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ABSTRACT
The paper presents the studies and results of the Shore hardness and scratch test of polymer materials used in
medical devices. Polymers of organic PMMA (poly(methyl methacrylate)) origin for the manufacture of orthodontic appliances were tested. Samples of test materials differed in manufacturing technology. The surface
functional properties of four materials were compared. Hardness tests were performed with the Shore D hardness test method. The scratch test was done with a Rockwell diamond cone indenter. The hardness was also
calculated from the scratch test. Shore’s highest hardness was demonstrated in 1A material. But the differences
in Shore’s hardness were small. Larger differences between the tested materials were shown in the scratch test
than in the Shore hardness test. The lowest residual scratch depth (Rd) was obtained for 1A material. 3A material had the highest scratch hardness.
Keywords: orthodontic appliances, PMMA, hardness; scratch resistance.

INTRODUCTION
Polymer plastics constitute a large part of the
products used to manufacture medical devices
[1]. Solid polymer elements and polymer coatings
are used [2÷4]. The use of polymers is common,
e.g. as thin packaging films and waste bags [5].
Scientific research includes issues related to the
maintenance and operation of polymer medical
devices [6, 7] and orthodontic appliances [8, 9].
The strength, durability and reliability of polymer based medical devices studies are utilitarian
[10÷16]. Tribological wear is a common problem
in engineering [17÷20]. This phenomenon also
applies to medical devices [21]. One of the factors limiting durability and reliability of polymerbased medical devices in clinical situation is tribological wear of medical devices surfaces [22÷27].
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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 devices
[28, 29]. The polymer PMMA is one of most
popular thermoplastics due to its physical and
mechanical properties: low affectation by ultraviolet radiation, low elongation at break, highly
scratch resistant, it exhibits low moisture and
water absorbing capacity, good dimensional
stability, high Young’s modulus and hardness,
high volume/weight ratio [30]. PMMA to medical devices applications is characterized by low
sorption and solubility in saliva and other fluids,
stable colour, and appropriate hardness [31].
Orthodontic splints made of PMMA are used
to treat involuntary tooth compression and gnashing (Fig. 1), also orthodontic appliances including
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Fig. 1. Orthodontic appliance (a) and splint (b) (polymer parts are indicated by arrows)

biomechanical, used to treat malocclusion, are
made of PMMA (Fig. 1). Researchers found that
deformation and abrasion were observed where
human teeth contacted polymeric orthodontic appliances. It was shown that the degree of damage to orthodonic appliances was correlated with
maximum muscle activity during sleep [32]. Such
damage limits the effect of treatment and the durability of medical devices.
Polymer material hardness is a measure of
resistance to contact concentrated forces. Such
forces may arise in cases of orthodontic treatment of involuntary clamping of teeth. The
action of these forces can lead to permanent
damage by local deformation of the material of
orthodontic appliances in the place of impact
of concentrated biomechanical forces, e.g. as
a result of contact with teeth cusps. Therefore,
hardness as a mechanical property of the material is a functional feature of orthodontic appliances. In cases where teeth grinding (bruxism)
or in other cases, e.g. normal and tangential
occlusal forces from nodules and edges of the
teeth, there is a tribological wear of the orthodontic appliances surface.
Tribology of polymers is different from tribology of metals for many reasons. In contrast to
metals, polymers are visco-elastic and their properties are dependent on time [33]. Scratch test has
often used to give a guide to the abrasive wear resistance of polymers [34]. In a clinical situation,
scratches may be caused by sharp unevenness at
the edge of the teeth, these unevenness may arise,
among others, as a result of chipping the enamel
in the incisal edge of the incisors in the disease.
Another cause of unevenness is inaccurate enamel preparation and cavity filling. Such a situation

contributes to the formation of inequalities along
the filling outline [35].
The aim of the study was an experimental
comparative assessment of hardness and scratch
resistance of four selected polymer materials
based on PMMA resins, which are used in the
manufacture of orthodontic appliances.

