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ABSTRACT

The aim of the study was to assess the surface characteristics of clear thermoplastic materials related to
artificial ageing, based on quantitative criteria and to select the most relevant multiscale roughness parameter.
Materials and methods: Three commercially available thermoplastic PETG materials were chosen for the study:
Crystal (C), Duran (D), and Erkodur (E). They were subjected to artificial ageing by saliva immersion and
hydrothermal ageing, in order to simulate 14 days of intraoral use. Topographic characterizations of the surfaces
were generated and multiscale roughness parameters were measured. Statistical analyses were performed. Results:
During artificial ageing, while micro-roughness decrease, nano-roughness increase. Statistical tests highlighted
significant differences between the behaviour of the materials involved into the study. Conclusions: The surface
characteristics of PETG clear thermoplastic materials are sensitive to artificial ageing. Nano-roughness parameters
are responsible for the increased materials surface roughness.
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INTRODUCTION

Nowadays, a  frequently  chosen appliances needs to be carefully controlled
orthodontic ~ therapy  involves  clear and at the same time the research in this area
thermoplastic appliances. Their structure, is essentially (2,3).
surface, sensitivity to the oral environment, The properties of thermoplastic materials
have a direct impact on the treatment may be influenced by thermoforming, water
effectiveness (1). sorption, and temperature changes. Because

There is little information related to the the oral environment temperature may vary
surface characterization of manufactured with the intake of cold and hot drinks and the
appliances. Studies demonstrated that surface return to its original temperature, the
roughness is invariably affected after one influence of temperature changes and
week of intra-oral use, potentially moisture on the thermoplastic materials
contributing to biofilm adhesion and plaque should be investigated (4,5).
accumulation. Due to the great interest that Artificial aging of the materials in aqueous
has been shown related to the adoption of in- solutions, including artificial saliva, causes a
house  manufacturing  technology in degradation, and differences in the
orthodontics, the fabrication of different interaction could be related to the water
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sorption. The immersion in water leads to
water penetration into the matrix, resulting in
a plasticization of the material through
polymer softening and network swelling. In
addition to storage in artificial saliva, thermal
cycling as an aging method combines
hydrolytic and thermal degradation (6).

The surface topography of clear
thermoplastic appliances is a crucial factor,
influencing  biofilm  formation, plaque
accumulation, optical properties, and color
changes (2,7,8).

One of the problems related to the
characterization of the surfaces, is that it is
practically performed only by a visual
evaluation of the manufactured appliance.
The question is how to make a test based on
a quantitative criterion. Two aspects are
important: the measurements of roughness
parameters, and the evaluation of the scale in
roughness parameters (9).

The aim of the study was to assess the
surface characteristics of clear thermoplastic
materials related to artificial ageing, based on
quantitative criteria and to select the most
relevant roughness parameter. It was
hypothesized that: (1) artificial aging would
have no significant effect on the surface
characteristics, (2) there would be no
significant difference among the tested
materials, (3) the surface properties are
controlled by the topography at different
scales.

MATERIALS AND METHODS

Three commercially available
thermoplastic materials were chosen for the
study: Crystal (Bio Art Dental Equipment,
Sao Carlos, Brazil) (C), Duran (Scheu-Dental
GmbH, Iserlohn, Germany) (D), and Erkodur
(Erkodent, Pfalzgrafenweiler, Germany) (E).

All the tested materials were PETG, non-
crystallizing transparent amorphous
copolymers. The 1mm thick sheets
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underwent  classical ~ processing by
thermoforming on gypsum mold. Specimens
of 10x10 mm (n = 120) were randomly
divided into 3 groups. The process was
structured in three different stages, in order to
create a continuous ageing process. 40
samples were placed in an airtight glass
container with silica gel, stored in an
incubator at 37 °C and were allocated to the
control group. The second group (n = 40) was
immersed in artificial saliva for 14 days, in an
incubator at 37 °C. Modified Fusayama
artificial saliva solution was prepared [g/L]:
Urea 1.0, CaCl2-2H20 0.795,
NaH2P0O4-H20 0.690, NaCl 0.4, KCI 0.4,
KSCN 0.3, Na2S-9H20 0.005. All reagents
used were employed as purchased with no
further purification and dissolved in
bidistilled water. The third group (n = 40) was
subject to thermal cycling. A total of 400
cycles, in cold (5°C) and warm (55°C) water
baths were selected. Each cycle lasted 80
seconds (30 seconds dwell time and 10
seconds transfer time), and was performed to
simulate 14 days of intraoral use.

