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Abstract: This paper discusses the issues of strength and creep of polymeric materials used in
orthodontic appliances. Orthodontic biomechanics is focused on the movement of individual teeth or
dental groups as a result of the force applied by orthodontic appliances. Stresses in the construction
of functional and biomechanical appliances is generated when using the apparatus in the oral
cavity. The orthodontic appliance must maintain its shape and not be damaged during treatment so
strength and creep resistance are fundamental properties. It was assumed that the clinical success
of orthodontic appliances can be determined by these performance properties. The aim of the
work was the experimental assessment of comparative bending strength and creep resistance of
selected popular polymer materials used in the production of biomechanical orthodontic appliances.
Four commercial materials manufactured by the world class producers were tested: NextDent Ortho
Rigid (Vertex-Dental B.V., Soesterberg, The Netherlands) marked as “1A”; Erkocryl (ERKODENT
Erich Kopp GmbH, Pfalzgrafenweiler, Germany)-“2A”; Vertex Orthoplast (Vertex Dental B.V.), blue,
marked as “3A” and material with the same name as “3A” but orange, marked in the article as “4A”.
All the tests were carried out after aging in artificial saliva for 48 h at a temperature of 37 ◦C. Flexular
strength and flexular modulus were made using the three point bending method according to the
ISO 178 technical standard. Creep tests were carried out according to the method contained in ISO
899-2. The creep test was carried out in an artificial saliva bath at 37 ◦C. The creep tests showed
significant differences in the strength, modulus and deformability of the tested materials. The strength
reliability of the tested materials also varied. The research shows that the 2A material can be used for
orthodontic applications in which long-term stresses should be lower than 20 MPa.

Keywords: orthodontic appliances; bending strength; creep; PMMA

1. Introduction

The functional properties of polymeric materials, including mechanical properties and their
experimental assessment have become an important area of research in the field of material
engineering [1–4]. The growing interest is due to the increasing use of polymers in industrial production
as well as medical devices [5–9]. Poly(methyl methacrylate) (PMMA) has been widely used in different
fields of healthcare. It is used in orthopedics, prosthodontic dentistry and for many other medical

Materials 2020, 13, 5579; doi:10.3390/ma13235579 www.mdpi.com/journal/materials

http://www.mdpi.com/journal/materials
http://www.mdpi.com
https://orcid.org/0000-0003-4361-2763
https://orcid.org/0000-0002-4680-0770
https://orcid.org/0000-0001-7807-3515
http://dx.doi.org/10.3390/ma13235579
http://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/13/23/5579?type=check_update&version=2


Materials 2020, 13, 5579 2 of 19

devices [10,11]. The polymer PMMA is one of the most popular thermoplastics due to its physical and
mechanical properties: low affectation by ultraviolet radiation, low elongation at break, highly scratch
resistant, low moisture and water absorbing capacity, good dimensional stability, high Young’s modulus
and hardness, and high volume/weight ratio [12].

Orthodontic biomechanics is focused on the movement of individual teeth or dental groups
due to the force applied by orthodontic appliances, selected, fixed and activated by an orthodontist.
The orthodontic forcing of a tooth shift is the result of applying active forces to the tooth. The magnitude
of tooth displacement depends on the strength and direction of its action as well as root length and
alveolar bone height which are the factors determining the locations of the tooth resistance centre and
rotation centre. Teeth, together with their supporting structures, react to these forces with a complex
biological reaction, which ultimately leads to displacement of teeth in the supporting bone [13].

One of the appliances commonly used in the early development period is the Schwarz plate.
The basis of its construction is a lingual or palatal plate. Mechanical elements such as screws, arches and
springs are mounted in the plate. The plate design may also contain functional elements that stimulate
individual muscle groups to work in the designated direction. These are front or side bite shafts or
pelottes. They are made of the same material as orthodontic plates. The material typically used in the
production of these elements is PMMA.

The differences are in the production technology of tiles. Traditional methods include the bulk
method and the crushed dough method [14]. Both of them are based on making a powder (polymer) and
liquid (monomer) by a dental technician. The difference between them is the stage of polymerization
the apparatus is formed. As the names of these methods sugest, the apparatus is formed at the dough
stage in the crushed dough method and at an earlier stage in the bulk dough method.

Traditional methods of manufacturing orthodontic appliances are currently accompanied by
more modern ones such as the thermoforming method. It involves embossing the shape of the future
apparatus plate from a prefabricated thermoformable plate on the plaster model of the patient’s jaw.
Plates are available in different thicknesses and colours. Currently, the latest technology is a 3D digital
printing of orthodontic appliances designed using appropriate programmes. This method is gaining
more and more supporters with the development of digital dentistry, and intraoral scans are gradually
replacing traditional dental impressions. Examples of orthodontic appliances manufactured on the
basis of orthodontic plates are presented in Figure 1.
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Shwarz apliance.

