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Objectives: To compare the positional trueness of implant-crown bonding to titanium bases (Ti-bases) 
using different bonding protocols. Materials and Methods: A nonprecious alloy model with a single implant 
at the mandibular right first molar site was digitized, then a single implant crown was designed. The crown 
was milled, adhesively cemented on a Ti-base, and screw-retained on the implant in the master model to 
obtain a reference scan. Forty PMMA implant crowns were subtractively manufactured and allocated to one 
of four study groups (n = 10 crowns per group) based on the bonding protocol on Ti-bases: Group 1 = model-
free bonding; Group 2 = bonding on the master model (control); Group 3 = bonding on a model from an 
industrial-grade 3D printer (Prodways); Group 4 = bonding on a model from a conventional 3D printer (Asiga). 
To assess the positional trueness of crowns, the scans of crowns when on the model were superimposed over 
the reference scan. Median distance and angular deviations were analyzed using Kruskal-Wallis and Mann-
Whitney tests (α = .05). Mesial and distal contacts of crowns were assessed by two independent clinicians. 
Results: The control group (Group 2) resulted in the smallest distance deviations (0.30 ± 0.03 mm) compared 
to model-free (0.35 ± 0.02 mm; P = .002; Group 1) and conventional 3D printer (0.37 ± 0.01 mm; P = .001; 
Group 4) workflows. Buccolingual (P = .002) and mesiodistal (P = .01) angular deviations were higher in the 
conventional 3D printer group than in the control group (P = .002). Proximal contact assessments did not 
show any differences among groups. Conclusions: While bonding crowns to Ti-bases on a master model 
created with an industrial-grade 3D printer resulted in the highest positional trueness, model-free workflows 
had a similar positional trueness to those manufactured with a conventional 3D printer. Int J Prosthodont 
2024;37(suppl):s265–s273. doi: 10.11607/ijp.8896
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The use of digital workflows in implant prosthetic patient care is steadily increas-
ing.1–4 CAD/CAM technologies based on digital intraoral impressions using 
intraoral scanners have proven to be particularly effective in implant dentistry.5 

The digital process for the fabrication of tooth- or implant-supported single crowns 
appears to be similar or even superior in precision to the conventional method of 
taking an impression with a precision material and then fabricating the prosthesis on 
a plaster model.6,7 This digital workflow has further advantages, such as increased 
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patient comfort and reduced costs due to time savings 
in the dental laboratory.8–10 

The fabrication of implant-supported single crowns, 
irrespective of the impression type, mostly takes place 
utilizing CAD/CAM technology. Several studies have 
compared conventional and optical impression tech-
niques for single tooth–- or implant-supported restora-
tions and found that digital impressions showed similar 
accuracy and working time compared to conventional 
impression-taking.2,5–7,9 Manufacturing an implant res-
toration using a laboratory milling unit is based either 
on an intraoral scan or a digitized plaster model. Both 
approaches have been demonstrated as valid and reli-
able options.11,12 Nonetheless, differences in the fitting 
time of conventionally and digitally fabricated implant 
single crowns have been reported.9 An explanation for 
this issue may be inaccuracies in model fabrication. Ad-
ditively manufactured models are subject to significant 
variations in their accuracy, which depend on several 
factors, such as the material used, the 3D printer, or even 
the model’s storage conditions after fabrication.13–16 
Another influencing factor is the precision in position-
ing the implant analog in resin models, as discussed by 
Mata-Mata et al.17 Therefore, the suitability of additively 
manufactured models as a control for adjusting proximal 
and occlusal contacts or bonding implant crowns seems 
questionable.13–16 A critical factor that can significantly 
influence the trueness of the final crown is one of the 
few remaining manual steps in the digital workflow: 
the bonding of the crown to a titanium base (Ti-base). 
Many dental technicians prefer to perform the bonding 
on a haptic model, usually produced additively in the 
digital workflow using 3D printing. This model allows 
the crown’s position to be evaluated during bonding. 
However, as reported above, the accuracy of additively 
manufactured models and the positioning of the implant 
analogs is questionable. One potential solution to this 
issue is bonding the crowns to the Ti-bases without us-
ing a model. The absence of a haptic model prevents 
a detailed quality evaluation by the dental technician. 
Nevertheless, it reduces costs, increases time efficiency, 
and decreases the waste that 3D printing involves.18–20 
The present study aimed to evaluate the positional true-
ness of implant crowns bonded to Ti-bases model-free vs 
that of implant crowns bonded to Ti-bases on additively 
manufactured models. To the present authors’ knowl-
edge, no study has done this comparison before. The fol-
lowing hypotheses were proposed for the present study: 
(1) The positional trueness of implant crowns bonded to 
Ti-bases without a model on additively manufactured 
models vs the master model would not differ (H01); and 
(2) the proximal contacts of implant crowns bonded to 
Ti-bases without a model would not differ from those 
bonded to Ti-bases on additively manufactured models 
or the master model (H02).

