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ABSTRACT

Objectives: To evaluate the accumulative effect of 3D printer, implant analog systems, and implant angulation on
the accuracy of analog position in implant casts.

Methods: A reference cast, presenting a case of a three-unit implant-supported prosthesis, was scanned with a
coordinate measurement machine, producing the first reference data set (CMM, n = 1). The second reference data
set (n = 10) was prepared using an intraoral scanner (10S) (Trios4). Test quadrant casts were produced using three
DLP type 3D printers, Max (MAX UV385), Pro (PRO 4K65 UV), and Nex (NextDent 5100), and three implant
analog systems, El (Elos), Nt (Nt-trading), and St (Straumann) (n = 90). Stone casts were also produced via
analog impressions (Stone, n = 10). After digitization, the accuracy of 3D distance, local angulation (angle
between implants) and global angulation (angle between the implant center axis and an axis perpendicular to the
global plane) was evaluated by comiparing the reference (CMM, 10S), test (3D print), and control (Stone) groups
using metrology software. Data were statistically analyzed using three-way ANOVA and Tukey's tests (¢=0.05).
Results: 10S was truer-in 3D implant distance and more precise in capturing local angulation than Stone (p <
0.05). Other measurements were similar between both groups (p > 0.05). The amount of error introduced in the
workflow by 10S and 3D printing was mostly similar (p > 0.05). 3D printed casts had similar or even higher
accuracy than Stone group (p > 0.05). In most cases, higher trueness was achieved when using PRO 4K65 UV 3D

printer and Elos implant analog system (p < 0.05).
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Conclusion: 3D printer, implant analog system, and implant angulation have a significant effect on the accuracy
of analog position in implant casts. Limited-span implant-supported cases could be reproduced digitally with
similar accuracy as conventional methods.

Clinical significance: A fully digital workflow with a carefully selected 3D printer and implant analog system can

increase the accuracy of digitally produced implant casts with comparable accuracy to conventional workflow.

Keywords: 3D printing; Accuracy; Dental Materials; Digital dentistry; Implant analog; Intraoral scanner;
Precision; Trueness; Prosthodontics

1. Introduction

Inaccuracies in impression-taking and restoration manufacturing can resuit in implant-prosthesis discrepancies,
leading to the formation of micro-gaps and strain [1]. These issues may cause severe biological complications
such as peri-implantitis, mucositis, and bone loss, as well as mechanical failures including screw loosening and
fractures of prosthetic components [2,3]. Addressing these inaccuracies intraorally, particularly in multiple
restorations, is not only time-consuming but also negatively impacts clinical efficiency and patient satisfaction
[4,5].

Despite the advancements in digital dentistry that aim to eliminate the need for physical dental casts, these
casts remain widely used for adjusting occlusal and proximal contacts, manual veneering, and cementation of the
abutments of implant-supported fixed dental prostheses (FDPs) [6]. Stone casts derived from conventional open-
tray implant impressions continue to be the standard of care due to their accuracy [7]. However, these casts have
several limitations, including time-consuming production processes, potential distortions, and susceptibility to
breakage [8,9]. In contrast, digital technologies offer a compelling alternative, providing immediate visualization,
enhanced patient comfort, and simplified data storage and sharing [10,11]. In a hybrid digital workflow for
producing implant-supported FDPs, physical casts can be 3D printed using intraoral scanner (10S) data [12,13].
Compared to subtractive methods or traditional techniques, 3D printing offers numerous advantages: it is not

restricted by the geometry limitations of milling burs, produces less waste material, and eliminates the generation
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of grinding dust [14,15]. Among the various 3D printing technologies, Digital Light Processing (DLP) 3D
printers are widely used in dental laboratories, operating on the principle of solidifying objects layer by layer in a
liquid photopolymer vat using a digital projector [12].

There is no consensus on the clinically acceptable level of implant-prosthesis discrepancy, but linear 100
um and angular 0.4 degrees are suggested thresholds [16-18]. When casts for implant-supported FDPs are
produced via a hybrid workflow, several factors [19-21] - including digital scanning [17], the specific model of a
3D printer [22-24], the implant analog system [25, 26], and implant angulation [22,27] - can affect the accuracy
of implant analog position in the cast [17,22,25,27]. While the influence of these factors separately has been well
researched [29-31], there is a lack of studies evaluating their cumulative effect. Therefore, this study aimed to
compare the accuracy (trueness and precision) of implant analog positions in implant casts produced through
digital and analog workflows. Additionally, it sought to assess the impact of a 3D printer, implant angulation, and
implant analog system on the accuracy of three-unit implant casts derived from 10S data. The first null hypothesis
posited that the accuracy of implant analog positions in implant casts fabricated via digital and analog methods
would be comparable. The second null hypothesis proposed that the effects of the 3D printer, implant angulation,
and implant analog system on the trueness and precision of the implant analog position in dental casts would be

negligible.