Orthodontic appliances are subjected to various biomechanical loads in the oral cavity. Hence,
orthodontic panels should be resistant to mechanical deformation or degradation due to environmental
factors prevailing in the mouth. Depending on the planned therapeutic effect, the plate is exposed
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to various forces of different directions and vectors. In addition to para-functions or short-circuit
disturbances as well as mechanical volumetric stress, contact forces leading to abrasion also occur.

The issue of reliability of biomedical materials is widely discussed in scientific works. Reliability
can be understood as the ability to perform intended functions in relation to time in certain
conditions of use [14–19]. In this approach, reliability is associated with durability which is also the
subject of biomedical materials testing [6,7,20–28]. Reliability of mechanical strength is understood
differently [29–32] than reliability referred to as failure rate during use. According to the definition
in [33], “The reliability of an object or element is the ability to transfer loads under specific conditions
and over a given period of time while maintaining the required strength”. Strength reliability at work
has been described in a similar way [34]. The strength of a material is a measure of its resistance to
destruction. One of the most important factors affecting strength is the size and distribution of random
performance deviations of biomedical products [35]. The weakest link hypothesis assumes that the
destruction of a material will occur when a performance deviation/defect reaches or exceeds its critical
dimensions. It is assumed that the probability of destruction equals the probability of occurrence of a
critical defect [36]. Defect dimensions that determine whether a given defect is critical depend on the
stress [37]. For low stresses, only large defects can be critical, while for high stresses, even relatively
small defects can become critical [38]. Adopting the weakest link hypothesis allows the use of general
parametric equations in modelling the probability distribution. This allows for a general assessment
of the biomedical product based on the characteristic probability of destruction in a given sample.
This is particularly important for structures that potentially have a dispersion of mechanical strength
values [39]. Orthodontic plates can be made manually by a dental technician, so it can be assumed
that besides material defects, e.g., air bubbles, plates made of acrylic resins may have manufacturing
deviations determining the strength of the material. Therefore, one of the aims of the work was to
assess the strength reliability of orthodontic plates used to manufacture orthodontic appliances.

Even in the case of mobile orthodontic appliances, their use is usually associated with the incidence
of long-term loads, because the clinical effect of static forces acting for a long time is more favourable [40].
Biomechanical loads occurring during the use of orthodontic appliances which are made of orthodontic
plates are static loads. These are biomechanical static monotonic loads that reach the state of stability
after a short time after placing orthodontic appliances in the patient’s mouth. Long-term permanent
loads in the range below the material elastic limit may lead to material deformation [41]. This process
is known as creep [42]. Creep susceptibility to polymeric materials is a subject of scientific research
because creep is an immanent feature of many polymeric materials [43,44]. Currently, polymeric
materials based on acrylic resins (PMMA) are widely used in the construction of mobile orthodontic
appliances and other dental devices [11,45–47]. It is expected that materials used for orthodontic
products should have durability and dimensional stability during their clinical life.

The second objective of this study is the creep deformation behaviour of four commercial
orthodontic plates made of PMMA. Both objectives of the work combine into a superior goal related
to the issue of functional properties of technology-dependent orthodontic tile materials from which
orthodontic devices are shaped.

2. Materials and Research Method

2.1. Materials

Four commercial materials were used in the study. NextDent Ortho Rigid (Vertex-Dental B.V.,
Soesterberg, The Netherlands), based on acrylic resins, marked as “1A”, is a biocompatible material
developed for the production of orthodontic elements in the 3D printing technology. The Erkocryl
material (ERKODENT Erich Kopp GmbH, Pfalzgrafenweiler, Germany) is an acrylic plastic marked as
2A. The material 2A is intended for the production of orthodontic components. Vertex Orthoplast
(Vertex Dental B.V.) is a polymer material based on acrylic resins, intended for the production of
orthodontic appliances. This material is suitable for the bulk and crushed dough techniques [14].
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Vertex Orthoplast, the plastic 3A, is made transparent and available in 18 colours. This material in
the research was in two different colours—dark blue (marked as 3A) and orange (marked as 4A) [15].
The specimens were aging for 48 h in an artificial saliva bath at 37 ± 1 ◦C in the Q-Cell temperature
chamber (Pol-Lab, Wilkowice, Poland).