MATERIALS AND METHODS

Fabrication of the Master Model
The study outline is presented in Fig 1. 

An overview of the model situation of a missing man-
dibular right first molar (position 46; FDI numbering 
system) to be replaced with an implant-supported single 
crown served as the initial situation for the present study. 
The metal master model was digitized using a labora-
tory scanner (S600 ARTI, Zirkonzahn) with 10-µm accu-
racy. Scan powder (Zirko Scanspray, Zirkonzahn) on the 
master model was used to avoid mismatch or stitching 
errors caused by scattered light from the shiny metallic 
surface. The implant in position 46 (Tissue Level 4.1-mm 
RN, Straumann) was scanned using the correspond-
ing scan body (CARES Mono Scanbody, Straumann). 
The implant had an internal butt connection with an 
engaging Ti-base. The implant neck was positioned  
0.5 mm submucosally with a palatal inspection window 
to visually control the seating of the implant components 
on the implant. The digitized situation based on the ty-
podont model data with the above-described situation 
(STL file) was then converted into a haptic model (Fig 2) 
out of a nonprecious metal alloy using a high-precision 
industrial milling unit (DC7, Dental Concept System). This 
haptic master model was the reference for subsequent 
experiments.

Data Acquisition and Crown Manufacturing
Based on the scan with the scan body, an implant- 
supported provisional crown was digitally designed (CAD) 
and then computer-controlled milled (CAM) from a poly-
methyl methacrylate (PMMA) resin block (Temp Premium, 
Zirkonzahn) by using a laboratory milling unit (M1, Zirkon-
zahn). On the reference model, the crown was bonded 
to a Ti-base (Variobase, Straumann). Subsequently, mesial 
and distal proximal contacts were evaluated using den-
tal floss, and the crown margin fit on the Ti-base using 
magnifying glasses with ×3.5 magnification. If one of 
the proximal contacts was too light, tight, or absent, the 
digital crown design was adjusted until the appropriate 
design was found. After five board-certified prosthodon-
tists (S.A.A.) agreed on the tightness of the proximal 
contacts, the resulting design was used as the master 
design. Then, 40 crowns were fabricated according to 
the master design using a CAM milling unit (Milling Unit 
M1, Zirkonzahn). After every 10 crowns, the milling burs 
were replaced with new ones. 

These 40 PMMA implant crowns were then allocated 
to one of four study groups (n = 10 crowns per group) 
based on the bonding protocol on Ti-bases: Group 1 = 
model-free bonding; Group 2 = bonding on the master 
model (control); Group 3 = bonding on a model from an 
industrial-grade 3D printer (Prodways); Group 4 = bond-
ing on a model from a conventional 3D printer (Asiga).
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Bonding Model Manufacturing
Twenty resin bonding models, each with an RN manipu-
lation implant (Tissue Level 4.1-mm RN, Straumann) in 
position 46, were produced; 10 were produced with an 
industrial-grade 3D printer (ProMaker L5000, Prodways 
Machines) used primarily in large CAD/CAM centers 
(Group 3), and the other 10 were produced with a mid-
priced 3D printer commonly used in dental laboratories 
(MAX UV, 385 nm, Asiga; Group 4). The postprocessing 
protocols of both manufacturers were followed. Both 
printers used the compatible premium resin available at 
the start of the trials to produce digital models. 

