizontally printed surgical guides, the lower row the vertically printed surgical guides.
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(c, f). The upper row represents the horizontally printed surgical guides, the lower row the vertically printed surgical guides.

printing orientation (p = 0.12). Distance e was measured diagonally
from reference point 4 to the lower reference point 17. This distance was
significantly increased compared to the CAD file after horizontal and
vertical AM for all evaluated technologies (p < 0.01), which further
increased after steam sterilization. The longest distance e was measured
in vertical orientation for the CLIP group.

4. Discussion

The aim of this study was to investigate the dimensional accuracy of

surgical guides manufactured in different AM processes and their
behavior after steam sterilization, since trueness and precision of sur-
gical guides has a relevant impact on predictable implant positioning
(Hiifner et al., 2023). To the best of our knowledge, this is the first study
to investigate the dimensional accuracy and sterilization ability of sur-
gical guides manufactured using the novel CLIP technique (Tumbleston
et al., 2015). Besides a rapid process, this method is often characterized
by a smooth and layer-free surface of the printed objects. Therefore, it
was also investigated whether the printing orientation has an influence
on the printing accuracy as described for common vat
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photopolymerization techniques (Diken Turksayar et al., 2022; Nold
et al., 2021; Unkovskiy et al., 2018).

The extrusion-based manufactured surgical guides with a PETG
filament were as accurate as those manufactured with the other light-
curing techniques. Considering the RMS and vectors, no differences
were found between the vertical and horizontal printing orientation for
the extrusion-based surgical guides. However, the FFF surgical guides
made of PETG could not be sterilized dimensionally stable, making them
unsuitable for clinical application in a surgical field. This was in
accordance with another preclinical study (Garnica-Bohorquez et al.,
2023), where significant changes of the mechanical and dimensional
properties of surgical guides made of polylactic acid (PLA) were
observed after sterilization at 132 °C. This can be explained by the
thermoplastic nature and low glass transition temperature of PLA,
whereas the glass transition temperature of PETG is only slightly higher
(Sava et al., 2023). According to the manufacturer, the market-available
filament is also intended for the fabrication of surgical guides; however,
there is no recommendation regarding the sterilization of the material.
The Centers for Disease Control and Prevention (CDC) of the U.S. Na-
tional Institutes of Health recommends sterilization of surgical guides in
industry-standard steam autoclaves (Rutala and Weber, 2019). For this
reason, the demand of autoclavable filaments appears to be high, since
this technique represents a comparatively straightforward and

cost-effective 3D printing process with only minimal post-processing
(Burkhardt et al., 2022; Liichtenborg et al., 2021). In a comparable
pre-clinical study, extrusion-based printed surgical guides were also
found to be highly accurate after AM (C. Zhang et al., 2022). A ran-
domized clinical trial compared single-tooth implants placed with FFF
surgical guides made of PLA to implants placed with SLA surgical guides
(Sun et al., 2022). The results showed that the implants inserted with
FFF surgical guides were equally accurate. However, in both studies the
surgical guides did not undergo a sterilization procedure, thus no
conclusion can be drawn regarding their use according to CDC recom-
mendations. In contrast to the present results, other studies have shown
that FFF printed surgical guides were dimensionally stable after steam
sterilization (Pieralli et al., 2020; Rothlauf et al., 2023). This can be
attributed, for example, to a sterilization temperature of 121 °C and a
material composition with more thermostable copolymers (Pieralli
et al., 2020; Rothlauf et al., 2023; Yazigi et al., 2023).

No significant differences were observed between all investigated
groups after AM and after steam sterilization considering the RMS of the
corpus, whereas FFF was excluded for further evaluation after sterili-
zation. For the RMS, the root of the mean of the squares of the differ-
ences between the individual measurements and the reference value
were calculated. The RMS provides a scalar value but does not convey
directional information and does not provide relevant information
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regarding distances. It treats all deviations from the reference value as
positive values when squaring the differences (Majeed-Saidan et al.,
2023). As a result, it does not differentiate between over- and un-
derestimations or provide information about the direction of errors.
Therefore, in this study, additional reference geometries were integrated
to evaluate the direction of the deviation and allow point-to-point
measurements (Goodacre et al., 2016). For this approach, it is neces-
sary that the reference geometries do not change significantly or influ-
ence the deformation of the sample (Yoon et al., 2018). Due to the
advantages and disadvantages of the RMS and the reference geometries,
both approaches were evaluated in the present study, which distin-
guishes this study from investigations that only consider the RMS.
When comparing the light-curing methods CLIP, SLA, and DLP after
AM, the deviation of the reference points was similarly pronounced. It
was noticeable that each subgroup manufactured in horizontal orien-
tation, showed the strongest deviation in z-axis after AM. Accuracy of
AM objects can vary along the different printing axes (%, y, and z), and
the z-printing axis occurs often to be less accurate than the x- and y-axes
(Hiifner et al., 2023; Unkovskiy et al., 2018; C. Zhang et al., 2022).
Possible reasons can be the increased number of layers in z-axis in
horizontal printing orientation as well as the typically higher layer
height in z-axis than the achievable resolution in x- and y-axis (Stans-
bury and Idacavage, 2016). The accuracy of printing in z-axis relies on
the layers below being sufficiently solid and adhered to the printing
platforms. Although the fabrication of medical devices with fine and
complex structures using CLIP (Janusziewicz et al., 2020) and their
swelling behavior in liquids (Janusziewicz et al., 2022) is described in
the literature, there is no data available regarding the behavior after
steam sterilization. After steam sterilization, the reference points devi-
ated from the CAD file to varying degrees for the different printing
techniques. In particular, increased vectors were calculated in the
marginal areas of the surgical guides of the CLIP and SLA groups, which
were more pronounced in the CLIP groups. This was in accordance with
the heatmaps indicating the highest deviations in the marginal areas of
the corpus of the surgical guide. The CLIP surgical guides were manu-
factured with standard settings including slicing of the CAD file with the
height of 0.1 mm. Since some printing technologies showed a larger
deformation when printed with smaller layer height (W. Zhang et al.,
2022), the higher deformation of the CLIP group could be due to the
lower slicing of 0.1 mm compared to the other groups, although the CLIP
technology is often referred to as a layer-free technology. However,
textures were detected on the surface and it was not completely smooth
(Fig. 10). In addition, a significant influence of the printing orientation
on the dimensional accuracy of the surgical guides was observed. This
was shown, for example, by the significant increase of both lateral dis-
tances a and c after vertical AM, whereas horizontal printing showed no
significant differences of these distances to the CAD file. Both printing
orientations showed a reduced trueness of the reference points in the

