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Accuracy of surgical guides from 2 different desktop
3D printers for computed tomography-guided surgery
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ABSTRACT
Statement of problem. Different factors influence the degree of deviation in dental implant
position after computed tomographyeguided surgery. The surgical guideemanufacturing process
with desktop 3D printers is such a factor, but its accuracy has not been fully evaluated.

Purpose. The purpose of this in vitro study was to evaluate the deviation in final dental implant
position after the use of surgical guides fabricated from 2 different desktop 3D printers using a
digital workflow.

Material and methods. Twenty 3D-printed resin models were prepared with missing maxillary
premolar. After preoperative planning, 10 surgical guides were produced with a stereolithography
printer and 10 with a digital light-processing (DLP) printer. A guided surgery was performed; 20
dental implants (3.8×12 mm) were installed, and a digital scan of the dental implants was made.
Deviations between the planned and final position of the dental implants were evaluated for
both the groups.

Results. A statistically significant difference between stereolithography and DLP were found for
deviation at entry point (P=.023) and the vertical implant position (P=.009). Overall lower deviations
were found for the guides from the DLP printer, with the exception of deviation in horizontal
implant position.

Conclusions. The tested desktop 3D printers were able to produce surgical guides with similar
deviations with regard to the final dental implant position, but the DLP printer proved more
accurate concerning deviations at entry point and vertical implant position. (J Prosthet Dent
2019;121:498-503)
The use of computed tomog-
raphy (CT)-guided surgery for
the installation of dental im-
plants involves cone beam
computed tomography (CBCT),
intraoral digital scan, planning,
design, and fabrication of the
surgical guide. In each step of
the workflow and in the surgi-
cal procedure, errors may in-
fluence the overall accuracy.1-8

Such errors can be the align-
ment of CBCT and the acquired
digital scan, errors during CBCT
image acquisition, inexact toler-
ance, or imprecise mounting of
the guide sleeve.1,9,10 Further-
more, the level of accuracy is
affected by the intraoral support
of the surgical guidewith respect
to bone, mucosa, or teeth. The
surgical workflow (fully guided,

pilot guide, freehand dental implant placement) and single
or multiple dental implant surgical guides will affect accu-
racy.2,11-15 As the accuracy of the treatment protocol is
essential to prevent damage to surrounding structures, each
step in the process needs to be carefully executed.12

Regarding the fabrication of the surgical guide, one can
distinguish between 2 fabrication methods: additive
manufacturing and the use of mechanical positioning
devices.16
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With a trend toward the greater use of digital tech-
nology in implant dentistry17 and the increased range of
desktop 3D printers and scanners for intraoral use, ac-
curacy must be properly defined. Accuracy consists of
trueness and precision as defined in ISO 5725-1.18

Trueness describes how measurements deviate from the
actual object measured, and precision describes how
close a series of measurements of the same object are to
each other. For CT-guided surgery, accuracy is also
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Figure 1. Guided surgery planning.

Clinical Implications
Digital techniques can be used for postoperative
verification of computed tomographyeguided
surgeries. With careful control of the manufacturing
process, desktop 3D printers are a suitable option
for fabricating surgical guides.
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defined as the deviation between the dental implant
position in the planning and postoperative position.10

Along with the increased methods of surgical guide
manufacturing, evaluating the accuracy of the procedures
is important. A recent study evaluating the accuracy of 3D-
printed surgical guides producedwith a desktop 3Dprinter
concluded that producing surgical guides of high quality
was possible.19 However, different desktop 3D printers
and surgical guidematerialsmay affect the overall accuracy
of the procedure and may need to be further investigated.
Both stereolithography (SLA) and digital light processing
(DLP) are used in dentistry. SLA printers create shapes
layer by layer using ultraviolet laser light to solidify a liquid
photopolymerizing resin, an additive manufacturing pro-
cess. TheDLP printer operates in a similar way, except that
it uses projector technology for photopolymerization and
has significantly faster print times. However, the resolu-
tion may be reduced, depending on the quality of the
projector and the material used.