2. Materials and methods

2.1. Study design

Three types of measurements were conducted: local 3D distance between implants, local angulation between
implants, and global angulation. The study scheme is provided in Figure 1.

2.2. Reference cast

A partially edentulous maxillary cast was additively manufactured (MAX UV385; Asiga, Sydney, Australia) and
used as the reference cast. Two dental implants (Bone Level Tapered RC; Straumann, Basel, Switzerland) were

inserted in regions 15 and 17. The mesial implant was made perpendicular to the occlusal plane, while the distal
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implant was angled 5° mesially. Precision spheres (Micro Surface Engineering, Inc., Los Angeles, California),
with a diameter of 5 mm, were attached with an auto-polymerizing acrylic resin (Pattern Resin; GC America Inc.,
Alsip, IL, USA) at the base of the cast (Fig. 2A).
2.3. Reference data sets
Titanium scan bodies (3Shape scan body; 3Shape A/S, Copenhagen, Denmark) were torqued with 10 Ncm to the
implants. The precision spheres of the reference casts were uniformly coated with a white occlusion spray (O-
Spray; S&S Scheftner GmbH, Mainz, Germany). Then, scanning was performed with a coordinate measurement
machine (CMM) equipped with an LC15Dx laser scanning head (ALTERA 10.7.6; Nikon Shinagawa, Tokyo,
Japan) (Fig. 2B). Data were exported in standard tessellation language (STL) file format, producing the first
reference data set (CMM, n =1).

Within 48 hours of the CMM scanning, ten digital scans were taken of the reference cast with an 10S
(Trios 4, software v.20.1.3; 3Shape A/S) by one experienced clinician, producing a second reference data set
(10S, n = 10). Scanning followed the manufacturer’s instructions, there was no direct lighting from the chair
lamp, no rescanning was needed, the palate was included in the scan, and the device was calibrated every 5 scans.
2.4. Test data set
IOS data was then imported into the CAD (Computer-Aided Design) software (Dental Designer 2021 and Model
Builder 2021; 3Shape A/S). Quadrant virtual casts were generated from each scan for each implant analog system
(n = 30). Three retrievable implant analog systems were used: Accurate Analog for Printed Models (Elos
Medtech, Goéteborg, Sweden) (El), DIM-ANALOG (nt-trading GmbH & Co. KG, Karlsruhe, Germany) (Nt), and
RC Repositionable Implant Analog (Straumann) (St) (Fig. 2C). After initial testing, the implant analog slot radial
offsets were chosen: -30 pm for Nt-trading and -20 um for Straumann and Elos systems. Hollow digital casts with
a 2.5-mm minimum wall thickness were created.

Test casts (Fig. 2D) were then produced with three different DLP-based 3D printers: MAX UV385 (Asiga,
firmware 2020-11-13) (Max), PRO 4K65 UV (Asiga, firmware 2020-11-13) (Pro), and NextDent 5100 (3D

Systems, firmware v1.1.2, South Carolina, USA) (Nex). DentaMODEL (Asiga) and Model 2.0 (3D Systems)
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resins were used, according to the manufacturer of the machine. Each cast was positioned horizontally at the
center of the build platform and manufactured in a separate print job with a 50 um layer thickness. 3D printers
were calibrated every fifth print, and the post-processing of the casts was carried out strictly following the
manufacturers' instructions. Support structures were removed before post-processing. After resting for 1 day at
room temperature in a light-proof compartment, 3D printed casts were fitted with digital implant analogs. 3D
printing and post-processing of the resin casts, as well as implant analog placement, strictly followed the
manufacturers' instructions.

