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SUMMARY
Introduction and aim: In recent decades, the whole field 
of medicine has been undergoing a  digital revolution. 
This phenomenon is making its way into dental fields 
as well, including orthodontics, and gradually more and 
more workflow procedures are being digitalized. The 
digital models of dental arches can be obtained with the 
help of an intraoral scanner, and afterwards, using a 3D 
printer, they can be transformed into physical models. 
In the field of orthodontics, dental models are needed 
as study models for diagnostic analysis and determining 
the therapeutical plan. Dental models at the end of 
orthodontic therapy are very important as working models 
for the production of retention devices. The thermoplastic 
retention plates are very frequently given to patients as 
retention apparatus and are very popular among them. 
They are being manufactured at high temperatures in 
a vacuum machine in a process also known as vacuuming. 
Conventionally this manufacturing tends to be performed 
on classic gypsum models. With the growing popularity of 
digital dental models and their subsequent 3D printing, it 
is important to know whether dental models made in this 
way are also suitable for the production of thermoplastic 
retention plates. Currently, the most widely used method 
for 3D printing is called Fused Deposition Modeling, using 
molten plastics as a material for the printing.
The aim of this research was to evaluate 3 thermoplastic 
materials – ABS, ASA, and Z-Ultrat and to measure 

their dimensional stability while being exposed to the 
conditions of vacuuming during the production of the 
thermoplastic plates. It was important to determine which 
of them would retain its dimensional stability under given 
conditions in the best way.
Methods: To obtain the necessary data, we first made 
intraoral scans of the upper dental arch of two patients 
using an iTero intraoral scanner. With the use of Zortrax 
M200 3D printer, these scans were then used to produce 
physical 3D models. The following parameters were set 
for the 3D printing: layer thickness – 0.09 mm, density of 
the infill – 70%, and orientation of the model in the Z axis 
– 45°. The physical 3D models were then digitized again 
with GOM ATOS TripleScan extraoral 3D scanner, placed in 
a vacuum machine, and then scanned again. GOM Inspect 
software was used to evaluate the dimensional accuracy 
of manufactured parts. The maximum clinically acceptable 
deviation between the first 3D scan and the scan of the 
physical model after vacuuming was determined by the 
authors to be +/- 0.50 mm.
Results: Dental models from all 3 examined thermoplastic 
materials have shown a  statistically significant change 
in their dimensions. However, the magnitude of these 
deviations is acceptable for clinical practice. All models 
printed from ABS and Z-Ultrat met the maximum clinically 
permissible deviation of +/- 0.50 mm.
Conclusions: Certified material Z-Ultrat, having a chemical 
composition of PC-ABS, showed the best dimensional 
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INTRODUCTION AND AIM
Each orthodontic treatment consists of 

two parts: an active phase and a  retention 
phase. During the active phase, the ortho-
dontic appliances generate a  force that acts 
directly on the teeth. As a result of this pro-
longed action, the bone around the tooth root 
slowly remodels, and the teeth move to the 
new desired position. However, this newly ac-
quired position must be considered poten-
tially unstable. In order to achieve excellent 
long-term results and ensure the stability of 
the achieved condition, it is crucial to dimin-
ish the orthodontic control of the position of 
the teeth gradually - it is necessary to keep the 
teeth in the newly acquired position with the 
help of retention devices. There are two main 
groups of retention devices: fixed retainers 
and removable retainers. Thermoplastic re-
tention plates are a frequently indicated and 
popular type of removable retainers. They are 
made of flat transparent foils based on poly-
propylene. During the vacuum forming pro-
cess in the vacuum thermoforming machine, 
they are first heated. Their composition be-
comes elastic, and afterwards, with the addi-
tional vacuum pressure applied by the vacu-
um machine, they are firmly pressed against 
the dental model, exactly copying its shape. 
Thermoplastic retention plates have gained 
great popularity in recent decades and are 
currently the most widely used retention ap-
paratus in the upper dental arch [1]. During 
the conventional method of creating a  ther-
moplastic retention plate, it is necessary 
to make an alginate impression of the pa-
tient's aligned dental arch. This impression is 
then filled with gypsum, which creates a hard 
plaster working model. However, nowadays, 
we can witness the trend of digitalization, and 
more and more procedures in dental clinics 
are being digitalized. In addition to photo-
graphs, X-ray records, and 3D visualizations 
of the result of the orthognathic surgery, den-
tal models are the latest diagnostic data used 
so far mainly in physical form. But they are 

gradually being replaced by their digital ver-
sion, and more and more orthodontists, ap-
preciating their benefits, are getting used to 
working with them. In this new procedure, the 
aligned dental arch is scanned using an intra-
oral scanner, obtaining a digital model of the 
dental arch. It can then be converted to  
physical form in a short time, thanks to one of 
the Rapid Prototyping (RP) methods.