Surface micro-roughness was measured
using a profilometer  SurftestSJ-201
(Mitutoyo, Kawasaki, Japan), with a contact
stylus of 2 um. Arithmetic average roughness
(Ra) values were recorded in 5 different
directions and mean values of the
measurements were calculated. The sampling
length was 0.8 mm, and a force of 0.7 mN
was applied. All registrations were recorded
for all groups of selected materials.

For the nano-surface topographic
characterization an atomic force microscope
Nanosurf Easy Scan 2 Advanced Research
(NanosurfAG, Liestal, Switzerland) was
involved, and values for average nano-
roughness Sa were registered and mean
values of the measurements were calculated.
Atomic force microscopy (AFM) generated
three-dimensional images of the sample
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surfaces (4.52 pum x 4.52 pm) in non-contact
mode.  Functional  parameters  were
determined on the basis of the Abott—
Firestone curve (AFC) from the height
sample histogram.

Statistical analyses were performed using
IBM SPSS Statistics software (IBM, New
York, NY, USA). Student t-test (paired) was
used for two-time moments, comparisons
between two stages (control and saliva
immersion, respectively thermal cycling) for
the same materia. ANOVA test and
subsequently, post hoc Tukey tests for
pairwise combinations were applied to
compare multiple materials, in one stage. The
level of significance was established at 0.05.
Pearson correlations completed the analyses.

RESULTS

The mean micro-roughness parameters
with SD values and their evolution during
ageing stages are shown in Fig. 1. Ra is
calculated from the values computed along
the surface profile. Mean values range from
0.08 to 0.13 pm.
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Fig. 1. Mean Ra values with SD for selected
materials, during the ageing process.

The statistical Student paired t-tests reveal
significant differences between C(1)/C(lI),
D(/D(1),  D()/D(),
significant decrease during ageing (Table 1).
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Table 1. p values (Student t-test - paired) for
the stages II and I1I related to micro-
roughness.

p value C D E
stage I-stage I <0.001 <0.001 1

stage I-stage Il1 1 0.088  0.031 0.598

ANOVA test and subsequently, post hoc
Tukey  tests  highlighted  significant
differences between D/E, C/E for stage | (for
E micro-roughness is significant lower),
between C/D, C/E for stage Il (for C micro-
roughness is significant lower).

The acquired AFM images are presented
in Fig. 2-4. The materials demonstrated a
very smooth topography, which was
modified to a more irregular one after
hydration. The topography shows hills and
valleys on the surfaces. Peaks of various
densities were observed.

Fig. 2. Representative three-dimensional
(3D) profilometric AFM images of the
surfaces and the topographical view height
sample histogram with their corresponding
AFC (solid red line) for the stage I.
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Fig. 3. Representative three-dimensional
(3D) profilometric AFM images of the
surfaces and the topographical view height
sample histogram with their corresponding
AFC (solid red line) for the stage Il.

Fig. 4. Representative three-dimensional
(3D) profilometric AFM images of the
surfaces and the topographical view height
sample histogram with their corresponding
AFC (solid red line) for the stage I11.

The graph displayed as a histogram with
the height distribution, gives the probability
(frequency) for points to be at a given height
(depth). The Abbott-Firestone curve displays
the material ratio related to the height. It can
be used in profilometry for predicting
functional behaviours.
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The results of the mean nano-roughness
values with SD, during the ageing process,
are summarized in Fig. 5.
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Fig. 5. Mean Sa values with SD for
selected materials, during the ageing
process.

The statistical Student paired t-tests reveal
significant increasing of the Sa values during
ageing for all materials (Table 2).