The same scan bodies (3-Shape A/S) were transferred from the reference cast to the 3D printed casts and
torqued with 10 Ncm using an electronic screwdriver (iSD900; NSK). 3D printed casts were then digitized with
the calibrated laboratory scanner (E4; 3Shape A/S). As a result, 9 digital test data sets (each n = 10) of 3D printed
casts were generated: Max_Nt, Max_EI, Max_St, Pro_Nt, Pro_EI, Pro_St, Nex_Nt, Nex_EI, and Nex_St (Fig. 1).
2.5. Control data set
Immediately after 10S, conventional impressions (Imprint 4; 3M ESPE, Saint Paul, Minnesota, United States) of
the reference cast (n = 10) were taken at room temperature using a double-mix custom tray impression technique
(Fig. 2E). Open-tray impression abutments (RC Impression Post; Straumann) were torqued with 10 Ncm to the
implants using an electronic cordless screwdriver (iSD900; NSK). The impression abutments were splinted with
light-polymerizing custom tray material (Individo Lux; VOCO). Impression setting time was set twice as long to
compensate for temperature differences between oral and in vitro environments.

The impressions were poured with Type IV dental stone (GC Fujirock EP; GC) after mixing under the
vacuum (Fig. 2F). Stone casts served as a control group. Both impression-making and pouring strictly followed
the manufacturers’ guidelines. After the casts were fully set, they were digitized with the calibrated laboratory
scanner in the aforementioned manner (Stone, n = 10) (Fig. 1).

2.6. Measurements
All digital casts were imported into metrology software (Geomagic Control X; 3D Systems). A CAD file of the

selected implant scan body (3Shape scan body; 3Shape A/S) was superimposed onto the digital cast. Spherical
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surfaces were manually selected, and the software automatically detected their center points. Subsequent
measurements were conducted in vector space, using only the CAD files of the scan bodies and spheres’ center
points, excluding the digital cast. This approach enabled automatic selection of points and lines for repeatable
measurements. A global plane was drawn through the center points of the three calibration spheres. The local 3D
distance was measured between the bottom center points of the implant scan bodies. Local angulation was
determined by measuring the angle between the vertical center axes of the scan bodies. A global angulation was
also evaluated for each scan body by measuring the angle between the scan body’s vertical center axis and a line
perpendicular to the global plane. These measurements are illustrated in Figure 3.

The trueness of the selected test group was evaluated using two reference data sets: CMM and 10S (Fig.
1). Additionally, comparisons within a group were made to evaluate the effect of different 3D printers, digital
implant analog systems, and implant angulations, using 10S data as a reference. For precision evaluation, each
measured value was subtracted from its respective group means. The absolute values of these differences were
used to evaluate the 3D distance, local angulation, and global angulation of mesial and distal implant scan body
precision evaluation. The results for each group were summarized using the mean and standard deviation (SD).
2.7. Data analysis
Statistical analysis was performed with a statistical analysis software program (SPSS 27.0; IBM SPSS software;
IBM Corporation). All groups were subjected to the Shapiro-Wilk normality test. To verify the homogeneity of
variance between category groups, Levene’s test was used. An independent two-sample t-test was used to
estimate the difference between the selected groups’ trueness values. An independent Welch’s t-test was used to
estimate the difference between the selected groups precision values. A two-way ANOVA was chosen to evaluate
if there is any interaction between the 3D printer and the implant analog system and their influence on distance,
local angulation trueness, and precision values. A three-way ANOVA was used to evaluate global angulation
trueness and precision values and the interaction between its factors: the 3D printer, implant analog system, and
implant angulation (0° and 5°). A Tukey-HSD post hoc test was used for both factors in the ANOVA. The

significance level was set at «=0.05 for all statistical tests.
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3. Results
The results (mean and SD) of global and local trueness measurements are presented in Table 1 and precision
measurements in Table 2. Figures 4-7 represent unsigned measurement values. Tables 3, and 4 show Student's t-
tests’ and Welch’s t-tests’ p-values and differences (A) between the groups. Values of comparisons within the
groups using two-way, three-way ANOVA, and post-hoc statistical tests are presented for trueness in Tables 5, 6
and precision in Tables 7, 8.
3.1. 10S versus stone casts (mutual reference CMM)
The trueness of local 3D distance showed a statistically significant difference between the 10S (20.77 £21.33 um)
and Stone groups (Table 3, Fig 4a, 63.88 £17.62 um, p < 0.001). Clinically significant trueness deviations were
recorded in all angulation measurements of both groups.

When precision was evaluated, only local angulation was significantly different between the 10S and
Stone groups (Table 4, Fig 5a, p = 0.05, A=0.11°). The 10S group (0.13 £0.09°) had higher precision than the
control group (0.24 £0.13°).
3.2. 10S (reference CMM) versus 3D printed casts (reference 10S)
In terms of local 3D distance, 3D printed casts exhibited mostly similar trueness as the 10S group (Table 3, Fig
4a, p > 0.05, A<20 um). In most cases, 3D printing introduced significantly higher local angulation deviations
than the 10S step (Table 3, Fig 5a, p < 0.05, A<-0.31°). Global angulation deviations were mostly statistically
insignificantly different between 10S and 3D printed casts (Table 3, p > 0.05, A<0.79°).