MATERIALS AND TEST METHODS
Speciments preparation
Four commercial materials were used in the
study. NextDent Ortho Rigid material (VertexDental B.V., The Netherlands), based on acrylic
resins, code 1A. Material 1A is biocompatible
and developed for the production of orthodontic
components in 3D printing technology. Erkocryl
(ERKODENT Erich Kopp GmbH, Germany)
is an acrylic plastic material (2A code), defined
by the manufacturer as a stable and hard material. 2A material is intended for the production of
orthodontic components. Vertex Orthoplast (Vertex Dental B.V., The Netherlands) is a polymer
material based on acrylic resin, intended for the
production of orthodontic appliances. This material is suitable for the bulk technique and crushed
dough [36]. Vertex Orthoplast is made as colourless and 18 colour dies are available. Vertex
Orthoplast material of two different colours was
used for the tests – dark blue (marked with the
code 3A) and orange (marked with the code 4A)
[37]. The samples used in the study were made
in the form of rectangular orthodontic tiles with
nominal dimensions of 30 mm wide, 2.5 mm
thick (scratch test) and 6 mm (Shore hardness
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Table 1. Specifications of acrylic resin based materials used in this study
Material
OrthoRigid

Batch number

Expiration date

Code

Material composition
Methacrylic oligomers, Phospine
oxides, colorants and pigments

XK445N01

2019-11

1A

Erkocryl

11198

2022-04

2A

Polymethylmethacrlat

Vertex

XH212P05

2023-11

3A

Vertex

XH153L03

2023-10

4A

Methyl Imethacrylate, Ethylenglycol dimethacrylate
N,N-Dimethyl-p-toluidine

Fig. 2. SEM micrographs of surface of tested materials (mag. 2000×)

test), 50 mm long. The specimens were polished
with abrasive discs (granulation P600, P1200,
P2400 and synthetic polishing pad) on a single
wheel grinder and polisher Saphir 550 (ATM
Gmbh, Mammelzen, Germany) equipment and
then cleaned in water. Specimens were aging in
artificial saliva bath at 37 ± 1°C in temperature
chamber Q-Cell (Pol-Lab, Wilkowice, Poland).
Five samples were made of each type of hardness
test material and the same number for scratch resistance tests. Observations were made on a scanning electron microscope (SEM) Quanta FEG
650. The parameters of the tested materials are
shown in Table 1. SEM images of the tested materials are shown in Figure 2.
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Shore hardness tests
The hardness test was carried out using a
Shore apparatus on the “D” scale, designed for
testing hard and very hard plastics according to
PN-EN ISO 868: 2005. The indenter test load on
the Shore D method was 44450 mN (5000 g). The
scale ranges from 0 to 100 Shore degrees. This
method involves measuring the size of the indentation in the material of the steel indenter which
has a conical end. The measure of hardness is the
value inversely proportional to the size of the depression created by the force of 44450 mN [38].
The Shore method allows testing the hardness of
polymeric orthodontic materials based on PMMA
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Fig. 3. Schematics of the scratch resistance test

loaded to a constant normal force (Fn) of 2 N at a
speed of 5 N/s. Then a 2 mm scratch was carried
out at a speed of 3 mm/min.
During the test, the following values were
recorded with a frequency of 30 Hz: friction coefficient (μ), friction force (Ft), indenter penetration depth (Pd) and residual depth after scratching (Rd). “Prescan” and “postscan” were made to
identify the surface profile. The scratch was assessed using an optical microscope connected to
the MST device. This device allowed to measure
the width of the SW crack (Fig. 4).
Based on the results of the crack width tests,
the “scratch hardness” Hs was calculated. The
calculation of Hs was made according to the formula contained in [39]:
(1)

resins [31]. In the tests a Shore HPE II durometer
(Bareiss Prüfgerätebau GmbH, Oberdischingen,
Germany) was used, mounted on BS 61 II test
stands (Bareiss Prüfgerätebau GmbH, Oberdischingen, Germany).
Scratch resistance test
The scratch resistance test was carried out
on the Micro Scratch Tester (MST, Anton Paar
GmbH, Ostfildern, Germany) according to the diagram presented in Figure 3. A Rockwell indenter
in the form of a diamond cone with a rounding
radius of 100 μm was used. The indenter was

where: Hs – scratch hardness in N/mm2, Fn – normal force in N, SW – scratch width in mm,
x – parameter accepted in the range of 1÷2
(x ≈ 2 is for rigid plastic materials, x > 1 for
viscoelastic olastic materials), in this work
the value 1 according to [40] was adopted.
Statistical analysis
Descriptive statistics of the test results were
calculated, statistical measures of location and
variability of measures. Then, the statistical distribution normality, analysis of variance and post
hoc tests were performed.