RP methods can be defined as "the process 
of rapidly making a physical model using 3D 
data, mostly in STL form; 3D scanning is usual-
ly at one end, and the 3D printer is at the oth-
er end of the chain" [2]. RP technologies can 
be divided into two basic categories: one con-
sists of material removal to create a physical 
object and the other one of material addition 
– this second group is widely known under the 
name Additive Manufacturing (AM) [3].

The AM method used in this experiment is 
called Fused Deposition Modeling (FDM). Tak-
ing into consideration all the fields, not just 
dentistry, FDM is the most widely used addi-
tive technology, and consists of applying lay-
ers of molten semi-liquid plastic [4].

Following the influence of digitalization in 
orthodontic clinics, the dental arch models 
are increasingly more frequently being  
acquired in digital form. Then, the need for 
transforming the digital model into a physical 
form arises because the orthodontists need 
a working model to produce a thermoplastic 
retention plate.

This more modern way of obtaining ortho-
dontic data and creating a  working model, 
consisting of intraoral scanning and FDM 
manufacturing technology, is associated 
with many benefits. First of all, the archiving 
of patients' data is simplified because dental  
models printed on a  3D printer by the FDM 
method weigh much less than gypsum den-
tal models. And thanks to the possibility of 
data storage in electronic form, the need for  
physical space for their storage is often elim-
inated completely. Other advantages are  
the higher speed of receiving diagnostic data, 

stability. Based on the obtained data, it can be concluded 
that the models of dental arches printed by the FDM 
method can be used in practice as working models for the 
production of thermoplastic retention plates.

Key words: orthodontics, 3D digitalization, digital dental 
models, retention, thermoplastic foils, vacuuming, 
Fused Deposition Modeling, Acrylonitrile butadiene 
styrene, Acrylonitrile styrene acrylate, Z-Ultrat
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the possibility of information transfer in digital 
form, which is practical especially in interdisci-
plinary cooperation, or the possibility of creat-
ing a virtual set-up. Also, during the creation 
of a thermoplastic plate on a gypsum model, 
teeth are often broken off while the plate is 
being removed from the model. These frac-
tures tend to happen especially in the fron-
tal area of the dental arch. Models made of 
thermopolymers are more flexible than gyp-
sum models and thus remain during this ac-
tivity undamaged. For many orthodontists, it 
is more convenient that this production pro-
cess eliminates the need to mix alginate and 
then gypsum, which makes the whole pro-
cess cleaner. Last but not least, this process is 
more comfortable for patients, as they avoid 
a not-so-pleasant alginate impression [5–7].

Due to the growing interest in this more 
modern process – obtaining a  dental mod-
el in digital form with an intraoral scanner, 
and its subsequent transformation into phys-
ical form by FDM – it is important to find out 
which materials used in the FDM method are 
most suitable for this purpose. In this exper-
iment, 3 thermoplastic materials were com-
pared – ABS, ASA, and Z-Ultrat. The main goal 
of the experiment was to evaluate which of 
the three investigated materials will retain 
the best dimensional stability while being ex-
posed to the conditions in a vacuum thermo-
plastic machine during the production pro-
cess of thermoplastic retention plates.

The research is part of the attestation work 
of MDDr. Zuzana Hlavenková, written during 
a specialization study in the field of Orthodon-
tics, carried out at the Slovak Medical Univer-
sity in Bratislava.

3D MODELS OF UPPER 
DENTAL ARCHES USED IN 
THE EXPERIMENT

Digital information that is directly provided 
by an intraoral scanner is not automatically 
sufficient in itself to be used for the produc-
tion of physical models; some additional pro-
cessing is required before printing. The re-
ceived 3D scan shows only the outer surface 
of the dental arch – it is open at the bottom, 
hollow, has no flat base, and also contains the 
contours of the surrounding tissues. First, all 
unnecessary data and artifacts, basically any-
thing that is not part of the dental arch, must 
be removed. Then a coordinate system is cre-
ated, and the digital model is inserted into it 
so that its base sits on the area created by the 
X and Y axes. The hollow model is then com-
pletely filled, and the surface of the model 

base is aligned and trimmed. For the purpos-
es of this experiment and to ensure the cor-
rect placement of the printed models into the 
GOM ATOS TripleScan 3D scanner, a so-called 
cube-shaped setting element was created on 
the models. All these adjustments were made 
in a software program called MeshMixer [8].