Further measurements revealed mostly similar precision between 10S and 3D printed casts (Table 4, p >
0.05), except for the global angulation precision of the distal scan body. 10S recorded global angulation of the
distal scan body with significantly poor precision when compared to reproduction with 3D printing (Table 4, Fig
7b, p < 0.05, A<0.33°).

3.3. 3D printed casts versus stone casts (mutual reference CMM)
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In five out of a total of nine comparisons, 3D printed casts showed significantly better trueness of 3D distance
between the implants than the control group (Table 3, Fig 4a, p < 0.05, A<45 pum). The trueness values of local
and global angulation of 3D printed and stone casts were mostly similar (Table 3, p > 0.05, A<-0.74°).

In the current study, the precision of local measurements (3D distance and local angulation) of final 3D
printed casts and stone casts was similar (Table 4, Fig 4b, 5b, p > 0.05, A<-12.06 um, A<0.10°). However, the
opposite was true with global angulation measurements. In most cases, stone casts had significantly poorer
precision than 3D printed casts (Table 4, Fig 6b, 7b, p <0.05, A<0.32°).

3.4. Effect of factors: (A) 3D printer; (B) implant analog system; (C) implant angulation

The 3D distance trueness between implant analogs in 3D printed casts was significantly affected by the 3D printer
and implant analog system separately (p < 0.05) and interactively (p < 0.001) (Table 5). Tukey-HSD post hoc
tests revealed that Nexdent 5100 (3D Systems) was inferior to MAX UV385 (Asiga) in terms of 3D distance
trueness (p < 0.05) (Table 6). Moreover, there were insignificant differences in 3D distance trueness between the
two Asiga 3D printers (pcmm = 0.49, pios = 0.18). As for the implant analog system, DIM-ANALOG (Nt-trading)
produced the lowest 3D distance trueness whern compared to St and El (p < 0.001). However, no significant effect
of these factors was detected for the precision of 3D distance (Table 7, p > 0.05).

When the CMM data set was considered as a reference, the 3D printer and implant analog system
separately showed a significant effect (pcmm < 0.001) on the trueness of local angulation. Post-hoc statistical tests
showed significantly higher local angulation trueness of the PRO 4K65 UV (Asiga) than the other two tested 3D
printers (pcmm = 0.001) and of the DIM-ANALOG (Nt-trading) implant analog system than the other two tested
analog systems (pios < 0.05). Furthermore, the precision of local angulation was significantly affected by the
implant analog system alone. Analysis showed that the DIM-ANALOG (Nt-trading) implant analog system was
significantly less precise than the RC Repositionable Implant Analog (Straumann).

Since the values of global angulation measurements of both implants were merged, a third independent
variable was added: implant angulation. Therefore, the three-way ANOVA test was conducted (Tables 5, 7).

Only when CMM was used as a reference did the 3D printer and implant analog system, as separate factors, have
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a considerable effect on the trueness of global angulation (pcmm < 0.001). All combinations of interacting factors
(except 3D printer and implant angulation) showed statistical significance (pcmm < 0.05). It is evident that
Nexdent 5100 (3D Systems) casts presented the highest global angulation trueness (Table 5, pcmm < 0.05). As for
the implant analog system, DIM-ANALOG (Nt-trading) showed the highest trueness for global angulation,
followed by El and St (Table 5, pcmm < 0.001). Furthermore, global angulation precision was affected only by the
choice of 3D printer (Table 7, p = 0.05). Contrary to this, Nexdent 5100 (3D Systems) produced a lower precision
of global angulation than MAX UV385 (Asiga).

4. Discussion

This research aimed to assess the accuracy of implant analog positions within 3D printed casts using three
metrics: local distance, local angulation, and global angulation. The initial null hypothesis, proposing that implant
analog positions in casts fabricated using digital and analog methods would be comparable, was confirmed.
However, the second null hypothesis, which asserted that the impacts of different 3D printers, implant
angulations, and implant analog systems would be negligible, was rejected.