Sample Preparation
In each group, 10 crowns were bonded to the Ti-bases 
(Variobase for Crown, Straumann). In Group 1, the pro-
visional crowns were directly bonded to the Ti-bases 
in a model-free workflow using reference points and 
anti-rotational carvings on the milled crown and the Ti-
base. In Groups 3 and 4, the provisional crowns were 
bonded to the Ti-bases on models manufactured by the 
industrial-grade 3D printer (Group 3) or the conventional 
laboratory 3D printer (Group 4). In the control group 
(Group 2), the bonding was carried out directly on the 
nonprecious alloy model. Before bonding the provisional 

crowns on Ti-bases, the Ti-bases were tightened on 
the implants with 35-Ncm torque using a mechanical 
torque limiting device. All crowns were bonded to the 
Ti-bases by the same master dental technician using 
the same bonding system (Multilink Hybrid Abutment, 
Ivoclar Vivadent). Then, all bonded implant crowns were 
tightened onto the implant in a nonprecious metal alloy 
model, one at a time, in a torque-controlled manner, 

Fabrication of the metal master model with an implant in the mandibular right first molar site

CAD design for an implant crown in the first molar site

The implant crowns were placed in the master model and scanned by a laboratory 3D scanner

STL files were analyzed using reference points to evaluate discrepancies between the control design  
of the crown and each of the 40 implants crowns within the four groups

Manufacturing of 40 implant crowns, divided into the following groups:

Model-free  
(Group 1)

Control  
(Group 2)

Professional 3D printer 
(Group 3)

Conventional 3D printer 
(Group 4)

10 crowns bonded directly to 
the Ti-base abutment  
without a master model

10 crowns bonded to the  
Ti-base abutment on a  
master model

10 crowns bonded to the 
Ti-base abutment using a 
3D-printed resin model

10 crowns bonded to the 
Ti-base abutment using a 
3D-printed resin model

Fig 1  Outline of the study design.

Fig 2  Outline of the study design. Metal master model of the  
situation based on an STL-file. 
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then digitized with a laboratory scanner (S600 ARTI) 
using contrast powder (Zirko Scanspray) to optimize 
the surface scams.21 To determine the positional true-
ness, all digital models of each test group (n = 40) were 
superimposed onto the digital reference model, using 
the pre-alignment tool from the software (GOM Inspect, 
Metiris), followed by a local best-fit algorithm. For the 
best-fit alignment, surface data of the provisional crown 
were excluded (Fig 3).

On the reference model, eight surface points were de-
termined (four on the x-plane, four on the z-plane) on the 
provisional crown’s occlusal surface, and the coordinate 
data were saved, ensuring the use of identical points for 
future comparisons. The mean root mean square deviation 
between the reference and the test models was calcu-
lated based on the deviations at the eight defined surface 
points. In addition, the deviations of the buccolingual and 
mesiodistal angles were measured between the test and 
reference model in the x- and z-planes using lines between 
the chosen reference points (Fig 4). 

Subsequently, all crowns were coded with a number for 
blinded evaluation of the proximal contacts. The quality of 
the proximal contact was evaluated by two board-certified 
prosthodontists, who were blinded to the crowns’ study 
group allocation. First, the crown fabricated for the digital 
reference model was screwed on with a torque of 35 Ncm. 
Subsequently, the proximal contacts were evaluated with 
dental floss (Pro-Expert, Oral-B) with a width of 0.3 to  
0.5 mm, providing guidelines for the subsequent examin-
ations. Then, each crown was tightened onto the implant 
in the reference model with the same torque, and the 
proximal contacts were evaluated with the dental floss. 
The examiners evaluated the proximal contacts using a 
five-point numerical rating scale: –2 = proximal contact 
not present; –1 = proximal contact present but too light; 
0 = proximal contact corresponds to that of the reference; 
+1 = proximal contact present but tight; +2 = proximal 
contact too tight and the dental floss tears. Both examin-
ers evaluated the quality of the mesial and distal proximal 
contacts of the implant crowns separately.

a

b

Fig 3  (a) Digitized model of the situation based on an STL file.  
(b) Eight surface points were selected.