2.2. Specimens Formulation

To make the samples, metal dies were cut out with a laser and then glued (Figure 2. The samples
made of Vertex Orthoplast (Vertex Dental B.V.) were made using the kneaded dough method. The plates
made of the Erkocryl material (ERKODENT Erich Kopp GmbH) were stretched onto the dies in the
Erkopress device (ERKODENT Erich Kopp GmbH). A NextDent Ortho Rigid 3D printing was also
made from dies which were, however, first scanned and only later printed in a Bego Varseo L printer
(BEGO Medical GmbH, Bremen, Germany). The parameters of the tested materials are shown in
Table 1. The observations were made with a Quanta FEG 650 (FEI, Hillsboro, OR, USA) scanning
electron microscope (SEM). The SEM images of the tested materials are shown in Figure 3.
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Table 1. Specifications of acrylic resin-based materials used in this study.

Material Batch Number Expiration Date Code Material Composition

OrthoRigid XK445N01 2019-11 1A Methacrylic oligomers, phosphine oxides, colorants
and pigments

Erkocryl 11198 2022-04 2A Polymethylmethacryate
Vertex XH212P05 2023-11 3A Methyl methacrylate, ethylene glycol dimethacrylate

N,N-Dimethyl-p-toluidineVertex XH153L03 2023-10 4A

Domagała 2020.
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2.3. Flexural Strength and Flexural Modulus

In this work, the bending strength test consisted of conducting a three-point bending test which is
experimental modelling [48]. The test is carried out according to a codified method included in the ISO
178 technical standard [49]. The samples used in the study were made as cuboid orthodontic plates (OP)
with nominal dimensions of: width b = 30 mm, thickness d = 2.5 mm, and length l = 50 mm. 15 samples
of each material were made. The thickness (height) and width of the specimens were measured with
a dial caliper. The specimens were aging in an artificial saliva bath at 37 ± 1 ◦C. The strength test
was carried out with a Z100 universal testing machine (Zwick/Roell, Ulm, Germany). The traverse
travel speed was 1 mm/min (according to the ISO 178 technical standard) and the support spacing was
L = 37.5 mm, which resulted from the relationship L = (16 ± 1) · d according to ISO 178. The radiuses
of supports and thrusts as well as other dimensions are given in Figure 4. The test used an Xforce force
measuring head with a nominal range of 500 N. The number of samples was assumed to be n = 15,
which was based on the work of other authors [50].
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The strength (σ) was calculated from the following formula:

σ =
3PL
2bd2 (1)

where P—load during the test [N], L—support span [mm], b—sample width [mm], and d—sample
thickness [mm].

Materials 2020, 13, x FOR PEER REVIEW 6 of 21 

 

strength test was carried out with a Z100 universal testing machine (Zwick/Roell, Ulm, Germany). 
The traverse travel speed was 1 mm/min (according to the ISO 178 technical standard) and the 
support spacing was L = 37.5 mm, which resulted from the relationship L = (16 ± 1) · d according to 
ISO 178. The radiuses of supports and thrusts as well as other dimensions are given in Figure 4. The 
test used an Xforce force measuring head with a nominal range of 500 N. The number of samples was 
assumed to be n = 15, which was based on the work of other authors [50]. 

The strength (σ) was calculated from the following formula: 𝜎 = 3𝑃𝐿2𝑏𝑑  (1) 

where P—load during the test [N], L—support span [mm], b—sample width [mm], and d—sample 
thickness [mm]. 

 
Figure 4. Test system used in the three-point bending test according to ISO 178. 

The modulus of elasticity characterising the material’s ability of elastic-unstable deformations, 
was calculated, on the other hand, from the following formula: 𝐸 = 𝑃𝑦 𝐿4𝑏𝑑  (2) 

where P—load during the test [N], L—spacing of supports [mm], b—sample width [mm], d—sample 
thickness [mm] and y—beam deflection [mm]. 

2.4. Creep Test 

The creep tests were carried out according to the method specified in the ISO 899-2: 2005 
technical standard titled “Plastics-Determination of creep characteristics-Part 2: Creep when bending 
under a three-point load” [51]. The creep tests were conducted in medium reflecting real 
physiological conditions, i.e., in artificial saliva. The composition of artificial saliva has been prepared 
on the basis of the PN-EN ISO 10271: 2012 standard [52], and the same composition was also used in 
some other studies [53,54]. The temperature of artificial saliva in the tests was 37 ± 1 °C, which also 
resulted from the possibilities of the heating system of the measuring vessel. Figure 5 shows the 
scheme of the research system used in the creep test. 

Figure 4. Test system used in the three-point bending test according to ISO 178.

The modulus of elasticity characterising the material’s ability of elastic-unstable deformations,
was calculated, on the other hand, from the following formula:

EY =

(
P
y

)(
L3

4bd2

)
(2)

where P—load during the test [N], L—spacing of supports [mm], b—sample width [mm], d—sample
thickness [mm] and y—beam deflection [mm].

