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Objectives:
-

light processing control group.
Materials and methods: Based on a digital sectioned maxil-

-

-

-

Results:
-

-

Conclusions:

-

models in orthodontic practice. 

Introduction

As a result of the rapid technological advances that have 

scanning, virtual planning and appliance manufacturing 
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an additive technology using ultraviolet light to cure poly-

-

printing (PPP), in 19981.
SLA, DLP, PPP and FFF play a key role in the creation of 

print resolution, printing speed, and the cost of the technol-
ogy itself and its associated materials. Other factors include 

have a particular impact on the accuracy of dental casts2. 
Previous studies found a higher Z-resolution, which equates 

-
2,3. Interestingly, decreasing 

printed and exponentially higher printing times (Fig 1, 
4. 

Printing time according 
to layer height.
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Simulation of printing times in relation to Z-resolution for the TEVO Tornado FFF printer

Layer height (μm) Printing time for one model Printing time for nine models

50.0 4 h 55 min 44 h 58 min

100.0 2 h 27 min 22 h 28 min

150.0 1 h 38 min 14 h 58 min

200.0 1 h 14 min 11 h 14 min

250.0 1 h 0 min 9 h 10 min

300.0 49 min 7 h 31 min
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 Consequently, FFF printing with as low a Z-resolution as is 
 

Taking into account the economic advantages and sim-
plicity of use of FFF printers, it is surprising that numerous 
studies have examined the accuracy of dental models 
printed using SLA, DLP and PPP technology3,5-9, whereas 
there is little research on FFF technology2,4,10. Concerning 
FFF printing, Kamio et al4

layer heights from 200 to 500 μm, Lee et al10 used single 
replica teeth with a layer height of 330 μm, and Pérez et al2 
focused on various printing parameters, working with cylin-
drical samples and layer heights of 150 and 250 μm.

The aims of the present study were twofold. First, the 

printed using FFF technology was examined utilising a sec-
tioned maxillary model with layer heights ranging from 50.0 

-
sion DLP control group with a layer height of 20 μm.

Materials and methods

To examine the quality of the models printed using FFF, a 
maxillary arch was taken from a randomly selected digital 

-

-
-

tioned digital model. With the aid of the resulting master STL 

of 20.0 μm were printed using DLP technology (SprintRay, 

the same company) (Fig 2), representing the control group. 
Then, 18 sectioned maxillary models were produced with FFF 
printing (TEVO Tornado, TEVO 3D Electronic Technol ogy, 

-

PRO (Extrudr, Lauterach, Austria) (Fig 2), each divided into 

All the physical maxillary models were then digitised 

resolution 10 μm) to produce stereolithography (STL) test 
-

the two virtual models according to the characteristics of the 
teeth. Applying the module “Surface comparison to CAD”, the 
accuracy was evaluated using measurement tools analysing 

-

of the scanned model surface in comparison to the master 

material and green indicated measurement agreement. 
With reference to previous studies3,8,11,12, the critical thresh-
old was set at 0.25 mm. Using the inspection tool, arithmetic 

-

-

-
ports were drawn up from each 3D superimpos ition, includ-
ing colour maps and measurement data (Figs 3 and 4). In the 

-

polymer were measured twice. 

Statistical analysis
To evaluate the trueness of the dental models produced, 
the AMs of the deviation of the corresponding points of the 

-
ity of measurement points13. With the aid of the colour map 
analysis of the 3D superimposition, information was gained 
concerning the location and degree of deviation or congru-

-

-

nical inconsistencies.
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Sectioned maxillary dental model: (a to c) (d to f) DLP control model (layer height 20.0 μm);  
(g to i) (j to l) Polylactide model (layer height 50.0 μm); (m to o)
height 150.0 μm); (p to r) Polylactide model (layer height 150.0 μm); (s to u)  
(v to x) Polylactide model (layer height 300.0 μm). 