Fig 4  Eight selected angles in the 
buccolingual and mesiodistal direc-
tions.
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For the primary outcome (trueness), a sample size 
calculation was conducted based on a previous study 
that analyzed the accuracy of 3D-printed single implant 
crown master casts.14 For the model-free workflow, the 
median deviations were estimated (100 ± 33 µm). There 
was no closed power function for the tests, so the power 
was approximated using 2,000 simulations. Finally, the 
power analysis was performed using four scenarios to 
account for possible distribution assumptions: (1) the 
data follow a normal distribution, and the variance ho-
mogeneity between the groups is given; (2) the data 
follow a Student t distribution, and the variance homo-
geneity between the groups is given; (3) assumption: 
the data follow a normal distribution, and the variance 
homogeneity between the groups is not given; and (4) 
assumption: the data follow a Student t distribution, and 
the variance homogeneity between the groups is not 
given. Ten specimens per group resulted in a power of 
99.9% to detect differences among the groups for all 
scenarios, with an alpha set to .05.

Statistical Analysis
All analyses were performed with R statistics software 
(version 4.1.0). Descriptive data were summarized using 
median, minimum, maximum, mean and SD values and 
by showing boxplots and tables.

Kruskal-Wallis tests were performed to determine 
whether deviation outcomes and contact scores in the 
four experimental groups differ significantly on an overall 
scale. If Kruskal-Wallis test was significant, pairwise com-
parisons were made post hoc using Mann-Whitney test. 

P < .05 was considered statistically significant. P val-
ues of all post hoc tests were corrected using the Holm 
method. Post hoc P values presented in text, tables, 
and figures are all after correction. Further, for the con-
tact point analysis, exact 95% CIs for the median score 
were groupwise and clinician-wise calculated (binomial 
method) to assess whether scores significantly differ 
from 0. The reliability between the two clinicians was 
assessed using weighted kappa values.

RESULTS

Trueness
The smallest distance deviations were found in Group 
2, while deviations were highest in Group 4 (Table 1). 

Significant differences were found in the global com-
parison of all study groups (P = .0002). Pairwise post 
hoc tests revealed significant differences between Group 
1 and Group 3 (P = .002) and between Group 2 and 
Group 4 (P = .001), with the former showing smaller 
deviations. Other comparisons did not show significant 
differences (Fig 5). 

Global testing of angular deviations showed significant 
differences for buccolingual deviations (P = .005, Fig 6) 
and mesiodistal deviations (P = .001, Fig 7). Post hoc 
tests revealed higher buccolingual angular deviations 
in crowns bonded to Ti-bases in Group 4 (2.58 ± 0.22 
degrees) compared to Group 2 (1.99 ± 0.39 degrees;  
P = .002). Mesiodistal angular deviations were signifi-
cantly higher in Group 1 (2.62 ± 0.26 degrees; P = .01) 
and Group 4 (2.66 ± 0.28 degree; P = .01) compared to 
Group 2 (2.03 ± 0.29 degrees). Other comparisons did 
not show significant differences. 

Mesial and Distal Contact Scores
For the mesial contact scores, median values were 0 in all 
groups (Table 2). The kappa score was 0.92, indicating an 
excellent interrater agreement. No significant difference 
among all four groups (global test) were found for the 
first (P = .13) and for the second (P = .16) clinician. Thus, 
no post hoc tests were performed.

Regarding the distal contact scores (Table 2), the clini-
cians’ ratings resulted in identical median scores for all 
groups, with the lowest rating seen in Group 3 (median: 
–1.5) and the best rating for Group 1 (median: 0). None 
of the median scores were significantly different from 
0 (all P > .05). Reliability between the two clinicians 
resulted in a kappa of 0.67, indicating a good agree-
ment. The global test revealed no significant differences 
between all four groups for the second clinician (P = .08), 
 but a significant difference in the global test was found 
for the first clinician’s ratings (P = .04). However, post 
hoc tests failed to detect significant differences between 
model types.