2.4. Creep Test

The creep tests were carried out according to the method specified in the ISO 899-2: 2005 technical
standard titled “Plastics-Determination of creep characteristics-Part 2: Creep when bending under
a three-point load” [51]. The creep tests were conducted in medium reflecting real physiological
conditions, i.e., in artificial saliva. The composition of artificial saliva has been prepared on the basis
of the PN-EN ISO 10271: 2012 standard [52], and the same composition was also used in some other
studies [53,54]. The temperature of artificial saliva in the tests was 37 ± 1 ◦C, which also resulted
from the possibilities of the heating system of the measuring vessel. Figure 5 shows the scheme of the
research system used in the creep test.

The load in the creep test was applied at a speed of 10 mm/min until the threshold stress was
reached, which was kept constant until the end of the test (Figure 6). The threshold stress levels were
determined in relation to the results of the quasi-static bending test, according to ISO 178, i.e., they were
based on the results of the immediate strength measured earlier, which was determined, as described
in Section 2.3.
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The criteria for ending the creep test were also adopted. The test ended when the maximum
deflection of 5% was achieved, and the sample was destroyed when the force dropped by 30%,
compared to the maximum force or after reaching the time limit (30 min) if no other test completion
criterion was previously achieved.

Creep elasticity modulus was measured in the determined time intervals of the test, i.e., 1, 3, 6, 12,
30 min (Figure 6). The end-of-load creep module over time intervals was calculated as follows:

Ep =

(
P
y

)(
L3
·P

4bd3y

)
(3)

where P—load during the test at the end of the time interval [N], L—spacing of supports [mm],
b—sample width [mm], d—sample thickness [mm] and y—beam deflection at the end of the time
interval [mm].

2.5. Statystical Analysis

The results were submitted to the Shapiro-Wilk test of normality, analysis of variance (ANOVA),
and multiple comparisons were carried out using Tukey’s HSD post hoc test. The analyses were
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performed at a 0.05 level of significance. The two-parameter Weibull distribution was used to analyse
strength reliability. Weibull Analysis was performed according to the method presented in [36].
One of the major factors influencing strength is the size and distribution of random manufacturing
deviations [33]. Due to statistical scattering, the results were subjected to Weibull Analysis to determine
the equivalent statistic strength (σe) of OP, equal to scale coefficient from the Weibull distribution.
The scale parameter understood as specific strength corresponds to 63.2% of cases of damage of
orthodontic plates (OP). Additionally, the Weibull modulus (m), i.e., shape distribution parameter was
determined. The Weibull modulus can be considered as a uniqueness strength parameter (dispersion)
of OP. The procedure of Weibull Analysis was described in [36,38].

The modulus of elasticity obtained in the creep test correlation was calculated. The correlation
coefficient determines the degree of correlation between the values of two variables [55]. The Pearson
linear correlation coefficient was determined [56]. It is worth noting that the Pearson correlation does
not depend on the units of measurement of the analysed variables [56]. The correlation coefficient
values are in the range from 0 to 1. The highest value of the coefficient r means that the correlation is
the highest [56].

3. Results and Discussion

3.1. Flexurar Strength and Elastic Module

Figure 7 presents the stress-strain curves (sample deflection) from the three-point bending test.
Stress is expressed in mega pascals (MPa), while strain is expressed as a percentage (%).
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Table 2 presents the results of the three-point bending test. The following values were presented:
n-size of the tested group, EF-modulus of elasticity, σfC-standard stress, with a sample deflection equal
to 1.5 times of the thickness d of the tested sample, σfM-maximum bending stress (bending strength),
σfM-deflection corresponding to σfM, σfB-stress at the time of destruction of the sample, εfB-deflection
corresponding to σfB, σε=4.7%-stress at the maximum allowable deflection of the sample for materials
that do not show εfM and do not undergo maximum deformation (4.7%), x -average, s-standard
deviation, ν-coefficient of variation, Lq

5%-bottom 5th percentile of distribution.

Table 2. Descriptive statistics of the results from the three-point bending test of the tested materials.