After all these adjustments, the modified 
3D digital models were ready for printing, 
so they were inserted in STL format into the 
Z-Suite "slicing program", compatible with the 
Zortrax M200 3D printer, which was used for 
their printing. Afterwards, the exact printing 
parameters were defined in it. It has been ex-
perimentally proven that digital 3D models, 
when transformed into physical models by  
3D printing, best retain their mechanical prop-
erties when the density of their inner filling is 
set at 70%, the thickness of the outer layer is 
0.09 mm, and the angles at which the vertical 
layers of the infill are touching the outer wall 
of the model is set to 45 ° – so the parameters 
in this experiment were set exactly to these 
values [9].

3 MATERIALS  
– THERMOPLASTIC POLYMERS

As mentioned above, when all disciplines 
are taken into account, including the technical 
ones, Fused Deposition Modeling is the most 
commonly used additive technology. Molten 
thermoplastic polymers are used for print-
ing when using FDM. Polymers are long-chain 
molecules that are formed during the polym-
erization process when a large number of re-
peating units – monomers – are being joined 
together. A polymer chain consisting only of 
one type of monomer is called a homopoly-
mer. If two or three kinds of monomers are 
present in the chain, it is then referred to as 
copolymer or terpolymer [10]. Thermoplas-
tic polymers are amorphous substances, 
and they contain heterogeneities of various 
kinds. Therefore, it is not possible to deter-
mine a specific melting temperature for them. 
At low temperatures, they are hard and brit-
tle, referred to as their glassy state. By heat-
ing, they melt into their rubbery state, in 
which their deformability is several orders of 
magnitude higher. As this deformation is still 
completely reversible, it is called highly elas-
tic deformation. The temperature range be-
tween the glassy and highly elastic state is 
called the glass-transition temperature Tg. It 
is one of the basic properties that characteriz-
es every thermopolymer. When the tempera-
ture is further increased, the polymer gets in-
to a plastic state; this deformation is already  
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irreversible. The transition between the highly 
elastic and plastic state is determined by the 
temperature interval referred to as the flow 
temperature Tf. After cooling, the thermo-
polymers solidify again [11].

The physico-chemical properties of ther-
mopolymers are determined by the type of 
monomers used in them and also by their dis-
tribution in the chain. To modify the proper-
ties of polymers, various additives can subse-
quently be added to them, and by that, their 
stiffness, toughness, weather resistance, di-
mensional stability, etc., can be influenced. 
[10].

Thermoplastic materials suitable for the 
FDM printing method are available on the 
market from various vendors and come in 
various price categories. Manufacturers store 
them wound on a spool in the form of long 
and thin fibers; hence they are known under 
the name filaments [8].

Acrylonitrile butadiene styrene (ABS)
Acrylonitrile butadiene styrene is a terpoly-

mer made by polymerization of acrylonitrile, 
butadiene, and styrene. It is characterized by 
excellent toughness, good dimensional and 
geometric stability, good workability, chemical 
resistance, and low price. Its key properties 
are as follows: density 0.9 g/cm3 – 1,53 g/cm3, 
glass-transition temperature ~105 °C. The 
standard temperature for printing is 230 °C 
[12].

Acrylonitrile styrene acrylate (ASA)
Acrylonitrile styrene acrylate is a  terpoly-

mer in which monomers of acrylonitrile, sty-
rene, and acrylate are combined. It was devel-
oped as an alternative to ABS in order to cre-
ate a material with much higher weather re-
sistance. ASA is characterized by high tough-
ness and stiffness, good chemical resistance 
and thermal stability, it has high resistance to 
aging and yellowing, and the material is char-
acterized by high gloss [13].

Z-Ultrat
It is a relatively new and not yet very well-re-

searched thermoplastic material. It is manu-
factured by Zortrax company and designed for 
printers of this brand. However, it can also be 
used on printers from other manufacturers. 
From a chemical point of view, it is a mixture 
of polymers in which ABS is in a suitable ratio 
mixed with polycarbonate (PC). PC is added 
to the mixture in order to achieve even high-
er hardness and durability compared to con-
ventional ABS. The manufacturer promises 

that Z-Ultrat can reliably achieve the proper-
ties of plastic objects produced by injection 
molding technology. The properties of this 
material include exceptional hardness, resis-
tance to high temperatures, excellent surface 
quality, and easy postprocessing. Its relative 
density is 1.18 g/cm³, and the glass-transition 
temperature is 106.4 °C [14].