Fig. 4. Measurement of the scratch width using an optical microscope (material 2A)
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One of the most important distributions of
random variables is the normal distribution, also
called the Gauss distribution [41]. To measure
the parameters of the representative distribution
of the normal distribution for the population - the
probability that the sample comes from a population with a normal distribution, the ShapiroWilk test was performed. The Shapiro-Wilk test
is a test of analysis of variance for the hypothesis of normality of distribution, in which the test
statistics is the ratio of the square of the linear
combination of positional statistics to the assessment of variance [42]. In order to determine the
compliance of test results with the normal distribution, the value of Saphiro-Wilk (W) statistics
was calculated. The test adopted the significance
level α = 0.05 and the null hypothesis H0: the test
results have a normal distribution (for p > α) and
the alternative hypothesis H1: the test results do
not have a normal distribution (for p < α). The
higher the statistic value, the closer the fit to the
normal distribution is.
Analysis of variance (ANOVA) is a parametric tool enabling comparison of average values.
In the present study, one-way analysis of variance
(analysis for one variable) for four groups (four
materials) may apply [43].
ANOVA is a parametric test that can be performed provided that the following assumptions
are met [43]:
•• quantitative variable is analyzed,
•• distribution of the dependent variable in the
analyzed groups is a normal distribution,
•• distribution of the dependent variable in the
analyzed groups have a homogeneous variance.
In this work, the first assumption is met for all
test results, because they are quantitative. The second assumption is met for all groups of Shore hardness test results. Levene and Brown-Forsythe tests
were used to analyze the homogeneity of variance.
The null H0 hypothesis was adopted: variances in
different groups are homogeneous (for p > 0.05)
and the alternative H1 hypothesis: variances in different groups are heterogeneous (for p ≤ 0.05). The

fulfillment of the null hypothesis is demonstrated
by the value of the F test close to 1.
The “post hoc” test was carried out to assess
the differences between the Shore hardness results
of the tested materials. Tukey’s HSD test for equal
counts was chosen, based on the analysis of contrasts in groups of measurement results, i.e. honest
significant differences in groups (HSD) [44]. The
differences between the results of hardness measurements are indicated by the values of significance of p differences. The p values below the assumed level (p < 0.05) indicate significant differences between the parameters of results in grups.

STATYSTICAL ANALYSIS
OF TEST RESULTS
Shore hardness test results
Descriptive statistics of the Shore hardness
test results are presented in Table 2. The table
contains statistical measures of location (arithmetic mean, median) and variability measures (minimum and maximum values, standard deviation,
coefficient of variation). Similar results of Shore
hardness testing of materials were obtained. Material 1A had the highest Shore hardness and material 2A the lowest.
The hardness test results have been grouped
for further analysis depending on the material and
presented assessment of normality of distribution.
The results of the Shapiro-Wilk test are presented
in Table 3. In the light of the statistical calculations
presented in Table 3, Shore’s hardness test results
have a normal distribution in all groups.
Assessment of significance of differences included analysis of variance and “post hoc” test.
Analysis of variance results presented in Table 4.
Table 4 includes: source of variation, mean value
of the sum of squares of deviations describing
variations between groups (MS Effect), mean value of the sum of squares of deviations describing

Table 2. Descriptive statistics of hardness results using the Shore method D
Sample

N (number of
measurements)

Mean

Median

Min

Max

Std. Dev.

Var. Coaf.

1A

20

80.38

80.80

73.20

82.40

2.16

2.69

2A

20

78.02

78.10

69.00

82.80

3.50

4.48

3A

20

79.56

79.70

77.10

81.90

1.50

1.88

4A

20

78.81

78.80

75.50

81.50

1.92

2.44
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Table 3. Shapiro-Wilk W and p value of Shore hardness test results
Group (material)

W

p

1A

0.7956

0.0740

2A

0.9360

0.2016

3A

0.9231

0.1138

4A

0.9408

0.2406

Table 4. Results of variance homogeneity tests
Test Levene
Source of variance

MS - Effect

MS Error

F

p

Group (material)

7.668

2.303

3.329

0.024

Source of variance

MS - Effect

MS Error

F

p

Group (material)

8.011

2.412

3.321

0.024

{1} - M = 80.380

{2} - M = 78.015

{3} - M = 79.565

{4} - M = 78.805

0.0131

0.7038

0.1678

0.1789

0.7236

Brown-Forsythe

Table 5. Tukey test results
Groups
1A {1}
2A {2}

0.0131

3A {3}

0.7038

0.1789

4A {4}

0.1678

0.7235

variations within the samples (MS Error), test
value (F), probability level (p). The red values
indicate the rejection of the null hypothesis. The
results of homogeneity tests of variance allow the
null hypothesis to be rejected.
The “post hoc” test result presented in Table
5. The p values below the assumed level (p <
0.05) indicate significant differences between the
parameters of Shore’s hardness results. The values indicating significant differences are marked
in red. The results of the post hoc test show significant differences between the hardness results
of materials 1A and 2A.