The first comparison was made between digital implant scans and stone casts. Digital scans were
significantly truer in capturing the 3D distance between the implants and more precise in capturing local
angulation than control stone casts. All other measurements showed similar accuracy between 10S and stone
casts. Similar observations were made in a study by Bi et al. [32], where different clinical scenarios were tested
and compared with conventional casts. The authors conclude that for unilateral implant cases, a digital scan is
equally accurate as an analog workflow.

As a part of the first aim, this study compared digital scans with 3D printed casts, produced with three
different DLP-based 3D printers and fitted with implant analogs from three different manufacturers. Since
deviations were calculated using two different references (CMM data for the 10S group and 10S for the 3D
printer group), it was possible to calculate the introduction of errors at different stages of the digital workflow.
The findings showed that the error introduction was mostly similar between the two stages, except for local

angulation (where digital scans exhibited higher trueness) and global angulation (where digital scans
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demonstrated lower precision). Previous research has studied error introduction at different stages of a digital
workflow in dentate arches [31]. However, to the authors’ knowledge, this is the first study to perform such an
analysis on partially edentulous arches with implants.

Furthermore, the primary goal of this study was to compare the final accuracy of implant analog positions
in the casts produced using digital and conventional methods. The test group (3D printed casts) showed similar or
even higher accuracy compared to the control group (stone casts). All local 3D measurements between the test
and control groups showed clinically acceptable trueness and precision (<100 um) [33]. In a study by Mathey et
al. [34], it was found that implant casts fabricated using a DLP 3D printer had significantly higher trueness
compared to stone casts, while the precision between the two groups was similar. Similarly, Banjar et al. [35]
found that 3D printed casts with 2 implants placed in the anterior region, produced using both DLP and SLA 3D
printers, exhibited higher accuracy than control stone casts. The deviations in test casts produced using the DLP
3D printer were also considered clinically acceptable. However, the type of 3D printer significantly affected
accuracy, with lower accuracy observed when using the SLA 3D printing technique [35]. Both aforementioned
studies evaluated the accuracy indirectly by measuring the surface deviations of the scan bodies attached to the
implants. Additionally, Revilla-Leon et al. [33] and Bohner et al. [36] found that positional accuracy of implant
analogs in casts manufactured using either DLP or SLA methodologies was comparable to conventional methods.

The secondary aim of this study was to investigate the effect of three independent variables: DLP-based
3D printer, implant analog system, and implant angulation. It was evident that the choice made by the operator
could significantly influence the accuracy of the implant analog positions in the implant casts. 3D printers
influenced almost all measurements, except for local precision. The best trueness of local measurements was
achieved by PRO 4K65 UV (Asiga) rather than MAX UV385 (Asiga) or NextDent 5100 (3D Systems). As for the
implant analog system, DIM-ANALOG (Nt-trading) achieved the highest angulation trueness but the worst 3D
distance trueness. Other measurements showed conflicting results. Similar results were reported by Maria et al.
[26], who observed a significant effect of the choice of implant analog system on the accuracy of 3D printed

casts. The authors reported that 3D printing build orientation, even though significant, had no discernible trends.
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Different analog holder radial offsets had insignificant effects on the trueness of the 3D printed casts. According
to these results, second null hypothesis was completely rejected for trueness and partially rejected for precision.
This study presents valuable insights, yet certain limitations must be recognized. These include the in vitro
study design, the use of a laboratory scanner, a limited number of digital devices tested, and the indirect
measurement of position accuracy through scan bodies. In vivo, 10S accuracy can be influenced by factors such
as saliva, movable soft tissues, and the accessibility of scanning areas. The laboratory scanner, despite its
manufacturer-specified accuracy of 4 um [37], can introduce deviations. The combination of different 10Ss and
3D printers can also lead to varying accuracy results. Additionally, using the same implant scan bodies may have
introduced repositioning inaccuracies. The study did not evaluate other factors identified by previous research,
such as 3D printing layer thickness, build orientation, 3D printer techinclogy, model resin, and the software used
for accuracy analysis, which can impact the final accuracy of 3D-printed dental casts.
5. Conclusions
Based on the findings of this study, it can be concluded that the accuracy of implant analog positions in implant
casts fabricated via digital methods was, in most cases, comparable to or even higher than that of stone casts.
Additionally, it was evident that the choice of 3D printer, implant analog system, and implant angulation
significantly impacted the trueness of impiant analog positions in the casts, while their effect on precision was

negligible.
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Captions to the legends and tables:

Tables

Table 1. Trueness unsigned values (mean +SD) of local and global measurements.

Table 2. Precision unsigned values (mean +SD) of local and global measurements.