The aim of this research was to evaluate 3 
thermoplastic materials – ABS, ASA, and Z-Ul-
trat and to find out their reaction to the condi-
tions to which they will be exposed in a vacu-
um thermoforming machine. It was important 
to determine which one of them would retain 
the best dimensional stability under the given 
conditions.

MATERIALS AND METHODS
The first step in the experiment was to ob-

tain intraoral scans of the upper dental arch 
of 2 patients using an iTero intraoral scan-
ner (Align Technology, USA). These two digi-
tal models are called CAD models and, in the 
experiment, were also referred to as nominal 
models. Using the program GOM ATOS Pro-
fessional v7.5 SR2, three different cuts were 
made on both nominal models: Cut 1 indicat-
ing the distance between two specific points 
on the vestibular surface of the second mo-
lars, Cut 2 between two specific points on the 
vestibular surface of the second premolars, 
and Cut 3 between the two specific points 
on the vestibular surface of the canines. Af-
terwards, these models were in STL format 
exported to the Z-SUITE program, CAM soft-
ware designed for the Zortrax M200 3D print-
er (Zortrax, Poland). 3 thermoplastic materi-
als were selected for 3D printing of these CAD 
models – ABS, ASA (both from the manufac-
turer Gembird, the Netherlands), and Z-Ultrat 
with the chemical composition PC-ABS (Zor-
trax, Poland). 

Prior to printing, the parameters for print-
ing physical 3D models were set and used 
as follows: layer thickness – 0.09 mm, densi-
ty of the inner filling – 70% and orientation of 
the model in the Z axis – 45°. Nominal mod-
els of both patients were extruded from each 
thermoplastic material 5 times, creating a to-
tal of 30 physical 3D models; these were also 
referred to as master models. Subsequently, 
the shape and size of the examined samples 
were evaluated on an extraoral GOM ATOS II 
Triple Scan optical 3D scanner (GOM, Ger-
many) with a  measuring volume of MV 170  
(170 x 130 x 130 mm). These newly acquired 
digital STL models were also referred to in 
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the experiment as the actual No.1. The same 
points were applied to these STL models as to 
the nominal model, thus generating new val-
ues for Cut 1, Cut 2, and Cut 3. These new val-
ues were actually deviations in the length of 
cuts between the nominal model and each ac-
tual No. 1 and tell us how precisely the printed 
physical models correspond to the situations 
in the oral cavity. Both nominal models were 
printed from each of the 3 materials precise-
ly 5 times so that the average value of these  
3 distances could be calculated, and the re-
sults were more meaningful (Fig. 1). 

All 30 master models were used to create 
thermoplastic plates on them using Erkoform 
3d+ vacuum thermoforming machine (Erko-
dent, Germany) (Fig. 2). The foils selected for 
the experiment were from the brand Ercodur 
and had a thickness of 1 mm (Erkodent, Ger-
many). The examined master models were 
then again for the second time scanned while 
using the GOM ATOS II Triple Scan optical 3D 
scanner. These newly acquired STL models 
were referred to in the work as actual No. 2 
and again points were applied to them in the 
same places as on the nominal model. Thus, 
new values were obtained for Cut 1, Cut 2 and 
Cut 3. Again, the arithmetic mean between the 
values on all 5 models was calculated. These 
new values give information about the extent 
to which vacuuming changed the shape of the 
printed physical models compared to the con-
dition in the oral cavity.

All values obtained during the research 
were put into two sets of tables. The first set 
contains all the values of the cuts before vac-
uuming, namely the distance of the points on 
the nominal model and the deviation from it 
on each of the 30 actuals No. 1.

The second set contains all values of point 
distances on the nominal model and the de-
viation from it on each of the 30 actuals No. 
2. It, therefore, tells us about the change in  
the dimensions of the master model after  
vacuuming.

The arithmetic mean of the deviations of 
the distances between the points was record-
ed in the graphs.

More attention was paid to comparing the 
values of Cuts between the nominal model 
and actual No. 2 (Fig. 3).

Statistical processing of the acquired data 
was performed in the statistical software IBM 
SPSS 19. A paired t-test was used to compare 
the values of continuous random variables 
(in our case, the deviation of the length of the 
cuts from the nominal) before and after the 
intervention (vacuuming). As for the differ-

ences before and after the intervention, the 
normal distribution was not rejected. Com-
parisons were made separately for each pa-
tient and each material. We worked at a signif-
icance level of α = 0.05. A general linear model 
for repeated measures was used to monitor 
changes in deviations of the cuts from nomi-
nal after vacuuming. The influence of the pa-
tient and the material was taken into account.

