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Purpose: The essential function of mouthguards is protection against the effects of injuries sustained during sports activities. This
purpose will be successfully achieved if appropriate materials ensuring sufficient reduction of the injury force are used for mouthguard
fabrication. Objective: The objective of the study was to investigate the force reduction capability of selected materials as well as to
identify which material reduces the impact force to the highest degree. Methods: The material for the study were samples of polymers
(6 samples in total), obtained during the process of deep pressing (2 samples), flasking (3 samples) and thermal injection (1 sample),
which were tested for impact force damping using an impact device — Charpy impact hammer. The control group comprised of the ce-
ramic material samples subjected to the hammer impact. The statistical analysis applied in this study were one-way Welch ANOVA with
post-hoc Games-Howell pairwise comparisons. Results: The test materials reduced the impact force of the impact hammer to varying
degrees. The greatest damping capability was demonstrated for the following materials: Impak with 1:1 powder-to-liquid weight ratio
polymerized with the conventional flasking technique, and Corflex Orthodontic used in the thermal injection technique of mouthguard
fabrication. Conclusions: Impak with 1:1 weight ratio and Corflex Orthodontic should be recommended for the fabrication of mouth-

guards since they demonstrated the most advantageous damping properties.
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1. Introduction

Mouthguards are elastic splints introduced into the
oral cavity in order to protect oral tissues against inju-
ries. Mouthguards prevent incisors from damage in
case of being hit. They protect the upper teeth against
being damaged by opposing teeth in case of a trauma
to the mandible. They counteract bone fractures and
damage to the temporomandibular joint by dispersing
the force of the blow. By separating soft tissues from
teeth, these appliances protect buccal, labial and
tongue mucosa. Additionally, they reduce the risk of
concussion and subarachnoid hemorrhage as a result
of absorption, dispersion and limiting the impact

force, which could be transmitted to higher levels of
the central nervous system along bony trajectories.
Many authors hold the opinion that sportsmen using
mouthguards are less afraid of the possibility of being
injured and are more concentrated on tasks connected
with sport and on achieving better results [1]-[5]. An
amortising function of mouthguards is achieved by
fabricating them with materials that are able to dis-
perse the impact force. This function is best per-
formed by elastic and viscoelastic polymers in the
structure of which, upon impact, part of the energy
causing deformation is transformed into the phenome-
non of molecular friction and heat as a result of inter-
nal changes. Damping of vibration occurs, which is
favourable with respect to the prevention of oral inju-
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ries. Considering the basic application of mouth-
guards, the energy absorption capability of materials
used in their fabrication is of great importance in
studies focusing on these materials. One method to
compare energy absorption is to carry out modified
impact tests [S]-[9].

The objective of the study was to investigate the
capability of selected materials to reduce the impact
force, using a modified Charpy hammer and a self-
designed phantom made of ceramic teeth, as well as to
identify which material reduces the impact force to the
highest degree.

2. Materials and methods

The material for tests were samples of polymer
materials obtained in the following processes:

— thermoforming pressing, where single-layer sam-
ples were made of 5 mm Erkoflex plates (Erko-
flex), two-ply samples were made of 3 mm and 2
mm Erkoflex plates (Erkoflex 2), (Erkodent, Ger-
many),

— flasking, where a material (Impak, Vernon-Benshoff
Comp., USA) was used in the following powder-
to-liquid weight ratios: 1.5:1 (Impak 1.5); 1.25:1
(Impak 1.25); 1:1 (Impak 1),

— thermal injection using Corflex Orthodontic mate-
rial (Pressing Dental, Italy).

Polymer materials were tested for force reduction
capability on phantoms comprising of teeth made of
pressed ceramics (IPS Empress 2, Ivoclar Vivadent,
Liechtenstein), set at the central point of an acrylic
cylinder-shaped base (Duracrol, Spofadental, Czech
Republic). Ceramic teeth were obtained by taking
a silicon mass impression of a natural upper central
incisor tooth, preparing a wax model in the obtained
form and placing it on the cone of a device (IPS Em-
press EP 500, Ivoclar), preparing a negative from
investment material (Siladent Premium, Dr. Béhme
& Schops GmbH) in a casting ring and introducing
the ceramic material in place of the burnt out wax
(Figs. 1, 2). Such phantoms constituted the basis to
obtain stone models, on which the samples of polymer
materials were fabricated (Fig. 3). The deep pressing
technique in Erkopress device was used to mould the
polymer domes. These domes were then prepared,
polished and duplicated in a traditional denture flask,
in which the polymerization of the Impak material in
1:1, 1.25:1 and 1.5;1 powder-to-liquid weight ratios
was carried out at a temperature of 165 °F (approxi-
mately 74 °C) for 5 hours, and also in a flask adjusted

to the injection device, in which the domes made of
Corflex Orthodontic material were obtained at a tem-
perature of 165 °C and under a pressure of 4 bars.
Prepared and polished samples, which were 4-mm-
thick at the site of contact with the pendulum surface,
were successively placed on prepared porcelain teeth
set in the fixture of the impact device.