Table 3. Unsigned trueness t-tests” p-values and differences (A) between Group 1 and Group 2. Positive value
showing higher deviations of Group 1. References of the data sets: CMM — black, 10S —

Table 4. Unsigned precision Welch’s t-test’s p-values and differences between Group 1 and Group 2. Positive
value showing higher deviations of Group 1.

Table 5. Two-way and three-way ANOVA results («<=0.05) between 3D printed cast groups in terms of trueness.
Reference 10S.

Table 6. Mean difference and post-hoc Tukey-HSD (x=0.05) for Two-Way and three-Way ANOVA results in

terms of trueness. Positive mean difference showing higher deviations of Group 1.
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Table 7. Two-way and three-way ANOVA results (x=0.05) between 3D printed cast groups in terms of

precision.

Table 8. Mean difference and post-hoc Tukey-HSD (x=0.05) for Two-way and three-way ANOVA results in

terms of precision. Positive mean difference showing higher deviations of Group 1.

Figures

Fig. 1 Flowchart of the experimental procedures. Color lines (marked 1, 2, and 3) represent comparisons between

the groups.
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Fig. 2 A, Reference cast. B, Scanning with Nikon Altera CMM. C, Digital implant analogs. D, 3D printed cast. E,

Open-tray VPS impression. F, Stone cast.
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Fig. 3 Illustration of local and global distance and angulation. A, local 3D distance. and B, local angulation. C,

Global plane. D, Global angulation.
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Fig. 4 Unsigned (a) trueness and (b) precision values of 3D distance.
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Fig. 5 Unsigned (a) trueness and (b) precision values of Local Anguiation.
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Fig. 6 Unsigned (a) trueness and (b) precision values of Global Angulation of the mesial implant.
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Table 1. Trueness unsigned values (mean +SD) of local and global measurements.
Reference Group Local Global Angulation
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3D Distance Angulation Mesial SB Distal SB
um o o o

Group Local Global

10S 20.77 £21.33 0.56 +0.17 0.90 £0.60 0.55+0.40
CMM

Stone 63.88 £17.62 0.58 £0.29 0.49 +0.31 0.53 £0.41
Max_Nt 52.34 £22.34 0.58 £0.31 0.81+0.16 0.6 £0.37
Max_El 19.25 £18.37 0.81+0.31 0.70 £0.21 0.68 £0.28
Max_St 18.76 +15.39 0.85 +0.22 0.74 +0.26 1.10 £0.21
Pro_Nt 71.92 £20.11 0.26 £0.24 0.11 +0.12 0.37 £0.25
CMM Pro_El 19.14 £15.39 0.33£0.17 0.86 £0.34 0.63 £0.29
Pro_St 22.91 £14.65 0.53 +0.21 1.24 £0.25 1.17 £0.25
Nex_Nt 53.84 +27.58 0.46 £0.26 0.30 £0.23 0.33£0.26
Nex_El 30.69 +21.38 0.81+0.24 0.40 £0.14 0.48 £0.29
Nex_St 54.17 £22.34 0.87 £0.18 0.74 £0.39 0.99 £0.37
Max_Nt 67.24 £12.89 0.14 +0.15 0.42 +0.35 0.45 +0.38
Max_El 8.66 £11.85 0.34 £0.21 0.52 £0.40 0.54 £0.45
Max_St 25.05 £10.93 0.29 £0.18 0.61 +0.36 0.78 +0.49
Pro_Nt 92.69 £18.11 0.39 £0.20 0.99 £0.56 0.79 £0.48
10S Pro_El 14.15 £11.50 0.26 £0.17 0.58 £0.35 0.42 £0.37
Pro_St 36.19 £21.52 0.23 £0.09 0.63 £0.40 0.85 +0.54
Nex_Nt 68.33 £29.98 0.34 +0.17 0.67 +0.59 0.49 +£0.32
Nex_El 49.71 +20.23 0.25+0.21 0.75 £0.55 0.49 £0.32
Nex_St 74.75 £16.77 0.31+0.20 0.48 £0.36 0.62 £0.45