RESULTS
Both sets of tables (before and after vacu-

uming), into which the measurement results 
were recorded, were compiled according to 
the same pattern. The first line marked wheth-
er it was a print of the dental arch of Patient 
No. 1 or Patient No. 2, the material from which 
the model was printed, and whether the mea-
sured model has not yet passed or has al-
ready undergone a vacuum process. The in-
dividual cuts in the Y axis were marked in the 
rows; they were as follows: Cut 7–7 (simply al-
so referred to as Cut 1), Cut 5–5 (Cut 2), and 
Cut 3–3 (Cut 3). The first column contains the 

Fig. 1  
Printed FDM models

Fig. 2  
Manufacturing of essix plates
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values of the distances between the points on 
the nominal model (intraoral scan in the oral 
cavity), so it is the same in all tables. The next 
5 columns show the values of the dimensional 
change of the Cut in the individual prints with 
respect to the nominal model, and in the last 
column, the arithmetic mean of the values 
of the deviations of all 5 printed models was 
recorded. The maximum clinically permissi-
ble deviation of the dimensional difference 
between the scan and the model after vacu-
uming was determined by the authors to be  
+/- 0.50 mm.

The measured values were then plotted in-
to graphs. For a better representation of the 
change, the values for each material both be-
fore vacuuming (blue curve) and after vac-
uuming (red curve) were plotted into one 
graph. The colored dot is the value of the 
arithmetic mean of the values and the black 
line shows the variance of the values of all  
5 prints with the incorporation of the stan-
dard error of the deviations.

In Tables 1, 3, 5, 7, 9, and 11, the nominal 
value was compared with the actual No. 1 - 
these numbers tell us how accurately print-
ed physical models correspond to the situa-
tion in the oral cavity (intraoral scan). In Ta-
bles 2, 4, 6, 8, 10, and 12, the nominal value 
was compared with the actual No. 2 – these 
numbers indicate the extent to which the vac-
uuming process changed the shape of the 
printed physical models, meaning how much 
the physical models that have already under-
gone the process of vacuuming correspond 
to situations in the oral cavity (intraoral scan)  
(Tables 1–12, Graphs 1–6).

For a  better overview of the reactions of 
the individual thermoplastic materials to the 
identical vacuum conditions to which they 
were subjected, the values of the dimensional 
deviations of all three materials were plotted 
together in one graph. This created 4 graphs 
–Graph 7 for the model from patient No. 1 be-
fore vacuuming, graph 8 for the model from 
patient No. 1 after vacuuming, graph 9 for the 
model from patient No. 2 before vacuuming, 
and graph 10 for the model from patient No. 
2 after vacuuming. Blue color represents val-
ues for material ABS, red color values for ma-
terial ASA and green color values for material  
Z-Ultrat (Graphs 7–10).

Table 13 summarizes the comparison of 
cut length deviations from the nominal model 
before and after vacuuming.

DISCUSSION
The results show that the individual materi-

als show different dimensional stability. It was 
interesting to observe that the printed phys-
ical models showed shrinkage against the 
scan of the dental arch in the oral cavity (nom-
inal) in both Patients in each of the 3 Cuts. Af-
ter insertion into the vacuum thermoform-
ing machine, the master models (actual No. 2) 
showed approximately twice as large shrink-
age compared to the nominal than the mas-
ter models before vacuuming (actual No. 1). 
Prior to the vacuuming process, the shrinkage 
ranged from -0.143 mm in Cut 3 in Patient No. 
1 in models printed from thermoplastic ma-
terial ASA to the value -0.3212 mm in Cut 1 
in Patient No. 2 also in models printed from 
ASA. After the vacuuming process, the lowest 

Fig. 3  
Comparision between 
Nominal and Actual, the 
difference of the values  
of all three cuts
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Tab. 1 Dimensional deviations of the ABS master model before vacuuming (patient 1)

Patient 1 ABS_BEFORE

Nominal model 
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 -0.275 -0.236 -0.215 -0.22 -0.218 -0.2328

Cut 5-5 50.522 -0.259 -0.266 -0.279 -0.29 -0.292 -0.2772

Cut 3-3 36.624 -0.15 -0.158 -0.153 -0.177 -0.154 -0.1584

Tab. 2 Dimensional deviations of the ABS master model after vacuuming (patient 1)

