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ABSTRACT

Objective: This study evaluated the effect of layer thickness, model inner structure, and im-
plant angulation on the accuracy of 3D printed models with repositional analogs. 

Materials and methods: 126 models designed to receive all-on-4 implant retained fixed den-
tal prosthesis were 3D printed. Models were divided into 2 groups (n=63) according to posterior 
implant angulation (Group 1; 30˚ and group 2;45˚). The models were then divided into three sub-
groups (n=21) according to the printing layer thickness (Group a; 50 µm, group b; 100 µm, and 
group c; 150 µm). Each subgroup was later subdivided into 3 divisions (n=7) according to the 
model inner structure (Group I; solid, group II; hollow, and group III; honeycomb). Trueness was 
analyzed using Geomagic controlX analysis software by comparing the model scans to the refer-
ence model STL file. 

Results: Both inner structure and layer thickness had a significant effect on the final accu-
racy (p<0.001). Distal implant angulation had no effect on the final accuracy of the printed model 
(p=0.968). Regarding layer thickness, tukeys post-hoc test revealed that both 100 µm (24.9 ± 2.4) 
and 150 µm (24.5 ± 1.1) layer thickness showed higher accuracy than the 50 µm (27.9 ± 2.4) layer 
thickness. As for model form, tukeys post hoc test revealed that the solid (24.9 ± 1.4) and honey-
comb (25 ± 1.5) models were more accurate than the hollow models (27.5±3.3). 

Conclusion: Implant angulation had no effect on the final accuracy of the model. Both 50 µm 
print layer thickness and hollow model inner structure showed the least accuracy.

Clinical relevance: Printing layer thickness of 100 to 150 µm with a solid or honeycomb model 
inner form will provide the best 3D positional accuracy for implant analogs

KEYWORDS: Implant scanbody, All-on-4, Digital dentistry, Fixed Prosthodontics, Dental im-
plants, Digital impressions, implant analogs
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INTRODUCTION 

Application of completely digital workflows in 
implant dentistry is gaining popularity nowadays. 
Its easiness, time efficiency, and convenience makes 
it much more desirable by the clinicians and more 
satisfactory to the patients.[1-4] However, the level of 
accuracy or predictability of fully digital workflow 
in implant dentistry is still experimental. There’s a 
lot of ongoing research, published data and evolving 
techniques to improve the predictability and validity 
of fully digital workflows and the results are 
becoming more and more promising every year.[5-9] 

Completely digital workflow in implants 
dentistry includes 3-dimensional (3D) imaging, 
computer-guided surgery, digital impressions, and 
CAD/CAM restorations.[10-12] It should eliminate the 
need of physical models. This can only be applicable 
in single restorations. However, in complex 
multiple and full arch implant cases, checking the 
restorations on a physical model becomes more 
necessary during its fabrication process.[13, 14] 

Generation of physical model can be through 
milling or 3D printing.[13, 15] A definitive 3D printed 
model should accurately represent the 3D implant 
position.[16] Accuracy of 3D printed models depends 
on several factors; some related to the accuracy of 
the digital IOS such as scan bodies positioning, 
accuracy of merging data to the software, operator’s 
experience and scanning strategy; others related 
to the implant position such as implant depth, 
angulation and inter-implant distance and others 
related to the 3D printing parameters such as the 
printers resolution, layer thickness, type of resin, 
amount of polymerization shrinkage, design of 
inner structure, implant holder offset and direction 
of printing.[16-25]

The degree of implant angulation can play a 
role in the accuracy of 3D printed models.[16,26-28] 

Alshawaf et al, compared the accuracy of 3D printed 
models with conventional stone casts and found that 
conventional casts had better accuracy and were not 

affected by implant angulation in contrast to 3D 
printed models where implant angulation decreased 
the accuracy.[27] Banjar et al, compared the accuracy 
of 3D printed models of 2 anterior implants with 
conventional casts and found that 3D printed models 
had similar accuracy to conventional casts.[16] 

The design of the model might also affect 
the accuracy of the 3D printed model such as the 
amount of support of model base.[20, 29, 30]  Solid base 
models should provide more support to the implant 
analogs position, while hollow models though 
more commonly used to reduce material and time 
consumption may not provide enough support to 
the implant analogs. Camardella et al, studied the 
accuracy of 3D printed dental models and found that 
cross arch base and U shaped base with a bar have 
similar accuracy and even better than U-shaped 
base with no support.[30] Shin et al, found that dental 
models with cross arch palate were more accurate 
and stable than U shaped model.[31] However, these 
studies were done on regular dental models. 