Parameter Ef σfC σfM εfM σfB εfB σε = 4.7%

Unit MPa MPa MPa % MPa % MPa

Material 1A

x 2301.59 81.23 84.33 4.40 88.15 4.11 81.85
s 346.50 8.86 9.97 0.37 10.55 0.32 8.60
ν 15.05 10.90 11.83 8.42 11.97 7.84 10.51

Lq
5% 1558.35 61.20 62.36 3.58 61.02 3.28 60.81

n 15.00 10.00 12.00 12.00 6.00 6.00 7.00

Material 2A

x 2089.55 55.38 - - - - 72.95
s 277.00 4.26 - - - - 6.92
ν 13.26 7.69 - - - - 9.48

Lq
5% 1495.38 46.25 - - - - 58.11

n 15.00 15.00 0 0 0 0 15.00

Material 3A

x 2405.11 46.30 75.18 3.84 75.18 3.84 -
s 149.46 5.99 8.88 0.44 8.88 0.44 -
ν 6.21 12.94 11.81 11.58 11.81 11.58 -
n 15.00 3.00 15.00 15.00 15.00 15.00 -

Material 4A

x 2129.86 73.98 69.98 3.82 69.51 3.68 74.49
s 199.48 3.43 7.56 0.66 8.04 0.60 2.86
ν 9.37 4.64 10.81 17.25 11.57 16.24 3.84

Lq
5% 1701.97 59.20 53.76 2.40 51.99 2.38 62.18

Among the tested materials, the material 1A showed the highest average bending strength.
The lowest average bending strength was obtained for the material 4A. The highest average value of
the flexural modulus was characterised by the material 3A. The material 2A had the lowest modulus
of elasticity and the lowest minimum modulus of elasticity (Table 2). The highest statistical dispersion
of the modulus of elasticity, expressed by the coefficient of variation ν, was obtained for the material
1A (Table 2) and the lowest for the material 3A.

To measure the parameters of the representative distribution of the normal distribution for the
population, i.e., the probability that the sample comes from a population with a normal distribution,
the Shapiro-Wilk test was performed. The value of the Shapiro-Wilk (W) statistics was calculated to
determine the compliance of the test results with the normal distribution. In the W test, the following
assumptions were made: significance level α = 0.05, the null hypothesis H0: the test results have a
normal distribution (for p > α) and the alternative hypothesis H1: the test results have no normal
distribution (for p < α). Table 3 presents the results of the test for the normality of the statistical
distribution of the results of flexural strength tests, and Table 4 of the results of the flexural modulus tests.
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Table 3. Shapiro-Wilk test of the W and p values of the bending strength test results.

Test Group (Material) W p

Bending test

1A 0.91 0.14
2A 0.96 0.66
3A 0.92 0.16
4A 0.92 0.21

Table 4. Shapiro-Wilk test of the W and p values of the flexural modulus test results.

Test Group (Material) W p

Flexural modulus tests

1A 0.93 0.32
2A 0.97 0.89
3A 0.97 0.915
4A 0.97 0.90

The statistical calculations in Table 3 confirm that the results of flexural strength tests similar to
those of flexural modulus tests in Table 4 have a normal distribution in all groups. An analysis of
variance (ANOVA) was carried out in the next stage of the statistical evaluation. For the results obtained
in the bending test, one-way analysis of variance (analysis for one variable) was used for the four
groups according to [57]. Levene’s test and the Brown-Forsythe test were used to analyse homogeneity
of variance. For the null H0 hypothesis, the variances in the different groups are homogeneous
(for p > 0.05) and for the alternative H1 hypothesis, they are heterogeneous (for p ≤ 0.05). The results of
the tests for homogeneity of variance indicate that the variances in the groups of test results for flexural
strength are homogeneous (Levene’s test p = 0.5287; Brown-Forsythe test p = 0.7099). The results of
homogeneity tests on the variance of the flexural modulus indicate that the variances in the groups are
heterogeneous (Levene’s test p = 0.0042; Brown-Forsythe test p = 0.0104). Therefore, variance analysis
was performed for the results of flexural strength tests. The null H0 hypothesis: the mean values in the
groups are the same (for p > 0.05) and the alternative H1 hypothesis: at least two mean values differ
from each other (for p ≤ 0.05) were adopted. The ANOVA test shows that the level of probability p
between groups for the dependent variable “flexural strength” is p < 0.05, which indicates that the null
hypothesis should be rejected and the alternative hypothesis should be accepted: at least two average
values differ from each other.

The “post hoc” test was carried out to assess differences between groups (materials). Tukey’s HSD
test was chosen, based on the analysis of contrasts in groups of measurement results, i.e., honest
significant differences in groups (HSD) [56]. The Tukey’s test requirements [57] made it possible to
perform an analysis for the results of flexural strength and flexural modulus. The differences between
the measurement results are indicated by the significance values of p differences. The p values below the
assumed level (p < 0.05) indicate significant differences between the results parameters for the materials.
Table 5 presents the results of the Tukey’s HSD “post hoc” test for the variable “flexural strength” and
in Table 6 for the variable “flexural modulus”. The values indicating significant differences are marked
in red.

Table 5. Tukey’s test results.