Patient 1 ABS_AFTER

Nominal model  
rozmer [mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 -0.395 -0.5 -0.415 -0.518 -0.458 -0.4572

Cut 5-5 50.522 -0.422 -0.459 -0.439 -0.481 -0.476 -0.4554

Cut 3-3 36.624 -0.219 -0.26 -0.245 -0.234 -0.233 -0.2382

Tab. 3 Dimensional deviations of the ASA master model before vacuuming (patient 1)

Patient 1 ASA_BEFORE

Nominal model  
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 0.205 -0.23 -0.224 -0.265 -0.234 -0.2316

Cut 5-5 50.522 0.288 -0.297 -0.299 0.285 -0.314 -0.2966

Cut 3-3 36.624 -0.139 -0.146 -0.147 -0.148 -0.135 -0.143

Tab. 4 Dimensional deviations of the ASA master model after vacuuming (patient 1)

Patient 1 ASA_AFTER

Nominal model   
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 -0.476 -0.501 -0.517 -0.598 -0.583 -0.535

Cut 5-5 50.522 -0.512 -0.537 -0.556 -0.56 -0.565 -0.546

Cut 3-3 36.624 -0.254 -0.249 -0.254 -0.266 -0.229 -0.2504

Graph 1 Dimensional deviations before and after vacuuming, 
patient 1 (material ABS)

Graph 2 Dimensional deviations before and after vacuuming,  
patient 1 (material ASA)
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Graph 3 Dimensional deviations before and after vacuuming,  
patient 1 (material Z-Ultrat)

Tab. 5 Dimensional deviations of the Z-Ultrat master model before vacuuming (patient 1)

Patient 1 Z-Ultrat_BEFORE

Nominal model    
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 -0.279 -0.3 -0.211 -0.187 -0.166 -0.2286

Cut 5-5 50.522 -0.266 -0.3 -0.221 -0.289 -0.28 -0.2712

Cut 3-3 36.624 -0.138 -0.15 -0.11 -0.181 -0.147 -0.1452

Tab. 6 Dimensional deviations of the Z-Ultrat master model after vacuuming (patient 1)

Patient 1 Z-Ultrat_AFTER

Nominal model     
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.624 -0.47 -0.451 -0.479 -0.495 -0.437 -0.4664

Cut 5-5 50.522 -0.466 -0.443 -0.437 -0.445 -0.454 -0.449

Cut 3-3 36.624 -0.195 -0.174 -0.189 -0.224 -0.22 -0.2004

Tab. 7 Dimensional deviations of the ABS master model before vacuuming (patient 2)

Patient 2 ABS_BEFORE

Nominal model 
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.345 -0.26 -0.261 -0.313 -0.324 -0.3006

Cut 5-5 53.955 -0.254 -0.271 -0.259 -0.254 -0.244 -0.2564

Cut 3-3 39.759 -0.201 -0.235 -0.212 -0.193 -.217 -0.2116

Tab. 8 Dimensional deviations of the ABS master model after vacuuming (patient 2)

Patient 2 ABS_AFTER

Nominal model  
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.405 -0.383 -0.413 -0.406 -0.419 -0.4052

Cut 5-5 53.955 -0.37 -0.369 -0.373 -0.342 -0.333 -0.3574

Cut 3-3 39.759 -0.313 -0.302 -0.26 -0.257 -0.26 -0.2784

Graph 4 Dimensional deviations before and after vacuuming, 
patient 2 (material ABS)
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Graph 5 Dimensional deviations before and after vacuuming, 
patient 2 (material ASA)

Tab. 9 Dimensional deviations of the ASA master model before vacuuming (patient 2)

Patient 2 ASA_BEFORE

Nominal model 
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.337 -0.354 -0.259 -0.338 -0.318 -0.3212

Cut 5-5 53.955 -0.254 -0.269 -0.28 -0.264 -0.274 -0.2682

Cut 3-3 39.759 -0.204 -0.168 -0.235 -0.266 -0.218 -0.2182

Tab. 10 Dimensional deviations of the ASA master model after vacuuming (patient 2)

Patient 2 ASA_AFTER

Nominal model  
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.524 -0.54 -0.432 -0.534 -0.515 -0.509

Cut 5-5 53.955 -0.432 -0.452 -0.397 -0.469 -0.431 -0.4362

Cut 3-3 39.759 -0.308 -0.283 -0.317 -0.374 -0.319 -0.3202

Tab. 11 Dimensional deviations of the Z-Ultrat master model before vacuuming (patient 2)