Fig. 1. Silicone form and wax models of ceramic phantom

Fig. 2. Ceramic phantom before being embedded in acrylic base

Fig. 3. Samples of polymer materials
utilized in the test of force reduction capability
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The dome-shaped materials tested (3 samples of
each material) were placed on ceramic teeth and then
fixed in a specially designed support stand (Fig. 4) of
the impact device — a Charpy impact hammer (model
PSW-10/40, Louis Shopper, Lipsk, Germany) with
a strain gage amplifier applied for force measurement
[3], [10]-[16].

Fig. 4. Polymer sample placed on the ceramic phantom,
which was set in the support stand of the Charpy hammer

The test consisted of hitting each sample centrally
three times with a 0.225 m long pendulum at initial
energy 1.6 J released from a height of 220 mm meas-
ured from the ground. The measurement system
(ESAM CF strain gage amplifier, ESA GmbH, Ger-
many) recorded the force, which was not absorbed by
the mouthguard—teeth system (force Fi.x [N]). Data
were recorded by a portable computer (TOSHIBA,
Japan) with special software for strain gage measure-
ments (ESA GmbH).

The recording of one impact was performed at
1/100000-second over a period of 1 second, hence one
impact resulted in 100000 measurements. The maxi-
mum forces registered during 3 impacts of each sam-
ple of 6 materials were evaluated. In total, 54 tests
were conducted.

Additionally, the force acting on a ceramic phan-
tom without polymer shielding (force Fj, [N]) was
determined. Data recorded during the first measure-

ments for both the materials and the phantom signifi-
cantly varied from the other ones, which is associated
with the material’s internal structure that needs to
adapt to the acting load. They were ignored in the
statistical analysis (statistics package SPSS 22). The
model of one-factor analysis of variance was calcu-
lated, according to non-homogenity of variances
(tested with Levene’s test, p < 0.05) a Welch test was
applied and then a Games-Howell test was run for
post-hoc pairwise comparisons.

The absorption (damping) capability of a polymer
material is equal to the quotient of the difference be-
tween the force acting on the phantom and the force
unabsorbed by the system (Fips = Fpn — Fav mae [N]) and
the force acting on the phantom. The higher the values,
the better the amortization capability [17].

. th B Favmat
Damping = ————x100%.
Fy

3. Results

The test materials reduced the impact force of the
impact hammer to various degrees. The results from
measurements as well as arithmetic averages of the
forces recorded during the fall of the hammer are
compared in Table 1. Statistical analysis (Welch
ANOVA) demonstrated that the test materials signifi-
cantly differ from one another (Welch statistics
= 625.5; p <0.001; Table 2 and Fig. 5). According to
a Games-Howell post-hoc test all materials differed
significantly from the phantom (p < 0.001). The de-
gree of the acting force reduced by Impak 1.5 was
significantly lower than in all other materials. The
most advantageous damping property was demon-
strated by Impak 1 — it was significantly higher than in
Erkoflex, Erkoflex 2, Impak 1.25 and Impak 1.5; the
difference between Impak 1 and Corflex was insig-
nificant.

4. Discussion

Based on the latest literature, it can be noticed that
attempts are being taken to indicate which material
has the most advantageous mechanical properties, i.e.,
demonstrates the greatest energy absorption with a small
increase in layer thickness, which would not influence
the comfort of use. Obtained results confirm the purpose
of Impak and Corflex materials application, which
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Table 1. Charpy hammer impact force depending on material

Finax Fon
Sample | Measurement | Erkoflex | Erkoflex 2 | Impak 1 | Impak 1.25 | Impak 1.5 | Corflex | Phantom