Tukey’s Test (Bending Test)
Materials {1}-M = 84.82 {2}-M = 72.95 {3}-M = 75.18 {4}-M = 69.82

1A {1} 0.00 0.01 0.00
2A {2} 0.00 0.88 0.72
3A {3} 0.01 0.88 0.29
4A {4} 0.00 0.72 0.29
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Table 6. Tukey’s test results.

Tukey’s Test (Flexural Modulus Tests)
Materials {1}-M = 2301.62 {2}-M = 2089.60 {3}-M = 2405.34 {4}-M = 2129.39

1A {1} 0.11 0.68 0.26
2A {2} 0.11 0.01 0.97
3A {3} 0.68 0.01 0.02
4A {4} 0.26 0.97 0.02

3.2. Reliability of Strength

Mechanical strength of orthodontic plates (OP) specifies material behaviour under influence of
quasi-static loads. One of the major factors influencing strength of (OP) is the size and distribution
of random manufacturing deviations [35], and it is worth mentioning that dental applications are
manufactured manually. Due to statistical scattering, the results were subjected to Weibull Analysis.
The results of Weibull Analysis of damaging load of orthodontic plates and the approximation of
probability of damage are given in Figure 8. The highest value of the Weibull module was obtained for
the OPs made of the 2A material (Figure 8). This means that the plates made of this material showed
the lowest dispersion of bending strength. The lowest value of the Weibull module was obtained for
the tiles made of the 3A material. However, the differences in the value of the Weibull modulus of
flexural strength of the tested materials were not very high but significant. The difference between the
highest and lowest value was 3.19.
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The scale parameter determines the equivalent statistic strength (σe) of OP. Its most favourable
(highest) value was obtained for the 1A material. Its values were by ~8.5 MPa, ~13 MPa, and ~15.7 MPa
higher for the second (3A), third (2A) and fourth (4A) material in the ranking, respectively.

3.3. Creep Test Results

Figure 9 presents the results of the creep test. These are the graphs of the sample deflections
in terms of percentage depending on the test time in logarithmic terms. Tables 7 and 8 present the
results of the creep tests. The following values were presented: Et—flexural modulus of elasticity
at bending, σt-stress load of the sample expressed in stress, εt—deflection of the sample under
load σt, σfract—breaking stress, εfract—deflection of the sample at the time of destruction, τfract—time
to destruction.
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Under the conditions of the creep test, which was carried out in an artificial saliva bath at a
temperature of ~37 ◦C, under 20 MPa, the lowest deformability was observed for the material 4A and
the highest for 2A. Under the load which corresponded to a stress of 30 MPa in the sample the material
3A showed the lowest deformation and the material 2A the highest. For the material 2A, the sample
was destroyed before reaching 30 MPa. Under the load which corresponded to 40 MPa in the sample,
the material 4A had the lowest deformability, whereas for the material 2A the stress of 40 MPa was not
achieved in the sample.

Deformability is a quantity related to the stiffness of the material. Another measured quantity
that determines the stiffness of a material is the flexural modulus of creep (Et). The highest values
of this parameter were for the 4A material in all load ranges and the lowest ones for the 2A material.
The differences are significant because under the load that corresponded to a stress of 20 MPa in
the sample, the value of creep (Et) of the material 2A varied from 1299.98 MPa (Tables 7 and 8) to
1081.27 MPa and for the material 4A from 1951.37 MPa to 1616.98 MPa (Table 8). The difference in
the values (Et), expressed as a percentage, under load 1, i.e., 20 MPa in the 1st minute of operation
was 66.62% and in the 30th minute was 66.87% (Tables 7 and 8). This means that the variability of
the modulus of elasticity, under load 1 was similar for both of the compared materials. Pearson’s
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correlation analysis of the modulus of elasticity modulus for load 1 (Table 9) indicates that in this
respect all of the tested materials behaved similarly. In the subsequent load ranges, the behaviour of
the tested materials was more diverse.

Table 7. Creep test results.

No Stage Number Load Time Et εt σt σfract εfract τfract
min N/mm2 % MPa MPa mm s

Samples 1A

1

1 1 1658.20 1.21 20 - - -
2 3 1577.14 1.27 20 - - -
3 6 1508.26 1.33 20 - - -
4 12 1426.71 1.40 20 - - -
5 30 1268.94 1.58 20 - - -

2

1 1 1242.70 2.41 30 - - -
2 3 1150.35 2.61 30 - - -
3 6 1079.8 2.78 30 - - -
4 12 971.82 3.09 30 - - -
5 30 799.80 3.75 30 - - -

3
1 1 1115.97 3.58 40 - - -
2 3 986.20 4.06 40 - - -
3 6 851.80 4.7% 40 - - -

4 1 1 - - 50 50 6.2 6.1
5 - Sample destroyed before the 60 MPa load level was reached

Samples 2A

1

1 1 1299.98 1.54 20 - - -
2 3 1257.30 1.59 20 - - -
3 6 1221.74 1.64 20 - - -
4 12 1166.59 1.71 20 - - -
5 30 1081.27 1.85 20 - - -

2 - Sample destroyed before the 30 MPa load level was reached
3 - Sample destroyed before the 40 MPa load level was reached
4 - Sample destroyed before the 50 MPa load level was reached
5 - Sample destroyed before the 60 MPa load level was reached

Table 8. Creep test results.