(a) DLP control model (layer height 20.0 μm); 
(b) (c) Polylactide model (layer height 100.0 μm).

s

v

t

w

u

x

a b c



Journal of Aligner Orthodontics 2021;5(3):197–208202

SPANIER ET AL

(a and b) Layer height 100.0 μm; (c and d) Layer height 150.0 μm; (e and f) Layer height 200.0 μm; (g and h) Layer height 
250.0 μm.
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Results

-

 reinforced. 
The outcome of the comparison of the 3D superimpos-

-
ther statistical calculations of the percentage of points 

printed using FFF and the DLP control group are presented 

Examining the parameters of accuracy, namely the AM, 

The AM of the deviation of the corresponding points of 

FFF printed models seemed to have smaller overall dimen-
sions10

had slightly smaller dimensions.

printed using FFF displayed overall lower SDs and a higher 

-
sidering the SD and percentage of points within the critical 

printed using FFF, with the exception of the model with a 

wide range of layer heights (50.0 to 300.0 μm). Interestingly, 
only the FFF printed polylactide model with a layer height of 
250.0 μm also met these requirements.

Layer height (μm) AM measurement 1 
(mm)

AM measurement 2 
(mm)

SD measurement 1 
(mm)

SD measurement 2 
(mm)

50.0 0.11 0.11

80.9 0.10 0.10

100.0 0.09 0.09

150.0 0.10 0.10

0.10 0.10

200.0 0.12 0.11

250.0 0.12 0.12

300.0 0.12 0.12

0.13 0.13

0.002357 0.002357

0.900



Journal of Aligner Orthodontics 2021;5(3):197–208204

SPANIER ET AL

Comparison of models printed using FFF with lignin-Measurement data for the 3D superimposition and 

layer height, technology and material of the dental models 
studied

Material/ 
technol-
ogy

Layer 
height 
(μm)

AM 
(mm)

SD  
(mm)

Points within 
critical bounds 
± 0.25 mm (%)

Lignin- 50.0 0.11 97.18

80.9 0.10 98.02

100.0 0.09 99.18

150.0 0.10 98.02

0.10 98.35

200.0 0.12

250.0 0.12

300.0 0.12

0.13 94.28

Poly-
 

FFF

50.0 0.22 74.31

 80.9 0.19 80.91

100.0 0.18 82.94

150.0 0.20

0.20

200.0 0.21

250.0 0.12

300.0 0.24 70.02

0.15 89.85

Control 20.0 0.10 98.58

20.0 0.10 98.71

layer height and SD with an 

through the example of FFF 

models.
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Layer height (mm)

Material/ 
technology

Layer height 
(μm)

Points within 
nominal bounds 
± 0.05 mm (%)

Lignin- 50.0 33.87

80.9 35.57

100.0 40.04

150.0 35.57

200.0

250.0

300.0 31.77

Control 20.0 37.59

20.0 38.11
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precise values were reached at a layer height of 100.0 μm 

even surpassing the precision parameters of the DLP con-

least accur ate in their experimental group. 
Analysing the SD independently of the layer height of 

height increased from 50.0 to 100.0 μm. Aside from the 

with increasing layer height. In the FFF printed polylactide 

height with the exception of layer heights of 250.0 and 

With the aid of the colour map analysis (Figs 3 and 4), the 
extent and location of the deviation of the corresponding 

Greenish areas indicated an excellent match of the com-

-

reddish areas represented an excess of scanned material. 
Generally, very precise greenish areas were found on cusp 

colour patches were detected interdentally, at the cervix 

and gingival attachment surfaces. Reddish nuances, namely 
excessive dimensions, were found on the occlusal and dis-

-
faces, and interdentally.