The accuracy of guided surgery is frequently defined as
the deviation between the position of the dental implant
postoperatively and the planned position. A common
procedure for this involves a postoperative CBCT exami-
nation of the patient.4 The use of digital scans and dental
implant scan bodies has been evaluated and demon-
strated to be a valid alternative to conventional impres-
sions and in registering the dental implant position.20-28 A
mean trueness of 50.2 ±2.5 mm and a mean precision of
24.5 ±3.7 mm for the TRIOS 3 (3Shape) scanner for digital
scans of a partially edentulous maxilla have been re-
ported.21 Using digital scans to acquire the final implant
position may eliminate the need for a postoperative CBCT
examination.29 This method has been recommended for
the evaluation of guided surgery.30

The purpose of this in vitro study was to evaluate the
degree of deviation in the final dental implant position
after the use of surgical guides fabricated from 2 different
desktop 3D printers using a digital workflow. The null
hypothesis was that no difference would be found in the
2 groups with different surgical guides.

MATERIAL AND METHODS

A digital scan (TRIOS 3; 3Shape) of a maxillary typodont
was used to create a 3D model. The model was then
digitally manipulated in a 3D sculptingebased computer-
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assisted design (CAD) software program (Meshmixer 3.2;
Autodesk) as follows: the first premolar on the left side
was removed, and the space was flattened and cropped
to a half dental arch. Using an SLA printer (Form 2;
Formlabs) 20 surgical models were fabricated (Tough
Resin V4; Formlabs). The models were numbered 1
through 20 and divided into 2 groups, namely SLA and
DLP. Each model was digitally scanned (TRIOS 3;
3Shape) and radiographed with a CBCT machine (Pro-
Max 3D; Planmeca). All CBCTs were performed with the
same characteristics: voxel size of 0.2 mm, exposure
factors were 60 kV and 8.0 mA; and exposure time was
4.065 seconds. A series of axially sliced image data were
obtained and exported to digital imaging and commu-
nications in medicine (DICOM) format and numbered
according to corresponding model. Digital scans and
DICOM files were imported into a CT-guided surgery
software program (Implant Studio; 3Shape) for planning
and surgery guide design.

For each situation, a dental implant (Tapered Internal;
BioHorizons), 12 mm in length and 3.8 mm in diameter,
was selected, resulting in the same drilling protocol. In
the guided surgery software, the dental implants were
virtually positioned 1 mm above the model surface as
seen in Figure 1. In the DLP group, 10 surgical guides
were fabricated from a photopolymer resin (E-Guide;
EnvisionTEC) using a DLP printer (Vida; EnvisionTEC) as
seen in Figure 2A. Guide thickness was 1.4 mm, offset
from teeth to guide was 0.02 mm, and offset from sleeve
to guide was 0.01 mm, according to manufacturing rec-
ommendations. In the SLA group, 10 surgical guides
were fabricated from a different photopolymer resin
(Dental SG Resin; Formlabs) using an SLA printer (Form
2; Formlabs) as seen in Figure 2B. Guide thickness was 2
mm, offset from teeth to guide was 0.06 mm, and offset
from sleeve to guide was 0.05 mm, according to
manufacturing recommendations. The surgical guides
were positioned, printed, and then processed according
THE JOURNAL OF PROSTHETIC DENTISTRY



Figure 2. A, Surgical guide DLP (Vida 3D printer and E-guide material). B, Surgery guide SLA (Form two 3D printer and Dental SG Resin material).
DLP, digital light processing; SLA, stereolithography.

Figure 3. Alignment of data sets, color-coded deviations maps, and
mean deviation.
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to the manufacturers’ guidelines. Master cylinder sleeves
(Master Sleeve; BioHorizons) were then incorporated
into the surgical guides. The two 3D printers were cali-
brated before guide fabrication.

A visual inspection was performed to evaluate the
correct seating of the surgical guides on their respective
surgical model. All 20 dental implants were installed
using a guided surgery kit (BioHorizons) by 1 operator
(B.G.), following the drill protocol and the implant
manufacturer’s instruction for fully guided surgery. The
implant driver and a torque wrench (BioHorizons) were
used to reach the indicated stop position and adjust the
implant hexagon to correspond with the indication
marking on the surgical guide.

After implant placement, scan bodies (PEEK Scan
Abutments; BioHorizons) were attached onto each dental
implant, and the models were digitally scanned (TRIOS
3; 3Shape). The digital scans and the guided surgery
planning were separately imported into a dental design
software program (Dental Designer; 3Shape), from which
standard tessellation language data sets were exported
with incorporated geometric dental implant structures.
Corresponding data sets of the planned and final dental
implant position were then imported into a 3D data
measurement analysis software program (GOM Inspect
2017, build 2017-09-14; GOM Metrology). To make the
superimposition more precise, irrelevant areas beyond
the field of interest were not selected for alignment after
the primary alignment between the data sets.