No Stage Number Load Time Et εt σt σfract εfract τfract
min N/mm2 % MPa MPa mm s

Samples 3A

1

1 1 1417.59 1.41 20 - - -
2 3 1371.97 1.46 20 - - -
3 6 1336.12 1.50 20 - - -
4 12 1281.8 1.56 20 - - -
5 30 1194.99 1.67 20 - - -

2

1 1 1586.02 1.89 30 - - -
2 3 1507.86 1.99 30 - - -
3 6 1437.73 2.09 30 - - -
4 12 1331.72 2.25 30 - - -
5 30 1110.92 2.70 30

3

1 1 1368.34 2.92 40 - - -
2 3 1221.08 3.28 40 - - -
3 6 1112.35 3.60 40 - - -
4 12 977.47 4.09 40 39.90 5.40 1043.70

4
1 1 1403.99 3.56 50 - - -
2 3 1094.03 4.57 50 50 6 222.20

5 1 1 - - 60 59.9 4.8 0.50
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Table 8. Cont.

No Stage Number Load Time Et εt σt σfract εfract τfract
min N/mm2 % MPa MPa mm s

Samples 4A

1

1 1 1951.37 1.02 20 - - -
2 3 1883.68 1.06 20 - - -
3 6 1829.03 1.09 20 - - -
4 12 1752.68 1.14 20 - - -
5 30 1616.98 1.24 20 - - -

2

1 1 1331.30 2.25 30 - - -
2 3 1236.50 2.43 30 - - -
3 6 1167.80 2.57 30 - - -
4 12 1098.01 2.73 30 - - -
5 30 1004.30 2.99 30

3

1 1 1608.20 2.49 40 - - -
2 3 1482.29 2.70 40 - - -
3 6 1386.11 2.89 40 - - -
4 12 1260.52 3.17 40 - - -

4 1 1 - - 50 49.90 4.80 21.70
5 - Sample destroyed before the 60 MPa load level was reached

Table 9. Correlations matrix of creep module of elasticity on load 1 (20 MPa of stress).

r Coefficient Values, n = 5
Materials 1A 2A 3A 4A

1A 1.00 0.99 0.99 0.99
2A 0.99 1.00 0.99 0.99
3A 0.99 0.99 1.00 0.99
4A 0.99 0.99 0.99 1.00

The bearing capacity of the orthodontic plates tested was also varied. Under the load that
corresponded to 50 MPa in the sample, the material 1A was destroyed after 6.1 s, 2A (no stress reached
50 MPa), 3A after 222.2 s, 4A after 21.7 s of loading. The material 3A showed the highest resistance to
the 50 MPa stress cases. Under the load that corresponded to 60 MPa, for the 1A material, the stress
of 60 MPa was not reached, 2A (the stress of 60 MPa was not reached), 3A was destroyed after 0.5 s,
4A (the stress of 60 MPa was not reached). The material 3A showed the highest resistance to 60 MPa
of stress. It is worth emphasising that only a plate made of the 3A material has withstood the load
corresponding to 60 MPa of stress.

4. Discussion

PMMA polymers are used to manufacture medical devices that have specific applications and
conditions of use [11]. For many PMMA applications, including orthodontic braces made of polymer
materials from this group, it is important to know their behaviour under constant biomechanical
loads, environmental factors of use, i.e., humidity and temperature. Many polymers soften at elevated
temperatures [58]. In [59] it was stated that creep increases at higher temperatures than room
temperature and in a humid environment. In this case, it is about elevated temperatures but not the
thermal decomposition [60]. According to [61,62], the oral temperature range for men and women is
35.7–37.7 ◦C and 33.2–38.1 ◦C, respectively. According to other studies [63], the temperature in the
mouth is in the range 36.3–37.1 ◦C for men, 36.5–37.3 ◦C for women. PMMA demonstrates increased
flexibility in a liquid environment compared to a dry environment, and storage at 37 ◦C makes PMMA
less resistant to fracture than storage at 21 ◦C [11,63]. Therefore, oral environment factors were included
in the experiment. This approach to testing orthodontic appliances seems appropriate because the
use of new polymer materials in orthodontic appliances will increase their applicability. Moreover,
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according to [64,65], a further increase in use is associated with the recognition of the behaviour of a
given material in conditions corresponding to real conditions of use.