The printer accuracy is determined by the 
resolution of the x-, y-, and z- axis, which is related 
to the characteristics of the printer’s light source. 
XY resolution is defined as the minimum feature 
size that can be reproduced by a printer horizontally, 
while the resolution along the Z- axis determines the 
layer thickness which can be modified depending on 
the material and the printer selected.  Theoretically, 
a thinner layer should generate a smoother, more 
detailed and accurate surface, while a thicker layer 
should result in a stair-stepping effect at the edge 
that decreases the overall accuracy and surface 
details.[18,19,32,33]

3D printed implant models’ accuracy is more 
critical than other dental models, as minimal errors 
in the multistep fabrication process can lead to 
inaccuracy in the implant analog position which 
will directly lead to misfit of the implant restoration.
[34-38] Insertion of digital implant analogs are guided 
by the anti-rotational features present in both the 
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model and analog itself after printing and fully 
polymerization.[20 , 39]

Many dental clinicians go for all-on-X treatments 
nowadays as a graft less solution which requires 
placing implants in severe angulations such as 30 
and 45 degrees.[40, 41] The effect of implant angulation 
on the accuracy of implant analog positions in full 
arch 3D printed models is still not clear.  The aim 
of this in-vitro study was to assess the influence of 
different printing parameters such as layer thickness 
and design of inner structure on the accuracy of 
implant analog positions in 3D printed models with 
different implant angulations. 

The research hypothesis tested were that:

1.	 The implant angulation will have an effect of 
the trueness of the printed model

2.	 Printing layer thickness will have an effect of 
the trueness of the printed model

3.	 Model inner structure form will have an effect 
of the trueness of the printed model

MATERIALS AND METHODS

In this in-vitro study 126 models designed to 
receive all on four implant retained fixed dental 
prosthesis were 3D printed (Fig.1). The models 
were divided into 2 groups (n=63) according to 
posterior implant angulation (Group 1; 30˚ distal 

implant angulation, and group 2;45˚ distal implant 
angulation). The models were then divided into 
three subgroups (n=21) according to the printing 
layer thickness (Group a; 50 µm, group b; 100 µm, 
and group c; 150 µm). Each subgroup was later 
subdivided into 3 divisions (n=7) according to the 
model inner structure (Group I; solid, group II; 
hollow, and group III; honeycomb) (Figs. 2- 4)

The models were designed using DDS pro 
software (Czestochowa, Poland) to mimic the shape 
of a maxillary arch. Virtual implant placement 
was done using 3Shape Dental System V. 2.22.2.0 
(3Shape, Copenhagen, Denmark) followed by 
digital attachment of the scan bodies. The digital 
files were saved in stereolithography format (stl). 
Three-dimensional (3D) printing technology was 
used to manufacture the models using the printer 
Formlab form 3 (Boston, MA, USA) using a gray 
standard material. 

Four scan bodies were inserted in each model 
(Cares NC monoscanbody, Straumann, Basel, 
Switzerland) with diameter of 3.5 and 10 mm in 
height. Two anterior scan bodies were placed at 
the canines’ positions with 0° horizonal angulation 
parallel to each other, and two scan bodies were 
placed in the posterior positions with 30° distal 
angulation in the first model and 45° in the second. 
Scan bodies were then screwed onto implant 
analogues (Straumann, Basel, Switzerland). New 

Fig. (1) 3D printed model with analogs and scan bodies  Fig. (2): Design of model with solid inner structure 
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scan bodies were used for each group to avoid error 
that might result from possible wear at the implant-
scan body interface.

An industrial 3D scanner with structured blue 
light emitting diode (ATOS Core 200 5M, GOM 
GmbH, Braunschweig, Germany) was used to scan 
all the printed models. The original stl file of the 
model design was used as the reference scan. Data 
processing was done on cad software to align each 
scan body of the measured scan to the cad file of 
the library to allow for digital analogue matching, 
then accuracy measurement in terms of 3D surface 
discrepancies was performed after importing all data 
files to a reverse engineering software Geomagic 
control X (3D systems, NC, USA).