0.7467
0.7467

Scratch test results
Result of crack geometry and
friction coefficient tests
Figure 5 shows the scratch on the surface of
material 1A. Similar shapes of scratches were obtained on the surfaces of samples of all tested materials. No observed cohesive failures, including
microcracks of tested materials.
The geometry of the scratches was analyzed.
The residual scratch depth (Rd) was determined.
Averaged curves were determined for each of the

Fig. 5. Test scratch on the surface of the material 1A
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Fig. 6. Average courses of residual scratch depth on sample surfaces

Fig. 7. Average runs of the friction coefficient µ

tested materials. The results of testing the size
of Rd are summarized in Figure 6. The highest
scratch depth was observed in the case of 2A. It
is a material that has the lowest Shore hardness.
The smallest residual scratch depth was obtained
for 1A material.
Figure 6 presents further test results relevant
to the scratch resistance of the surface of the polymer materials tested. Figure 7 presents graphs of
friction coefficient (µ) as a function of indenter
displacement. The friction coefficient is the ratio
of the normal (active) force to the surface whose
vector coincides with the main axis of the indenter,
to the friction force which is the reaction (reactive)
force whose vector is tangent to the friction surface.
The high value of the friction coefficient indicates
a high friction resistance [28, 45]. In the presented
research similar average courses of the friction coefficient were obtained. The highest values of the
friction coefficient were obtained on the surface
of the material 4A, a similar value was shown on
the surface of the material 2A. The lowest value of
256

the friction coefficient was recorded in the case of
1A material, which had the lowest residual scratch
depth and the highest Shore hardness.
Scratch hardness results
In the case of the scratch hardness test results,
the same statistical analysis was performed as for
the Shore hardness test results. Table 6 presents
descriptive statistics of the results of scratch hardness tests (Hs).
The results of the Shapiro-Wilk test regarding scratch hardness are presented in Table 7. In
the light of the statistical calculations presented
in Table 7, the results of the scratch hardness tests
have a normal distribution in all groups.
Table 8 presents the results of the tests for homogeneity of variance of scratch hardness results
from a scratch test. The results of homogeneity
tests of variance allow to reject the hypothesis on
the homogeneity of variance in groups.
Table 9 presents the results of the Tukey HSD
statistical test. The differences between the results

Advances in Science and Technology Research Journal Vol. 14(4), 2020
Table 6. Descriptive statistics of scratch hardness results (Hs)
Sample

N (number of
measurements)

Mean

Median

Min

Max

Std. Dev.

Var. Coaf.

1A

25

166.45

167.04

158.21

174.30

4.27

2.57

2A

25

172.77

173.73

168.68

177.52

2.94

1.70

3A

25

196.12

196.04

187.40

206.78

5.43

2.77

4A

25

174.01

176.05

156.24

186.44

7.77

4.46

Table 7. Shapiro-Wilk test W and p value of hardness test results from the Hs scratch test
Group (material)

W

p

1A

0.9672

0.5739

2A

0.9004

0.1872

3A

0.9611

0.4362

4A

0.9350

0.1135

Table 8. Results of variance homogeneity tests
Test Levene
Source of variance

MS - Effect

MS Error

F

p

Group (material)

63.0576

9.4877

6.6462

0.0004

Brown-Forsythe
Source of variance

MS - Effect

MS Error

F

p

Group (material)

60.1414

11.7022

5.1393

0.0024

Table 9. Results of Tukey test
Groups (materials)

{1} - M = 166.45

{2} - M = 172.77

{3} - M = 196.12

{4} - M = 174.01

0.0005

0.0001

0.0002

0.0001

0.8497

1A {1}
2A {2}

0.0005

3A {3}

0.0001

0.0001

4A {4}

0.0001

0.8497

of scratch hardness measurements are indicated
by the values of significance of p differences. Values of p below the assumed level (p < 0.05) indicate significant differences in the scratch hardness
of the tested materials (Table 5). The values indicating significant differences are marked in red.
Post hoc test results indicate no significant differences for 2A and 4A materials.