Patient 2 Z-Ultrat_BEFORE

Nominal model  
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.404 -0.311 -0.278 -0.252 -0.196 -0.2882

Cut 5-5 53.955 -0.232 -0.248 -0.222 -0.213 -0.229 -0.2288

Cut 3-3 39.759 -0.216 -0.222 -0.202 -0.157 -0.152 -0.1898

Tab. 12 Dimensional deviations of the Z-Ultrat master model after vacuuming (patient 2)

Patient 2 Z-Ultrat_AFTER

Nominal model   
[mm]

Master model 1
[mm]

Master model 2
[mm]

Master model 3
[mm]

Master model 4
[mm]

Master model 5
[mm]

Dimensional 
deviation [mm]

Cut 7-7 59.918 -0.423 -0.43 -0.359 -0.431 -0.394 -0.4074

Cut 5-5 53.955 -0.348 -0.365 -0.334 -0.346 -0.359 -0.3504

Cut 3-3 39.759 -0.254 -0.276 -0.281 -0.282 -0.24 -0.2666

Graph 6 Dimensional deviations before and after vacuuming,  
patient 2 (material Z-Ultrat)
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shrinkage rate was -0.2004 mm in Patient No. 
1 in Cut 3 in models printed from thermoplas-
tic material Z-Ultrat, and the highest shrinkage 
rate of -0.546 mm was in Patient No. 1 in Cut 2 
in models printed from thermoplastic mate-
rial ASA. It is, therefore, clear that the more 
frontal parts of the models of dental arches 
underwent a smaller dimensional change be-
fore and after the vacuuming process than 
the more posterior parts of the models.

The largest deviations were observed on 
models printed from ASA thermoplastic ma-
terial. ABS and Z-Ultrat generally had very 
similar values, which is also logical, as in both 
cases, we are dealing with ABS. Z-Ultrat, with 
a  chemical structure of PC-ABS, is expect-
ed to have greater hardness and resistance 
to high temperatures than regular ABS. It 
can be stated that the results of the experi-
ment confirmed this hypothesis. In each sec-
tion, both pre- and post-vacuuming process  
PC-ABS showed the lowest shrinkage values, 
with three exceptions. The first exception was 
the value of Cut 3 in Patient No. 1 before vacu-
uming, where the master model printed from 
material ASA had a slightly smaller deviation. 
The second and third exceptions were the val-
ue of Cut 1 after vacuuming, where the mas-
ter models of both patients printed from ABS 
had slightly lower shrinkage than the master 
models printed from material Z-Ultrat.

It is also interesting that in models of 2 dif-
ferent dental arches, the greatest shrinkage 
occurred in different places of the dental arch. 
In Patient No.1, the largest contraction was 
noted in Cut 2 before the vacuuming process. 
After the vacuuming, the most noticeable con-
traction was very similar in Cut 1 and Cut 2. In 
Patient No. 2, the largest contraction was ob-
served in Cut 1 both before and after the vac-
uuming process. The thermoplastic material 
used in both patients did not have any influ-
ence in this matter.

The statistical evaluation shows that all 
comparisons showed a statistically significant 
difference before and after the vacuuming 
process. The thermoplastic material Z-Ultrat 
came out of the statistical analysis as the best 
material, whereas thermoplastic material ASA 
came out of it as the worst one.

The evaluation of the data in a general lin-
ear model for repeated measures gave us the 
following result: the values for Cut 1 and Cut 2 
were influenced by both the material and the 
patient. Cut 3 was only affected by the ma-
terial, and the patient from whom the data 
was collected did not matter. No interaction 
was observed between the statistical values, 

which would suggest that any material is bet-
ter for one patient.

Looking at the results in the tables, it is clear 
that the average values of the deviations of 
the lengths of the Cuts after vacuuming (ac-
tual No. 2) from the lengths of the Cuts on 
the initial scan (nominal) are smaller than the 
maximum clinically permissible deviation de-
termined by the authors as +/- 0.50 mm. On-
ly three exceptions showed higher values, 
namely, Cut 1 and Cut 2 in Patient No. 1 in 
the model printed from the material ASA and 
Cut 1 in Patient No. 2 also in the model made 
from material ASA. Based on the above data, 
it can be stated that the models printed by the 
FDM method can be used as working mod-
els for the production of thermoplastic reten-
tion plates as long as the thermoplastic ma-
terials ABS and Z-Ultrat are used. Regarding 
the comparison of materials Z-Ultrat and ABS, 
the difference in the values of measured devi-
ations between them is negligible for clinical 
practice. Because of that and the significant-
ly higher price of thermoplastic material Z-Ul-
trat, the conventional ABS is recommended 
for printing dental models with FDM method 
as working models for creating thermoplas-
tic retention plates. Based on the obtained 
results, we can conclude that material ASA is 
not recommended for this purpose. There are 
the following reasons for this conclusion: it 
has a higher price than ABS and shows a high-
er shrinkage rate when exposed to vacuum  
conditions.