Table 2. Precision unsigned values (mean £SD) of local and global measurements.
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3D Distance Angulation Mesial SB Distal SB

o » » »
10S 14.33 +14.29 0.13 +0.09 0.38 +0.36 0.47 +0.33
Stone 13.95 +9.21 0.24 +0.13 0.46 +0.24 0.44 +0.31
Max_Nt 18.88 +16.68 0.25 +0.14 0.29 +0.2 0.14 +0.07
Max_El 13.6 +17.64 0.27 +0.11 0.24 +0.13 0.14 +0.14
Max_St 18.66 +14.72 0.18 +0.11 0.17 +0.10 0.16 +0.19
Pro_Nt 17.05 +8.55 0.24 +0.17 0.20 +0.13 0.12 +0.07
Pro_El 13.96 +11.91 0.14 +0.07 0.23 +0.16 0.28 +0.15
Pro_St 20.61 +12.31 0.15 +0.13 0.19 +0.14 0.18 +0.15
Nex_Nt 26.01 +25.4 0.29 +0.21 0.25 £0.13 0.21 +0.15
Nex_El 19.94 +10.87 0.21 +0.10 0.25 +0.17 0.26 +0.23
Nex_St 14.56 +16.07 0.15 +0.09 0.29 +0.19 0.30 +0.22

Table 3. Unsigned trueness t-tests’ p-values and differences (A) between Group 1 and Group 2. Positive value

showing higher deviations of Group 1. References of the data sets: CMM — black, 10S —

Compared groups Local Global Angulation
Groupl Group 2 3D Distance Angulation Mesial SB Distal SB
P A, pm P A”° P A?° P A°
Stone 10S 00* 43* .84 0.02 .08 -0.40 .89 -0.03
Max_Nt .00* -32* .82 -0.03 .63 0.10 .80 -0.04
Max_El .87 20 .03* -0.26* .35 0.19 42 -0.13
Max_St 81 20 .00* -0.29* 45 0.16 .00* -0.55*
Pro_Nt .00* -51* .00* 0.30* .00* 0.79* 24 0.18
10S Pro_EI .85 20 01* 0.23* 87 0.04 .62 -0.08
Pro_St .80 -20 .70 0.03 12 -0.34 .00* -0.61*
Nex_Nt 01* -33* 32 0.10 .01* 0.60* .16 0.22
Nex_ El 31 -10 .02* -0.25* .02* 0.50* .65 0.07
Nex_St .00* -33* .00* -0.31* 49 0.16 .02* -0.43*
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Max_Nt 21 12 .98 0.00 01* -0.31* .69 -0.07

Max_El .00* 45% .09 -0.23 .09 -0.21 34 -0.16
Max_St .00* 45* .03* -0.27* .07 -0.24 .00* -0.57*

Pro_Nt .35 -8 .01* 0.32* .00* 0.38* 32 0.15

Stone Pro_El .00* 45% .03* 0.25* .02* -0.37* 51 -0.11
Pro_St .00* 41* .63 0.05 .00* -0.74* .00* -0.64*

Nex_Nt 34 10 34 0.12 .10 0.19 22 0.20

Nex_El .00* 33* .07 -0.23 40 0.09 78 0.05
Nex_St .29 10 .02* -0.29* 14 -0.24 .02* -0.46*

*P <.05

Table 4. Unsigned precision Welch’s t-test’s p-values and differences between Group 1 and Group 2. Positive

value showing higher deviations of Group 1.

Compared groups Local Global

3D Distance Angulation Mesial SB Distal SB

Groupl Group2
P A, pm P A° P A’ P A°

Stone 10S 0.95 -0.37 0.05*  0.11* 0.59 0.08 0.84 -0.03

Max_Nt  0.54 -4.56 0.05* -0.12* 0.56 0.08 0.01* 0.33*

Max_El - 0.93 0.72  0.01* -014* 031 0.14  0.02*  0.33*
Max St 053  -433 037 -004 013 021  0.03* 0.31*
Pro Nt 063 -272 010 -011  0.20 0.17  0.01*  0.35*
10S Pro EI  0.95 0.37 0.86 -0.01 030 0.14 0.15 0.18
Pro St 033 -628 080 -001 0.8 0.18  0.03*  0.29*
Nex Nt 025 -11.68 007 -015  0.33 0.13  0.05*  0.26*
Nex EI 036 -561 011  -0.08 036 0.13 0.15 0.20
Nex St 097 -023 070 -0.02 054 0.09 0.22 0.17