DISCUSSION
Thegosis and bruxism, can also result in
friction and wear from orthodontic appliances.
Thegosis is the action of sliding teeth into lateral
positions [46]. This has been suggested to be a
genetically determined habit originally established to sharpen teeth [46, 47]. Bruxism is the

0.0001
0.0001

action of grinding teeth without the presence of
food, which is regarded as a response to stress
and treated clinically as pathological behavior
[46, 48]. Orthodontic appliances that serve to prevent the effects of these diseases should take over
these pathological forces and movements, relieving teeth without losing functionality during their
use by the patient. The measures that determine
the functional quality of orthodontic appliances
include hardness [49] and wear resistance [23].
The hardness of materials is particularly important for structures in which contact stresses occur [50, 51]. The highest Shore hardness among
the tested materials was material 1 A. Although
the differences in the Shore hardness of the examined materials were insignificant, the post hoc
test showed that the hardness of material 1, which
was the hardest, was statistically significantly
257
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different from material 2A, which had the lowest hardness (Table 5). Material 2A showed the
highest Shore hardness and, at the same time, the
lowest scratch coefficient of friction (SCOF) [52]
(Fig. 6). In [44] it was stated that a correlation of
friction coefficient with hardness was found for
some polymers. This means that observations in
this direction have already been carried out and
this conclusion can be justified. The scratch hardness (Hs) results presented in the paper point to
different relationships between the tested materials and those obtained using the Shore method.
The highest Hs hardness among the tested materials was characteristic for material 1A. Also
post hoc tests show larger statistically significant
differences in Hs hardness of the tested materials. Statistically significant differences were not
found only for materials 2A and 4A. It should
be noted that the Hs value depends on the width
of the SW crack remaining after unloading the
sample. Researchers point out that scratch hardness is a method that gives different results from
indentation hardness tests [53]. Shore’s hardness
depends on the depth of the needle’s recess in the
tested material, and it is likely that the dissimilarity of the measuring methods results in a different
ranking in the hardness of the tested materials.
However, the scratch hardness method is recognized and often used, which is reflected in technical standards [54]. The result obtained by this
method is all the more important because surface
scratches are an immanent feature of polymer
parts of orthodontic appliances.
For many materials, it is declared that the
material is scratch resistant. It is not obvious
why the material is scratch resistant. Only an
objective methodology based on the principles
of material engineering allows for unambiguous
assessment [52]. Unfortunately, most polymer
materials are susceptible to scratch damage [52].
The Committee of the Institution of Mechanical
Engineers defined wear as “the progressive loss
of substance from the surface of a body brought
about by mechanical action” [55]. It seems that
in the case of tooth edge contact, which is much
harder than the polymer material of orthodontic
appliances, abrasive wear may be the most important. In [34] the case of abrasive wear of polymers was determined – abrasive wear is caused
by hard asperities on the counterface, which dig
into the friction surface of the polymer and remove material, resulting in micro-machining,
wear grooves, tearing, ploughing, scratching.
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Scratching in the friction direction is an evidence
of abrasion wear of polymers [56]. Observations,
terminology and definitions contained in the papers [32, 55, 56], as well as others, incl. [57], are
the most appropriate in relation to scratch damage of polymers used to orthodontic appliances.
In the research whose results were presented in
this article, material 1A was characterized by the
lowest residual after scratch test (Rd) consumption. At the same time, the same material showed
the lowest coefficient of friction. It is possible
that such properties of 1A material are related to
the content in the structure of this polymer material of the component that acts as a slip agent
[58]. In [59] it was observed that the incorporation of slip agents to thermoplastic olefin resulted
in a significant decrease in the sliding friction
coefficient during scratching, thus improving the
scratch resistance. In [60, 61] it was noted that
in polymers that contain a slip agent component,
it tends to migrate to the surface of the polymer,
forming a waxy layer that lowers the friction coefficient. It is possible that this factor determined
the good scratch resistance of 1A material.

CONCLUSIONS
Based on the study of literature and research,
the following conclusions were made:
1. Despite the fact that only PMMA organic polymers were tested, the resistance of the surface
layer of these materials is varied. They depend
more on the particular technology used than
on the material itself. The material 1A had the
highest Shore hardness (80.38 ShD). It is a material containing methacrylic oligomers, unlike
the 2A material with the lowest Shore hardness
(78.02 ShD), which is entirely based on polymethylmethacrlat (PMMA).
2. It seems that the application of scratch tests
allowed to show the differences between the
tested materials to a greater extent. It should
be emphasized that the most beneficial properties due to the depth of residual surface damage were obtained in the case of 1A material.
Values of scratch residual depth (Rd) were correlated with Shore’s hardness.
3. The scratch hardness depends on the SW crack
width, due to this measure the best results
were obtained for 3A material (196.12 MPa).
The second material with the highest scratch
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hardness was 4A (174.01 MPa). Both materials
(3A, 4A) have a similar composition but are
distinguished by the color. These are the most
complex materials among the respondents. The
material 1A (166.45 MPa) with the lowest Rd
had the lowest scratch hardness .
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