Bending strength and flexural modulus are important features of medical devices made of PMMA.
Many studies have evaluated these properties [11,66,67]. Based on the test results presented in this
article, differences in bending strength were demonstrated. The reserve of strength in relation to stresses
caused by biomechanical loads affects material efficiency. Also, the mechanism of destruction of the OP
in the adopted test conditions was varied. Some samples of the tested materials underwent catastrophic
damage. This mechanism of destruction applied to most of the samples made of the materials 3A and
4A (these materials differed only in colour) and some of the samples made of the material 1A (Figure 6).
In [68], this problem is explained as follows. Catastrophic damage to polymers is caused by voids
and initiation and propagation of brittle cracks. Under these conditions, an uncontrolled crack spread
begins in the material, i.e., brittle cracking. The definition of catastrophic damage is presented in [69],
and this type of brittle damage of PMMA based materials is illustrated in [70]. For the 2A material and
some samples of the 1A material, a plastic destruction mechanism was observed. Ductile polymers fail
by crazing or matrix shear yielding. Both mechanisms lead to high crack initiation energy [68].

The OP materials strength and modulus are very important for clinical success. This success
depends on the generation of appropriate forces by the orthodontic apparatus. The ability to carry such
forces is related to the load capacity of OP, which is related to the strength of the material. However,
the rigidity of the orthodontic appliance depends on the modulus of elasticity of the material [71].
The results of orthodontic plate (OP) tests indicate variability of these properties. Weibull analysis
makes it possible to address the problem of property differentiation. The value of the Weibull modulus
is associated with the standard deviation of strength and modulus of elasticity. The high value of the
Weibull modulus indicates the repeatability of strength and modulus of elasticity [38,72]. In [73] it was
shown that the standard deviation of strength can affect the decrease in the ability to transfer stress by
a degree even higher than the effect of changes in the average value [74]. It seems that the differences
in the module values and the Weibull scale parameter could have been influenced by the adopted
criteria for the destruction of the plates (samples). The failure corresponded to the stress σfM, i.e., the
value of the stress at the moment of sample rupture or σε=4.7% (according to ISO 178, it is the stress
at the maximum allowable deflection of the sample for materials not showing σfM and not subject to
destruction in the range to deformation of 4.7%). The value σε=4.7% was mostly related to the plates
made of the 2A material. Bełzowski [75] explains that the deformability of the sample under load is
represented by the average state of the material structure (tile), and the bending strength σfM depends
on the damage that causes the greatest local weakness, which in practice relates to technological or
manufacturing defects.

PMMA are inherently viscoelastic materials with time dependent mechanical properties,
and understanding their creep behaviour is important [76]. The creep of PMMA is a result of
long time application of stress. This problem is of critical importance to evaluate durability and
dimensional stability of medical polymer applications [22]. The research presented in this work was
carried out for the samples immersed in artificial saliva to simulate the oral environment. In [77] it
was found that in the environment of physiological fluids a decrease in polymer creep resistance
may occur, which may be associated with the diffusion of liquid particles between polymer chains.
On the one hand, these particles can act as a plasticising agent and, on the other hand, as a factor
causing stress corrosion, which accelerates the process of material destruction [78,79]. The coexistence
of biomechanical forces and oral environment factors for several hours a day determines the durability
of the biomechanical orthodontic appliance. Damage in the form of deformation, cracking or loss of
stiffness cannot be accepted from a clinical point of view.

5. Conclusions

From the results of the research, the following conclusions were drawn:

(1) The mechanical properties of OP depend on the material technology and type of loading.
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(2) The efficiency, quality and clinical durability of the orthodontic appliance depend indirectly
on the reliability of the properties of materials the apparatus is made from. Despite the fact
that polymeric materials for the same purpose but not of the same chemical composition were
tested, their reliability varied. It seems that the technology of producing orthodontic plates had
an impact. The most reliable (due to its repeatability of strength) material 2A is produced in
modern technology. The tiles made of this material were produced using special industrially
manufactured moulds and equipment.

(3) Under constant load conditions, which may lead to creep, the tested materials show different
strength, stiffness and deformability. Therefore, this property should be taken into account by the
orthodontist as the biomechanical effect of the apparatus may be affected.

(4) It seems that among the tested materials, the material 2A, of which orthodontic plates are made,
can be used for applications in which stresses caused by long-term biomechanical loads should
be less than 20 MPa.
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