Alignments were performed using a best-fit algorithm
based on the selected surfaces of the neighboring teeth.23

Color-coded deviation maps were generated to show the
difference between 2 aligned data sets as seen in
Figure 3, in addition to the mean deviation. To identify
the central entry point and apex of the dental implant,
fitting elements were applied to key geometric surfaces of
the dental implant using the Gaussian best-fit approach.
The following parameters were calculated: deviation at
THE JOURNAL OF PROSTHETIC DENTISTRY
entry point, measured at the center of the implant (in
mm); deviation at apex, measured at the center of the
implant apex (in mm); angular deviation (in degrees);
deviation in vertical implant position, measured at the
center of the implant (in mm); deviation in horizontal
implant position, measured at the center of the implant
(in mm); and rotational deviation of the implant hexagon
(in degrees).2 The parameters are illustrated in Figure 4.
The software calculated the distance between the
measuring points on the x, y, and z axes and the
Euclidian distance (dxyz) (Fig. 5) using the following
equation:

dxyz=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
xref − xtest

�2+�yref − ytest
�2
+
�
zref − ztest

�2r
:

Statistical analysis was performed using a statistical
software program (IBM SPSS Statistics, v22; IBM
Corp). The data were tabulated, and from these mea-
surements, median, mean, minimum, maximum,
and standard deviations (SDs) were calculated. The
Gjelvold et al
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Figure 4. Deviation measurements: Deviation at entry point (a);
deviation at apex (b); angular deviation (c); deviation in vertical implant
position (d); deviation in horizontal implant position (e); rotational
deviation of implant hexagon (f).

Figure 5. Inspection variables software output.
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Mann-Whitney U test was used to analyze the 2 inde-
pendent groups (a=.05).

RESULTS

A total of 20 dental implants were placed with no un-
expected occurrences during surgical guide fabrication or
fixture installation. The mean ±SDs for the deviation
between the points used for the best-fit alignment of the
2 data sets were 18.8 ±4.0 mm for DLP and 18.9 ±4.3 mm
for SLA (P=.739). In the DLP group, the lowest mean
deviation was found for vertical implant position (0.16
±0.11 mm) and for the SLA group in horizontal implant
position (0.16 ±0.11 mm). The SLA group had the
highest mean deviation at the apex (0.49 ±0.17 mm). For
the DLP group, the deviation at the apex was 0.34 ±0.14
mm. Statistically significant differences were found for
deviation at the entry point (P=.023) and for vertical
implant position (P=.009). A summary of the statistical
analysis for deviations in dental implant position be-
tween the DLP and SLA groups is presented in Table 1.
DISCUSSION

The null hypothesis was partially rejected because sig-
nificant differences were found in the final dental implant
position between the guides fabricated from the 2 tested
desktop 3D printers.

A digital scan of a dental implant with an intraoral
scan body is commonly used in the fabrication of
Gjelvold et al
implant-supported crowns and has been investi-
gated.22,24,25 This procedure, in conjunction with data
from the guided surgery software, can be used to extract
data sets with the intended and postoperative dental
implant positions. Cristache and Gurbanescu29 used a
similar method to compare the data sets from the surgical
planning with post insertion digital scan data sets. In the
past, a second CBCT examination of the patient was
necessary to identify the postoperative implant position,
exposing the patient to additional radiation. Use of
intraoral scan bodies reduces radiographic exposure and
is in accordance with recommendations of a recent sys-
tematic review.30

No significant difference in deviation was found be-
tween the 2 groups for the alignment of planned and
final data sets. Best-fit alignment has been commonly
used to align data sets and can be used in studies to
evaluate the accuracy of digital scans. Ender et al26 re-
ported on the precision of repeated quadrant dental arch
silicone impressions (18.8 ±7.1 mm) and the TRIOS 3
(3Shape) scanner (26.1 ±3.8 mm). Full-arch best-fit
alignment might, however, generate systematic errors
because of the deviation between 2 large data dis-
tances.20,27 The precision and trueness of the intraoral
scanner used in the present study have been
evaluated.21,27,28

In the present study, the DLP and SLA groups pre-
sented a low degree of deviation between the planned
and postoperative dental implant positions. The findings
fall within the mean system error of 1.2 mm for the
horizontal and 0.5 mm for the vertical direction estab-
lished by the European Association for Osseointegration
consensus in 2012.15 For in vitro studies, lower deviations
are to be expected, as reported in a recent systematic
review with a mean horizontal coronal deviation of 1.10
±0.09 mm for clinical studies and 0.77 ±0.15 mm for
in vitro studies.3 These results do not consider the
number of dental implants or type of guide support.
THE JOURNAL OF PROSTHETIC DENTISTRY