Max_Nt  0.45 -4.93 0.84 -0.01 0.14 0.16 0.02* 0.30*

Stone
Max_El 0.96 0.35 0.64 -0.03 0.03* 0.22* 0.02* 0.30*

Max_St  0.43 -4.71 0.26 0.06 0.01* 0.29*  0.04* 0.28*
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Pro_Nt 0.47 -3.10 0.96 0.00 0.02*  0.26* 0.01* 0.32*
Pro_El 1.00 -0.01 0.06 0.10 0.03*  0.23* 0.21 0.15
Pro_St 0.21 -6.65 0.14 0.10 0.01* 027 0.04*  0.26*
Nex Nt  0.21 -12.06 0.60 -0.04 0.04*  0.21* 0.07 0.23
Nex_El 0.22 -5.99 0.55 0.03 0.05*  0.21* 0.20 0.17

Nex_St 0.92 -0.61 0.10 0.09 0.12 0.17 0.29 0.14
*P <.05

Table 5. Two-Way and three-Way ANOVA results (a=0.05) between 3D printed cast groups in terms of

trueness. References CMM and 10S.

ANOVA Two-Way Three-Way
Dependent variables: 3D Distance Local Angulation Global Angulation
Reference: CMM 10S CMM I0S CMM I0S
Source F P F P F P F P F P F P
3D printer 482 .01* 2157 .00* |22.27 .00* 0.55 .58 |12.41 .00* 2.03 .14
Implant analogs 26.60 .00* 62.60 .00* |13.17 .00* 0.059 .94 |69.39 .00* 1.13 .33

3D printer x Implant analogs - 4.23 .00* 10.40 .00* | 1.02 .40 3.10 .02* |10.18 .00* 2.38 .05*

Implant angulation - - - - - - - - 151 22 012 .73

3D printer x Implant
angulation

Implant angulation x Implant
analogs

3D printer x Implant
angulation x Implant analogs

- - - - - - - - |09 .41 068 51

- - - - - - - - 1301 .05 236 .10

- - - - - - - - 393 .00 020 .94

*P <.05
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Table 6. Mean difference and post-hoc Tukey-HSD (o=0.05) for two-Way and three-Way ANOVA results in

terms of trueness. Positive mean difference showing higher deviations of Group 1.

3D printer Analog system
Reference  Measurement  Group 1 Max Max Pro El El Nt
Group 2 Pro Nex Nex Nt St St
Mean diff -7.88 -16.12 -8.24 -36.34 -8.92 27.42
3D Distance  T-values -1.15 -2.36 -1.20 -6.29 -1.55 4.75
P 0.49 0.05* 0.46 0.00* 0.28 0.00*
Mean diff 0.38 0.03 -0.34 0.22 -0.10 -0.31
CMM Local T-values 5.34 0.49 4,85 2.85 -1.26 -4.10
angulation
P 0.00* 0.86 0.00* 0.02* 0.42 0.00*
Mean diff 0.04 0.23 0.19 0.21 -0.37 -0.58
Global 12 1ues 0.56 3.24 2.68 353 6.21 9.74
angulation
P 0.83 0.00* 0.02* 0.00* 0.00* 0.00*
Mean diff -14.03 -30.61 -16.59 -51.91 -21.16 30.76
I0S 3D Distance  T-values -1.78 -3.89 -2.11 -8.06 -3.28 4.78
P 0.18 0.00* 0.09 0.00* 0.00* 0.00*
*P<.05

Table 7. Two-Way and three-Way ANOVA results (a=0.05) between 3D printed cast groups in terms of

precision.
ANOVA Two-Way Three-Way
Dependent variables: 3D Distance Local Angulation  Global Angulation
Source F P F P F P
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3D printer 0.34 0.71 1.24 0.29 3.11 0.05*
Implant analogs 0.64 0.53 4.12 0.02* 0.64 0.53
3D printer x Implant analogs 0.65 0.63 0.61 0.65 1.28 0.28
Implant angulation - - - - 2.11 0.15
3D printer x Implant angulation - - - - 1.17 0.31
Implant angulation x Implant analogs - - - - 1.36 0.26

3D printer x Implant angulation x Implant
- - - - 0.35 0.84

analogs

*P <.05

Table 8. Mean difference and post-hoc Tukey-HSD (¢=0.05) for two-Way and three-Way ANOVA results in

terms of precision. Positive mean difference showing higher deviations of Group 1.

3D printer Analog system
Measurement Groupl Max Max Pro El El Nt
Group2 Pro Nex Nex Nt St St
Mean diff - - - -0.06 0.05 0.10
Local
) T-values - - - -1.56 1.32 2.88
Angulation
P - - - 0.27 0.39 0.01*
Mean diff -0.01 -0.07 -0.06 - - -
Global
T-values -0.36 -2.32 -1.95 - - -
angulation
P 0.90 0.05* 0.13 - - -
*P <.05
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