For trueness measurement, scans were 
superimposed to the reference stl file obtained the 
original model design using best fit alignment then 
3D deviation along the scan bodies surfaces were 
only measured by resegmenting the reference file 
and merging only the assigned areas of interest. 
The 3D surface discrepancies were measured by the 
software through the root mean square (RMS) error 
and the software representing the deviation with a 
color map showing positive and negative deviation 
with no specific tolerance. 

Numerical data were presented as mean and 
standard deviation (SD) values. They were explored 
for normality by checking the data distribution and 
using Shapiro-Wilk test. Data showed parametric 
distribution and were analyzed using three-way and 
one-way ANOVA followed by Tukey’s post hoc 
test. The significance level was set at p ≤ 0.05.

RESULTS

Fig. (3) Design of model with hollow inner structure 

Fig. (4) Design of model with honeycomb inner structure 

TABLE (1) Descriptive statistics table showing mean 
and standard deviation for all subgroups

Angle  Thickness
in µm

Form Mean Std. Deviation

30 50 Solid 30.9 1.2
Hollow 26.6 1.1
Honeycomb 26.1 0.9

100 Solid 28.2 1.1
Hollow 23.5 0.6
Honeycomb 23.2 1.3

150 Solid 23.5 0.8
Hollow 24.9 0.5
Honeycomb 25.2 0.7

45 50 Solid 31.2 1.5
Hollow 26.7 1.1
Honeycomb 26.1 0.6

100 Solid 28.0 0.6
Hollow 23.3 1.3
Honeycomb 23.4 1.1

150 Solid 23.3 1.2
Hollow 24.8 0.5
Honeycomb 25.3 1.1
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Descriptive statistics data are listed in Table 1. 
Three-way ANOVA revealed significant differences 
between the different variables. Both form and 
layer thickness had a significant effect on the final 
accuracy (p<0.001). Distal implant angulation had 
no effect on the final accuracy of the printed model 
(p=0.968). No significant interaction was found 
between the different variables (p=0.992) (Table 2). 

Regarding layer thickness, One-way ANOVA 
revealed significant effect on the final accuracy of 
the printed model. Tukeys post-hoc test revealed 
that both 100 µm (24.9 ± 2.4) and 150 µm (24.5 
± 1.1) layer thickness showed higher accuracy than 
the 50 µm (27.9 ± 2.4) layer thickness.

As for model form, One-way ANOVA revealed 
significant differences between the different forms. 
Tukey post hoc test revealed that the solid (24.9 ± 
1.4) and honeycomb (25 ± 1.5) models were more 
accurate than the hollow models (27.5 ± 3.3).

DISCUSSION

3D printing technology has gained more interest 
recently, especially in its application for models’ 
fabrication. Studies have showed higher accuracy 
for both 3D printed dentulous and edentulous 
implant models than conventional models.[37] [38]

The aim of this in-vitro study was to assess the 
influence of different printing parameters such as 
layer thickness (50, 100, 150 um) and design of 
model inner structure (solid, honeycomb, hollow) 
on the accuracy of implant analog positions in 3D 
printed models with different implant distal angula-
tions (30° and 45°). The null hypothesis was par-
tially rejected, as the layer thickness and design of 
inner structure was found to influence the 3D posi-
tion of implant analogs within the printed models 
while the implant angulations had no effect.

The results of this in-vitro study showed that 
implant angulations whether 30 or 45 degrees had no 

TABLE (2) Three-way ANOVA table 

Source Type III Sum of Squares df Mean Square F Sig.

Corrected Model 524.338a 17 30.843 28.431 <.001

Intercept 60072.834 1 60072.834 55375.173 <.001

Angle .002 1 .002 .002 .968

Thickness 207.104 2 103.552 95.454 <.001

Form 134.934 2 67.467 62.191 <.001

Angle * Thickness .128 2 .064 .059 .943

Angle * Form .028 2 .014 .013 .987

Thickness * Form 181.868 4 45.467 41.911 <.001

Angle * Thickness * Form .274 4 .069 .063 .992

Error 78.108 72 1.085

Total 60675.280 90

Corrected Total 602.446 89

a. R Squared = .870 (Adjusted R Squared = .840)
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influence on the 3D positional accuracy of implant 
analogs. Although the printing strategy used in this 
study was perpendicular to the building platform, 
one might expect that increasing the implant analog 
angulation would lessen the accuracy as the build 
angle might create a rough surface which can 
affect the insertion and positioning of the implant 
analogs. However, unlike our study this could be 
more evident with major differences between the 
angulations. 