DISCUSSION

The present study evaluated positional trueness of single 
implant crowns bonded to Ti-bases using model-free 
and model-based workflows. The first null hypothesis 
(H01) was rejected due to significant differences in 3D 

Table 1  Descriptive Values of 3D Deviations by Model Type 

Group Median Minimum Maximum Mean SD

Model-free 0.36 mm 0.31 mm 0.38 mm 0.35 mm 0.02 mm

Conventional 3D printer 0.37 mm 0.34 mm 0.38 mm 0.37 mm 0.01 mm

Industrial 3D printer 0.33 mm 0.29 mm 0.40 mm 0.33 mm 0.04 mm

Control 0.30 mm 0.26 mm 0.34 mm 0.30 mm 0.03 mm
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point and angular deviations between the study groups. 
No statistically significant differences were found in the 
proximal contact scores of implant crowns in the differ-
ent groups, and therefore, the second null-hypothesis 
(H02) was accepted.

Significant statistical differences were observed be-
tween the model-free and the industrial 3D printer 
(Groups 1 and 3, respectively) and between the con-
ventional 3D printer and control groups (Groups 4 and 2, 

respectively). The positional trueness evaluation showed 
that an industrial-grade 3D printer improved the trueness 
by 0.06 mm. Nevertheless, most dental labs working 
with 3D models are manufacturing their models using 
a conventional 3D printer instead of an industrial grade 
one because of the industrial 3D printers’ high costs. 
For this reason, the comparison between the model-free 
and conventional 3D printer groups were of particular 
interest in the present study. The comparison of the 
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Fig 5  Boxplot of mean deviations by 
workflow type. Post hoc–corrected P 
values (Mann-Whitney test) are shown 
for groups with significantly different 
outcomes. 

Fig 6  Boxplot of buccolingual angular 
deviations by workflow type. Post hoc–
corrected P values (Mann-Whitney test) 
are shown for groups with significantly 
different outcomes.
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trueness between model-free bonded implant crowns vs 
bonding using a resin model printed by a conventional 
3D printer was not statistically significant. These findings 
suggest that resin models fabricated with a conventional 
3D printer do not provide a more accurate workflow for 
bonding implant crowns to Ti-bases. 

As mentioned above, an improved trueness (0.06 mm)  
was seen when using an industrial-grade 3D printer 
compared to the model-free method. Here, the pres-
ent authors leave it to the readers’ opinion to judge 
how relevant 0.06 mm is in clinical practice. Normally, 
when delivering an implant crown, minor intraoral ad-
justments are often needed (eg, due to the periodontal 
mobility of the teeth adjacent to an implant crown).22 
Further, additively manufactured resin models are sub-
ject to variations in trueness, affecting the single im-
plant crown’s fit on the control model.13–16 Despite the 
statistical significance and all of the factors affecting 
the trueness of implant restorations, it could be stated 

that all methods (model-free, conventional, or industrial 
printer) may be used to fabricate implant crowns with 
positional trueness.

Several authors have assessed the accuracy of res-
torations fabricated using a digital workflow.6,7,23 For 
instance, some studies have compared the internal and 
marginal fit of crowns manufactured using a conven-
tional and digital workflow, and Benic et al reported a 
30- to 40-µm deviation in tooth-retained crowns.23 The 
theory for the cause of minor misfits is a slight deviation 
in the implant analog position within the resin model.24 
Rödiger et al compared the marginal fit of tooth-retained 
zirconia crowns, comparing a conventional vs digital 
impressions in a clinical setting. No statistically signifi-
cant differences between groups were found, and it 
was concluded that both impression techniques offered 
marginal and internal precision.7 Nejatidanesh et al used 
a similar study design in implant crowns and reported 
clinically acceptable marginal and internal fit of the 

Table 2  Median Mesial and Distal Contact Scores per Clinician 

Model

Mesial contact score Distal contact score

Clinician 1 Clinician 2 Clinician 1 Clinician 2

Model-free 0 (0 to 0) 0 (0 to 0) 0 (–1 to 0) 0 (–1 to 0)