Table 2. p values (Student t-test - paired) for
the stages II and III related to nano-

roughness.
p value C D E
stage I-stage Il 0.001 <0.001 <0.001
stage I-stage 11l <0.001  0.021  0.001

ANOVA test and subsequently, post hoc
Tukey  tests  highlighted  significant
differences between D/E, C/D for stage | (for
D nano-roughness is significant higher),
between D/E for stage Il (for E nano-
roughness is significant higher).

Mean Sa values are in the range of 1.54-
22.72 nm. The increase in nano-roughness is
assumed to be a consequence of the artificial
ageing by saliva immersion and hydrothermal

ageing.
DISCUSSIONS
Clinical studies observed subtle

differences in the characteristics of surface
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geometry of new and worn aligners. They
state that the degradation of clear
thermoplastic appliances is a complex
process, urging mechanical, chemical, and
biological changes (1).

Investigations suggested that water
sorption involved changes in polymers
because water connected to macromolecules
by hydrogen bonds acts as a spacer between
chains and reported that water penetrates the
amorphous regions of polymers (4,10).

Other in vitro experiments performed in
de-ionized water and artificial saliva show
that materials were susceptible to water
sorption and the chemical structures were
preserved. Studies revealed an accelerated
decrease in stress in a 37°C water bath (4).

Saliva immersion was conducted in a
37°C bath. Subsequently thermal cycling was
done in order to simulate both an aqueous
environment and extreme temperature
changes that occur during the clinical use of
a thermoplastic appliance. A period of 2
weeks of clinical use was simulated. This in
vitro test may induce successive expansions
and contractions of the material, causing
microcracks. Their intrinsic degradation is
explained by changes in the matrix and
surface characteristics. The known clinically

acceptable values for surface micro-
roughness are <0.2 um (11,12). The
registered micro-roughness values are

situated under this limit. For C and D, a
significant decrease of Ra during ageing was
observed. Related to nano-roughness, a
significant increasing of the Sa values during
ageing for all materials resulted. Thus, the
first null hypothesis was rejected. In this
research materials with the same chemical
compositions (PETG) were selected in order
to evaluate changes and to understand the
underlying mechanism in these amorphous
copolymers. Howbeit significant differences
of Ra values between D/E, C/E for stage | and
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between C/D, C/E for stage Il resulted. In
terms of nano-roughness, statistical tests
highlighted significant differences between
D/E, C/D for stage I, between D/E for stage
I11. The second null hypothesis was rejected
as well.

The surface morphology of the materials
is irregular, even when not exposed to the
simulated  oral  environment.  These
characteristics may be attributed to the lack
of control in the manufacturing process (13).
Intraoral use may  produce  more
modifications, including micro-fissures and
fractures all over the appliance. A rough
surface texture has been shown to lead to
predictable microbial adhesion. The rough
surfaces of oral thermoplastics are associated
with greater microbial accumulation (14, 15).

Surface properties of materials are
governed by certain ranges of size scales. It is
important to find out which properties are
controlled by topography at which scales.
The surface roughness, at both micron- and
nano-scales was taken into consideration
along this study (14,16). A moderate negative
correlation was observed between Ra and Sa.
During artificial ageing, while micro-
roughness decrease, nano-roughness increase
(the correlation coefficient was r= -0.415).
The third null hypothesis, which states that
the surface properties are controlled by the
topography at different scales, is accepted.

As a limitation of the study, it can be
mentioned that specimens were subject to in
vitro tests. They have been aged in the
laboratory to simulate the effects of clinical
service (17).

The study suggests that the Sa parameters
are responsible for the increased amplitude
heights (peak and valley slopes) during
ageing and explain the increased materials
surface roughness.
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CONCLUSIONS
Under the limitations of the present study,
it may be concluded:

hydrothermal ageing, respecting the
trend of decreasing Ra and increasing
Sa, respectively.

1. The surface characteristics of PETG 3. Nano-roughness parameters are
clear thermoplastic materials are responsible  for the increased
sensitive to artificial ageing. amplitude heights of the surfaces

2. Various commercial materials behave during ageing and explain the

different exposed to a simulated
ageing by saliva immersion and

increased materials surface

roughness.
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