Discussion

the accuracy of FFF printed dental models applying a 3D 

gold standard. 
When assessing trueness and precision, the model in 

-

encountered during the scanning process that were not 
inspected in the present study. First, since the model scan 

-
-

scured surfaces, namely occlusal grooves, interdental 
spaces and retractions on attachments10,14. Thus, to avoid 

conversion10

15. 
Interestingly, the increase in accuracy that was antici-

pated to occur with a decrease in layer height, i.e., an in-
crease in Z-resolution, did not entirely occur with the FFF 

group in particular, a continuous improvement in accur-
acy with regard to SD and the percentage of points within 

-
-

which was not found in the highest Z-resolution recom-
mended in the manufacturer’s instructions for the FFF 

reducing the height of each layer leads to an increase in 

errors such as artefacts or failure during the printing pro-
cess itself8

has six times more layers than a dental cast with a layer 
height of 300.0 μm, and the former increases the likeli-
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hood of printing errors simply due to the additional num-

previous layers from the printing platform due to an in-

smaller layer heights such as 50.0 and 80.9 μm. It was 

-
perimental groups with regard to printing material, models 

SD and thus more measurement points within the clinical 

-
mers have excellent printing properties
could arise due to temperature resistance, as indicated on 

-
turer17,18 -
ceived a maximum of 10 points for temperature resistance 
according to the data sheet, whereas the polylactide PLA X2 
only received 4 points17,18

mer scored slightly higher in the categories of impact resist-
ance and maximum stress than the polylactide did. Equal 
values were recorded for visual quality, layer adhesion and 

17,18.

ensure the delivery of successful orthodontic therapy with 
aligners; however, there is currently no consensus concern-
ing accuracy. Previous studies set limits of clinical agree-
ment ranging from 0.2 to 0.5 mm19-21. Given that a consid-

threshold at 0.25 mm3,5,8,10-12, the present study did the 
same. One reason for which a deviation of 0.25 mm was 

-

alignment and marginal ridges3,22. The 3D superimposition 

algorithm applied compared the point deviations of corres-

equal a linear deviation of 0.50 mm maximum according to 

-
pending on the actual incoming transmission of tooth 
movement from the printed dental model to the vacuum- 
formed aligner.

and duration of the printing materials, ease of hand ling, 

the printing results2. Moreover, increased layer height of-

times (Fig 1)4

decreases from 100.0 to 50.0 μm; as such, the total produc-

time, namely 22 hours and 28 minutes. For a layer height of 
300.0 μm, printing nine models would take no longer than 
7 hours and 31 minutes, which is six times less time than 
that required to print nine models with a layer height of 

Although printing dental models with a high Z-reso-
lution such as 50.0 μm is a more time-consuming process, 

acy. Despite the fact that the most accurate and precise 
printing result in the present study was found in the lignin-

-

a printing time over 1.5 times longer compared to a layer 

determine whether even models with a layer height of 

using vacuum-formed aligners. Further research is required 
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23 focused on the potential 
health concerns arising from volatile gases and particles 
during the FFF printing process. The commonly determined 

were formaldehyde, a human carcinogen; styrene and 

23. Nevertheless, 
the total volatile air compound emissions (TVOC ERs) were 
generally two orders of magnitude lower than those from 
dry process copiers, laser printers and personal com-
puters23

-
rene, polyvinyl alcohol and polylactic acid, the latter re-
leased the least TVOC ERs, and was the only one whose 
primary emitted monomer, lactide, was not considered a 
health risk23

In terms of environmental longevity, polylactide and 

-
-

17,18, although no 
time span is indicated for this.

 orthodontics.

Conclusions

Z-reso lution does not necessarily lead to higher accuracy 

of layer heights depending on FFF print settings and ma-

-
timum layer height of 100.0 μm, even surpassing the preci-
sion requirements of the DLP printing control group.

-

to optimised layer height, print settings and material. In-
deed, a higher layer height results in a higher printing 
vel ocity and thus exponentially shorter printing times 

accuracy and precision in printing is approximately 

ately, a Z-resolution lower than 100.0 μm does not seem 

models printed using FFF with layer heights higher than 

precision of FFF printed models correlates with the clinical 

that transforms optimal forces onto the teeth using 
 vacuum-formed aligners.

Declaration

-
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