Conventional 3D printer 0 (0 to 1) 0 (0 to 1) –1 (–1 to 0) –1 (–1 to 0)

Industrial 3D printer 0 (–1 to 0) 0 (–1 to 0) –1.5 (–2 to 0) –1.5 (–2 to 0)

Control 0 (–1 to 1) 0 (–1 to 0) –1 (–1 to 0) –1 (–1 to 0)

The examiners evaluated the proximal contacts using a five-point numerical rating scale: –2 = proximal contact not present; –1 = proximal contact present 
but too light; 0 = proximal contact corresponds to that of the reference; +1 = proximal contact present but tight; +2 = proximal contact too tight and the 
dental floss tears.
Data are presented as median (range). Median values did not significantly differ, indicating a good agreement and reliability between both calibrated 
clinicians.

Fig 7  Boxplot of mesiodistal angular 
deviations by workflow type. Post hoc–
corrected P values (Mann-Whitney test) 
are shown for groups with significantly 
different outcomes. 
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materials (zirconia, lithium disilicate and metal-ceramic) 
and reported better fit with CAD/CAM restorations as 
compared to the conventional workflow.6 Regarding 
model fabrication, Rungrojwittayakul et al evaluated the 
liquid interface production and digital light processing 
and found a small difference in accuracy between two 
resin model manufacturing processes, but no loss in 
precision was reported.13 

Regarding the angular deviations, both the model-
free and conventional 3D printer groups in the present 
study had higher values than the industrial 3D printer 
and control groups. Interestingly, when comparing the 
buccolingual angles, the model-free and conventional 
3D printer groups had similar values, but the mesiodistal 
angles were evaluated, the control group stands out with 
the slightest deviation. This may be explained by the 
fact that crowns bonded to Ti-bases using the control 
model have a higher positional trueness. Mata-Mata 
et al confirmed that the position of the analog in the 
model is another factor affecting the trueness of a final 
implant restoration.17 

In the present study, the quality of the two groups 
using 3D-printed models was measured by assessing the 
proximal contacts of the implant crowns. There were 
no effects on the clinically measured proximal contacts 
regardless of the bonding protocol. The implant crowns 
bonded on an industrial 3D printer’s model showed 
slightly better distal proximal contact scores. The data 
indicates that the difference in the precision of both 
resin-model manufacturing processes can influence the 
quality of the proximal contact due to small differences 
in the implant analog position inside the resin models 
as well as slight differences in the printing quality of 
the mesial surface of the distal tooth 47. Nevertheless, 
no comparison between the groups was statistically 
significant; both groups with 3D-printed resin models 
performed similarly. These results are in line with a study 
by Rungrojwittayakul et al, which found high model-
fabrication precision in the manufacturing process of 
the resin model, as mentioned earlier.13 A study by Pan 
et al also evaluated the quality of crown production by 
observing the quality of proximal contacts, and it was 
found that adjustments were required by crowns manu-
factured using a conventional and fully digital work-
flow.20 Considering the lighter distal, proximal contacts, 
a probable cause could be the error summation due 
to more stages throughout the production workflow, 
and also deviations in precision during manufacturing, 
to which additively fabricated models subject.13–16 In 
addition to the manufacturing of the resin models, the 
additional implant crown adjustments (eg, polishing or 
removing minor excess material) may be possible sources 
for mistakes. The results of the two examiners in the 
present study were in good agreement, showing that 
the quality of proximal contacts was consistent.

The data collection using GOM Inspect software and 
the definition of measurement points, planes, and angles 
was as accurate as the data set allowed. This software 
has already been used in several studies as a precise 
measuring tool and is characterized by its reliability and 
reproducibility of data.25 Another important methodo-
logic aspect of the present study is the deviations during 
the milling, which may produce inaccuracies in crown 
manufacturing. To counteract this issue, the milling burs 
were changed every 10 crowns. The use of a nonpre-
cious alloy model may be questioned, but these model 
types were recommended for master models in in vitro 
studies due to their wear resistance based on the mate-
rial hardness.26 