Fig. 10. Detailed view of the surface of a CLIP surgical guide manufactured in
vertical printing orientation. (color artwork).
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marginal areas after sterilization, which was additionally accompanied
by a reduced precision for the horizontal printing orientation. Based on
the present results, it can be concluded that alternative mild sterilization
methods for medical devices made by CLIP without heat, such as hy-
drostatic high-pressure (HHP) sterilization, may be an appropriate
alternative (Linares-Alvelais et al., 2018; Valls-Esteve et al., 2023).

After AM, the accuracy of the surgical guides using DLP was similar
to the CLIP and SLA methods, which stands in partial contrast to pre-
vious studies evaluating the accuracy of dental models (Run-
grojwittayakul et al., 2020) and prototypes (Papaspyridakos et al.,
2023). When manufacturing implant-supported prototypes, a lower
accuracy of DLP prototypes compared to those made by CLIP and SLA
was observed (Papaspyridakos et al., 2023). In general, lower accuracy
is expected from DLP compared to SLA, as SLA uses a moving laser spot
to cure the photopolymer, while DLP cures one layer at a time using a
projector with pixel-resolution (Dikova et al., 2018; Németh et al.,
2023). Therefore, SLA is assumed to achieve a more complete poly-
merization, resulting in higher dimensional stability. The fact that DLP
nonetheless shows partially equivalent or better trueness and precision
than SLA (Németh et al., 2023) can be attributed to errors occurring in
SLA technology due to the slow movement of the mirror for the laser
beam (Kim et al., 2018). Due to the described differences between the
groups and printing orientations, which were significantly observed in
particular after steam sterilization when considering the reference
points, the null hypothesis was rejected.

It seems not simple to estimate which deviations are clinically
acceptable, since there is no consensus on a standard accuracy tolerance
for dental applications (Németh et al., 2023). However, there are several
studies investigating the dimensional accuracy of surgical guides using
different printing technologies (Juneja et al., 2018; Sharma et al., 2020;
Wegmiiller et al., 2021). It has been observed that an RMS of 0.2-0.5
seems to be a clinically acceptable range (Kim et al., 2020; Sharma et al.,
2020). This value was therefore used as a benchmark for our study. Since
the RMS of the photopolymerizing printing processes CLIP, DLP and SLA
was below 0.5 after both additive manufacturing and steam sterilization,
a clinical application seems possible.

However, a limitation of this study is that solely the accuracy of
different printing technologies and orientations was compared without
evaluating the impact on the accuracy of the implant position. There-
fore, in future studies, the fit of the surgical guides should be evaluated
on the model after sterilization (Wegmiiller et al., 2021), and the posi-
tions of the inserted implants should be compared to the planned
implant positions (Gielisch et al., 2023; Rothlauf et al., 2023). Another
limitation of the present study is that only one design of a surgical guide
was investigated since the design can have an influence on the dimen-
sional accuracy (Rothlauf et al., 2023). Surgical guides with minimal
extension, intended for the insertion of single-tooth implants, exhibited
higher accuracy than those extended across the entire jaw (Rouzé I"Alzit
et al., 2022). Although an extended design was examined in the present
study, further designs derived from other implant planning softwares
should be investigated in future studies.

5. Conclusions

In conclusion and within the limitations of this study, the different
printing technologies and printing orientations showed high accuracy
with little differences between the groups. However, during steam
sterilization at 134 °C, the FFF surgical guides exhibited significant
deformation, making their clinical use impossible. The novel CLIP
method enabled rapid manufacturing of the surgical guides; however,
the accuracy was lower compared to the commonly used vat photo-
polymerization techniques SLA and DLP after steam sterilization.
However, it remains to be investigated whether these deviations from
the CAD file compromise the accuracy of placed implants.
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