At the time of writing the attestation work 
in the winter of 2020, according to my infor-
mation, no articles were published in the pro-
fessional literature examining the influence of 
the vacuuming process on the degree of di-
mensional stability of models from thermo-
plastic materials printed by the FDM meth-
od. Therefore, the results measured on these  
30 samples cannot be compared with the re-
sults from other authors. Published articles 
on digitalization and 3D printing in orthodon-
tics, meanwhile, largely focus on comparing 
the accuracy between the condition in the 
oral cavity and the intraoral scan or between 
the scan and the printed model. The lack of 
articles comprehensively dealing with this is-
sue was one of the motivations for conduct-
ing this research.

In the discussion, I would like also to men-
tion that the most widely used additive tech-
nologies in the field of dentistry are Stereo-
lithography (SLA) and Selective Laser Melt-
ing (DMLS) [15]. DMLS additive technology is 
used to create metal structures in dentistry.  
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Graph 7 Comparison of all materials, patient 1,  
before vacuuming

Graph 8 Comparison of all materials, patient 1,  
after vacuuming

Graph 9 Comparison of all materials, patient 2,  
before vacuuming

Graph 10 Comparison of all materials, patient 2,  
after vacuuming

Tab. 13 P values calculated by statistical analysis of differences of deviations before and after vacuuming for every patient, 
material and cut

Patient Material Cut P value (t-test)

Patient 1

Material 1

Cut 1 0.002

Cut 2 0.000

Cut 3 0.001

Material 2

Cut 1 0.000

Cut 2 0.000

Cut 3 0.000

Material 3

Cut 1 0.001

Cut 2 0.000

Cut 3 0.005

Patient 2

Material 1

Cut 1 0.003

Cut 2 0.000

Cut 3 0.005

Material 2

Cut 1 0.000

Cut 2 0.000

Cut 3 0.000

Material 3

Cut 1 0.022

Cut 2 0.000

Cut 3 0.007
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Stereolithography, like FDM, is used to 
transform digital models into physical form, 
and it is often used to produce the work-
ing models for creating the thermoplastic 
retention plates mentioned in this experi-
ment. This additive technology uses liquid 
resin as the material, which is cured in lay-
ers by an ultraviolet laser beam [16]. Mod-
els printed by this technology are stronger 
and more durable than models printed by 
the FDM method, so this additive technol-
ogy is often used in orthodontic offices for 
the production of working models. Howev-
er, SLA is significantly more costly than the 
FDM method [17]. Therefore, it is very good 
news that SLA can be reliably replaced by 
the FDM additive manufacturing technology 
for this purpose.

The conclusion for the practice, however, is 
our recommendation to conduct further re-
search on the topic. There is virtually no data 
in renowned professional journals examining 
the effect of the vacuuming process on the di-
mensional stability of dental models printed 
from thermoplastic materials. It is, therefore, 
desirable that the results from this experi-
ment, collected on the basis of only 30 sam-
ples, be supplemented.

CONCLUSION
The measurements in this experiment 

show that the vacuuming process caused 

a statistically significant change in the dimen-
sions of the dental models printed by the FDM 
method in all 3 examined thermoplastic ma-
terials in all 3 Cuts. However, the magnitude 
of these deviations is small and acceptable in 
clinical practice. All models printed from ABS 
and Z-Ultrat met the maximum clinically per-
missible deviation of the dimensional differ-
ence between the scan and the model after 
vacuuming, determined by the authors to be  
+/- 0.50 mm. Only models printed from ther-
moplastic material ASA showed higher val-
uesin Patient No. 1 in Cut 1 and Cut 2 and in  
Patient No. 2 in Cut 1.

The results of the measurements also con-
firmed that the models of dental arches print-
ed by the FDM method can be used in clinical 
practice as working models for the production 
of thermoplastic retention plates.

As for the individual materials, the best di-
mensional stability was shown by the certified 
material Z-Ultrat with the chemical composi-
tion PC-ABS.
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