The results of the present study showed that implant 
crowns bonded to a Ti-base without a model were as 
accurate as when models from a conventional 3D printer 
were used, questioning the need to create a model for 
manufacturing single posterior implant crowns. Although 
the positional trueness of model-free bonded implant 
crowns is satisfactory, there was a statistically significant 
difference when compared to the control group and to 
the industrial 3D printer group. The findings of this study 
are interesting, but they should be treated with caution, 
as there are limitations to consider; for example, just one 
implant system and one material were evaluated, and 
an occlusal contact assessment was not implemented in 
the study design. Further implant systems—including dif-
ferent implant-abutment connections, dental materials 
manufactured with different methods, and other bond-
ing techniques—should also be investigated. Finally, the 
findings of this in vitro study should be confirmed with 
clinical studies that assess the precision, reproducibility, 
and accuracy of the digital model-free workflow. 

CONCLUSIONS

Considering the limitations of the present in vitro study, 
single implant crowns bonded to Ti-bases without a 
model had positional trueness similar to those bonded 
to Ti-bases on a model manufactured with a conven-
tional 3D printer. For bonding a single implant crown 
to a Ti-base, models from a conventional 3D printer 
may be omitted, reducing costs, time, and waste in the 
dental laboratory.

ACKNOWLEDGMENTS

The authors declare no conflicts of interest. 

REFERENCES 

1. Joda T, Zarone F, Ferrari M. The complete digital workflow in fixed 
prosthodontics: A systematic review. BMC Oral Health 2017;17:124. 

© 2024 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 



s273

Mahler et al

Volume 37, 3D Printing Supplement, 2024

2. Flügge T, van der Meer WJ, Gonzalez BG, Vach K, Wismeijer D, Wang 
P. The accuracy of different dental impression techniques for implant-
supported dental prostheses: A systematic review and meta-analysis. 
Clin Oral Implants Res 2018;29(S16):374–392. 

3. Koch GK, Gallucci GO, Lee SJ. Accuracy in the digital workflow: 
From data acquisition to the digitally milled cast. J Prosthet Dent 
2016;115:749–754. 

4. Wismeijer D, Joda T, Flügge T, Fokas G, Tahmaseb A, Bechelli D. Group 
5 ITI Consensus Report: Digital technologies. Clin Oral Implants Res 
2018;29(S16):436–442. 

5. Joda T, Ferrari M, Gallucci GO, Wittneben JG, Brägger U. Digital 
technology in fixed implant prosthodontics. Periodontology 2000 
2017;73:178–192. 

6. Nejatidanesh F, Shakibamehr AH, Savabi O. Comparison of marginal 
and internal adaptation of CAD/CAM and conventional cement retained 
implant-supported single crowns. Implant Dent 2016;25:103–108. 

7. Rödiger M, Heinitz A, Bürgers R, Rinke S. Fitting accuracy of zirconia 
single crowns produced via digital and conventional impressions—A 
clinical comparative study. Clin Oral Investig 2017;21:579–587. 

8. Joda T, Lenherr P, Dedem P, Kovaltschuk I, Bragger U, Zitzmann NU. Time 
efficiency, difficulty, and operator’s preference comparing digital and 
conventional implant impressions: A randomized controlled trial. Clin 
Oral Implants Res 2017;28:1318–1323. 

9. Joda T, Brägger U. Time-efficiency analysis of the treatment with mono-
lithic implant crowns in a digital workflow: A randomized controlled trial. 
Clin Oral Implants Res 2016;27:1401–1406. 

10. Joda T, Brägger U. Patient-centered outcomes comparing digital and 
conventional implant impression procedures: A randomized crossover 
trial. Clin Oral Implants Res 2016;27:e185–e189. 

11. Tomita Y, Uechi J, Konno M, Sasamoto S, Iijima M, Mizoguchi I. Accuracy 
of digital models generated by conventional impression/plaster-model 
methods and intraoral scanning. Dent Mater J 2018;37:628–633. 

12. Camardella LT, Breuning H, de Vasconcellos Vilella O. Accuracy and 
reproducibility of measurements on plaster models and digital models 
created using an intraoral scanner. J Orofac Orthop 2017;78:211–220. 