No study was found that compared the effect 
the implant angulation on the accuracy of implant 
analog position in 3D printed models. However, 
Implant angulation has been previously reported 
to increase inaccuracies of impressions.[22, 23] A 
systematic review by Flügge et al, found that when 
multiple implants were placed at an angulation 
between 21° and 45° digital impressions had similar 
results to conventional ones. [28]

Printing parameters had an influence on the 
3D positional accuracy of implant analogs. In this 
study, cross arch palate models were used as it was 
reported as necessity for the stability of the printing.
[31] Changing the inner structural design of the model 
base had an impact as we found that printing with 
solid and honeycomb inner surface structure designs 
had higher accuracy and less 3D deviations than the 
hollow design. This can be attributed to the increased 
amount of support of implant analog holders to the 
model base as they become completely attached 
to the base either entirely (solid base) or through a 
network (honeycomb) rather than being completely 
unsupported (hollow). Having this kind of support 
might help in resisting the polymerization shrinkage 
forces that might change the position of the implant 
analog holders according to the curing direction. 
This was consistent with the results of Shin et al 
who found that fully filled models had higher 
accuracy than hollow models.[31] On the other hand 
Rungrojwittayakul et al. didn’t find any difference 
between solid and hollow models when using CLIP 
and DLP 3D printing technologies.[29]

Layer thickness was also found to influence the 
3D positional accuracy of implant analogs in our 
study. 3D printing with layer thickness of 50 μm 
showed more deviations than the 100 and 150 μm 
thicknesses, which was contrary to other studies 
concluding that the lower the thickness, the higher 
the accuracy.[18,19,32] This can be explained by as 
the layer thickness decreases, the number of layers 
required to print the same model increases. This 
leads to increasing printing time and increasing 
curing time which can increase the overall 
polymerization shrinkage that might lead to minute 
positional changes of the implant analogs and hence 
overall less trueness of implant analog positions 
within the 3D printed models. Also, increasing 
the number of layers will lessen resiliency of the 
models, thus more force might be needed to insert 
the analog within the implant analog holders, this 
can also cause positional changes in the implant 
analogs. This was consistent with the results of Jin 
et al who also found that 100 μm layer thickness 
had significantly better trueness values than 50 μm 
layer thickness when using 2 implant analogs in 
a half arch 3D printed model, however they used 
DLP printer in their study.[20] Also, Facero et al who 
found that 25 μm thickness had the least trueness 
in comparison to 50 and 100 μm in SLA printed 
orthodontic models.[33] In contrast, Zhang et al. 
found that a 100 μm layer thickness using a SLA 
printer was the most inferior in comparison to 25 
and 50 μm in terms of printing accuracy of full arch 
orthodontic models.[32]

Accuracy of the different groups was assessed 
by superimposing the STL files obtained from the 
scanned 3D printed models to the reference model 
STL using the best-fit match algorithm by Geomagic 
software.[12, 42, 43] An industrial scanner was selected 
for digitization of the 3D printed models owing 
to its higher scanning accuracy in contrast to that 
of intraoral scanners and extra oral scanners thus 
limiting inaccuracies that can result from the 
scanning protocol, ambient lighting conditions and 
operator errors.[24, 25] Root mean square error (RMS) 
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was used to eliminate the inaccuracies that might 
result due to the cancellation of the positive and 
negative deviations to each other, which results in a 
reduced estimation of the actual deviation from the 
reference cast.[12] 

Although the results of this study might be 
promising, more printing technologies, implant 
angulations, model build angle may be included in 
further studies. Also, the use of one 3D printer might 
be considered as a limitation as other printer with 
different technologies may affect the final outcome.

CONCLUSIONS

•	 Implant angulations within the tested range did 
not have an influence on the accuracy of implant 
positions in 3D printed models

•	 Both 100 µm and 150 µm layer thickness 
showed higher accuracy than the 50 µm layer 
thickness.

•	 For model form, the solid and honeycomb 
models were more accurate than the hollow 
models 
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