Table 1.Deviation difference (Mann-Whitney U test)

Variable

DLP SLA

U Value PMedian Mean ±SD (min-max) Median Mean ±SD (min-max)

Deviation at entry point (mm) 0.28 0.27 ±0.08 (0.15-0.36) 0.38 0.39 ±0.01 (0.21-0.63) 20 .023*

Deviation at apex (mm) 0.36 0.34 ±0.14 (0.10-0.53) 0.53 0.49 ±0.17 (0.23-0.77) 25 .063

Angular deviation (degrees) 0.86 0.99 ±0.57 (0.27-1.90) 1.29 1.25 ±0.49 (0.52-1.98) 35 .280

Deviation in vertical implant position (mm) 0.12 0.16 ±0.11 (0.02-0.33) 0.34 0.34 ±0.18 (0.09-0.58) 16 .009*

Deviation in horizontal implant position (mm) 0.16 0.17 ±0.09 (0.07-0.36) 0.16 0.16 ±0.11 (0.02-0.33) 48 .912

Rotational deviation (degrees) 3.06 3.66 ±1.89 (0.98-7.64) 3.66 4.68 ±4.14 (0.53-14.59) 50 1.000

DLP, digital light processing; SD, standard deviation; SLA, stereolithography. For vertical deviation, positive values represent more coronal position of implant. *Statistically significant, P<.05.
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Lower deviations are to be expected for single dental
implants tooth-supported guides,13 but a variation in
deviation does occur.4-8 In the present study, the de-
viations could in part be explained by the tolerance be-
tween the guide tools, length of dental implant, and
distance between guide sleeve and implant site.10 The
high SD for rotational deviation, indicating data with a
wide spread, was to be expected as the hexagon position
was visually aligned during installation. Further
improvement of guided surgery tools may help reduce
such deviations.

A statistically significant difference was found between
the DLP and SLA for deviation at the entry point (P=.023)
and in vertical implant position (P=.009), with a lower
mean deviation in the DLP group. However, for all de-
viations values, with the exception of horizontal deviation,
the mean results favored the DLP group. An explanation
for the statistically significant differences could be that the
larger offset values needed for the master cylinder sleeve
and between guide and teeth for the SLA printer used
could have influenced the mounting of the sleeve and the
seating of the surgery guide on the model. Also, the
surgery guides from the SLA printer needed to undergo a
longer postpolymerization process than the DLP guides
because of a lower degree of photopolymerization during
3D printing. Handling during the postpolymerization
process may have caused minor distortions leading to
improper seating of the guide. Factors related to the
manufacturing of surgical guides including incorporation
of the master sleeve, 3D printer resolution, surface finish
of the material, machine reproducibility, offset values,
postprocessing, and calibration of a 3D printer can affect
the definitive implant position. Further research is rec-
ommended before any conclusions can be drawn. With
the increased accessibility of desktop 3D printers and the
possibility for more in-office production of surgical guides,
validation of the workflow is important. The use of a
digital scan to confirm the postoperative dental implant
position as described in the present and another study29

could easily be incorporated into guided surgery soft-
ware and would greatly help in the quality control of the
procedure. The authors are unaware of any CT-guided
surgery software that has implemented this feature.
THE JOURNAL OF PROSTHETIC DENTISTRY
Clinical accuracy may be affected by different vari-
ables. This study did not account for saliva, soft tissue,
patient movement, or humidity in the oral environment.
Also, the material used for the surgical models does not
have the same physical properties as bone, enamel, and
soft tissue, meaning that seating of the guide and implant
insertion may be different in a clinical setting. An addi-
tional limitation was that no reference objects were
incorporated into the model design. Such objects would
have helped in the alignment of the 2 data sets and the
following measurements.19,20,27 The use of a high-accu-
racy industrial scanner would also further minimize er-
rors from the scanning procedure. These types of objects
and scanners are not present in a clinical setting where
the procedure would be more consistent with the present
one.

CONCLUSIONS

Within the limitation of this in vitro study, the following
conclusions were drawn:

1. The tested desktop 3D printers proved capable of
producing surgical guides with similar deviations to
definitive implant position.

2. The DLP printer proved more accurate concerning
deviations at the entry point and vertical implant
position.
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