13. Rungrojwittayakul O, Kan JY, Shiozaki K, Swamidass RS, Goodacre BJ, 
Goodacre CJ. Accuracy of 3D printed models created by two technolo-
gies of printers with different designs of model base. J Prosthodont 
2020;29:124–128. 

14. Buda M, Bratos M, Sorensen JA. Accuracy of 3-dimensional computer-
aided manufactured single-tooth implant definitive casts. J Prosthet Dent 
2018;120:913–918. 

15. Wesemann C, Muallah J, Mah J, Bumann A. Accuracy and efficiency of 
full-arch digitalization and 3D printing: A comparison between desktop 
model scanners, an intraoral scanner, a CBCT model scan, and stereo-
lithographic 3D printing. Quintessence Int 2017;48:41–50. 

16. Revilla-León M, Gonzalez-Martín Ó, Pérez López J, Sánchez-Rubio JL, 
Özcan M. Position accuracy of implant analogs on 3D printed polymer 
versus conventional dental stone casts measured using a coordinate 
measuring machine. J Prosthodont 2018;27:560–567. 

17. Mata-Mata SJ, Donmez MB, Meirelles L, Johnston WM, Yilmaz B. Influ-
ence of digital implant analog design on the positional trueness of an 
analog in additively manufactured models: An in-vitro study. Clin Implant 
Dent Relat Res 2022;24:821–830.  

18. Mühlemann S, Kraus RD, Hämmerle CHF, Thoma DS. Is the use of digital 
technologies for the fabrication of implant-supported reconstructions 
more efficient and/or more effective than conventional techniques: A 
systematic review. Clin Oral Implants Res 2018;29(suppl):184–195. 

19. Al-Haj Husain N, Özcan M, Schimmel M, Abou-Ayash S. A digital 
cast-free clinical workflow for oral rehabilitation with removable partial 
dentures: A dental technique. J Prosthet Dent 2020;123:680–685. 

20. Pan S, Guo D, Zhou Y, Jung RE, Hämmerle CHF, Mühlemann S. Time ef-
ficiency and quality of outcomes in a model-free digital workflow using 
digital impression immediately after implant placement: A double-blind 
self-controlled clinical trial. Clin Oral Implants Res 2019;30:617–626. 

21. Ender A, Mehl A. Influence of scanning strategies on the accuracy of 
digital intraoral scanning systems. Int J Comput Dent 2013;16:11–21. 

22. Natali AN, Pavan PG, Scarpa C. Numerical analysis of tooth mobility: For-
mulation of a non-linear constitutive law for the periodontal ligament. 
Dent Mater 2004;20:623–629. 

23. Benic GI, Mühlemann S, Fehmer V, Hämmerle CHF, Sailer I. Randomized 
controlled within-subject evaluation of digital and conventional workflows 
for the fabrication of lithium disilicate single crowns. Part I: Digital versus 
conventional unilateral impressions. J Prosthet Dent 2016;116:777–782. 

24. Mühlemann S, Greter EA, Park JM, Hämmerle CHF, Thoma DS. Precision 
of digital implant models compared to conventional implant models for 
posterior single implant crowns: A within-subject comparison. Clin Oral 
Implants Res 2018;29:931–936. 

25. Yilmaz B, Gouveia D, Marques VR, Diker E, Schimmel M, Abou-Ayash S. 
The accuracy of single implant scans with a healing abutment—Scanpeg 
system compared with the scans of a scanbody and conventional impres-
sions: An in vitro study. J Dent 2021;110:103684. 

26. Hamm J, Berndt EU, Beuer F, Zachriat C. Evaluation of model materials 
for CAD/CAM in vitro studies. Int J Comput Dent 2020;23:49–56. 

© 2024 BY QUINTESSENCE PUBLISHING CO, INC. PRINTING OF THIS DOCUMENT IS RESTRICTED TO PERSONAL USE ONLY. 
NO PART MAY BE REPRODUCED OR TRANSMITTED IN ANY FORM WITHOUT WRITTEN PERMISSION FROM THE PUBLISHER. 