1 431.7 447.8 4374 474.9 477.7 426.3 548,3

1 2 431.9 436.8 428.9 431.7 463.0 421.9 552,3

3 432.3 4372 413.9 434.7 451.5 420.1 548,2

1 433.2 439.3 447.6 426.8 4342 440.4 552,1

2 2 429.9 435.6 416.5 432.6 4544 431.2 542,2

3 424.0 436.3 414.7 4353 449.0 430.4 552,4

1 427.8 422.8 453.4 482.0 491.2 407.4 557,0

3 2 438.6 4242 412.4 4423 457.0 399.9 550,2

3 437.8 4245 409.1 4452 459.5 401.7 549,6

Average force 431.9 433.8 426.0 445.1 459.7 419.9 550.3

ﬁﬁiiirgirﬁiﬁe wio first 432.4 432.4 415.9 437.0 455.7 4175 | 5492
Force reduction Foy— Fly 79.5 77.8 94.3 73.3 54.5 92.7
Damping % 15.6 15.3 18.5 14.4 10.7 18.2

Table 2. Significance of differences in force reduction test (Welch ANOVA with Games-Howell post-hoc comparisons)

Erkoflex | Erkoflex2 | Impak 1 | Impak 1.25 | Impak 1.5 Corflex | Phantom

Erkoflex n.s. * n.s. HAK n.s. HAK
Erkoflex 2 n.s. * n.s. HAk ns. HAk
Impak 1 * * sk skeksk n.s. skeksk
Impak 1.25 n.s. n.s. ** Hak n.s. Hak
Impak 1.5 skokok skekok skekok k] k3k sksksk
Cortflex n.s. n.s. n.s. n.s. HE HoAk
Phantom stk stk stk etk sfeksk skeksk

*** p<0.001, ** p<0.01, * p <0.05, n.s. not significant.

600
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2
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Erkoflex Erkoflex 2 Impak 1 Impak 1.25 Impak 1.5 Corflex Phantom
Material

Fig. 5. Impact force reduction. All unmarked differences are significant (p < 0.01)
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have advantageous properties of impact energy ab-
sorption, in mouthguards manufacturing. The applica-
tion of currently investigated materials has not been
previously described in literature.

Most studies focus only on comparing properties
of pressure formed EVA mouthguards, which makes it
impossible to compare the obtained results to litera-
ture data. Comparative assessment is difficult also due
to the fact that results in the literature are presented in
various units. Some of the similar studies are men-
tioned below.

An interesting study determining the optimal
thickness of a frequently used mouthguard material,
ethylene-vinyl acetate (EVA), was conducted by
Westerman et. al. [18]. Using a pendulum striking
with 4.4 J energy and at a speed of 3 m/s, which
could cause facial skeleton injuries, they proved that
energy absorption increases linearly with the thick-
ness of the material layer, however, only up to the
value of 4 mm, which they consider as the most ad-
vantageous. The material thickness indicated by
these authors was applied in the present study, which
involved the evaluation of polymer materials in
terms of the capability of impact force reduction.
Usually, in order to do so a modified impact test is
performed with the use of the Charpy hammer
method or with devices operating in a similar man-
ner. The present test cannot be considered as a typi-
cal impact test since fracture does not occur due to
the materials [10]-[16]. Nevertheless, many authors
apply this method in order to compare the absorbing
properties of polymer materials utilized in mouth-
guard fabrication. The most frequent marker of ab-
sorbed impact energy, referred to also as amortisa-
tion capability [14] or damping effect [12], is how
high the pendulum of the impact device or a falling
ball bounces (smaller height — higher energy absorp-
tion). The leaders in this area of research are Craig
and Goodwin [19], who, in 1967, using the Charpy
method and comparing the height of the pendulum
bounce after hitting the sample, announced that ma-
terials used to produce mouthguards should reduce
the impact energy to at least 70% of the initial value.
Results obtained in current research are comparable
to recommendations. Corflex and Impak 1 material
have reduced the initial force to about 80%. In 2002,
during tests in which the Charpy hammer was also
applied with an initial energy of 1.1 J, 8 standard
mouthguards (“stock” and “boil and bite” type) and
7 materials used to produce individual mouthguards
were tested. Taking into consideration various thick-
ness, colour and quantities of layers, it was proved
that the most advantageous properties in terms of

energy absorption are demonstrated for individual
mouthguards (on average 83-89%), in comparison
with standard mouthguards [3]. The current study
included only materials used to fabricate individual
mouthguards.

The method of measuring the force on the side of
the sample opposite to the impact with a falling ball of
a determined mass, similar to the present study, was
applied by Park et al. [20]. They came to the conclu-
sion that mouthguards should be made of 4 mm EVA
material reinforced inside with a much harder poly-
mer.

The method of a striking pendulum with a steel
ball on its end, which was replaced with a baseball
ball, was also applied by Takeda et al. [21] to compare
the properties of energy absorption. They constructed
a very complex measurement system to evaluate
mouthguards. The system was composed of two 3 mm
layers of EVA material, two 3 mm layers with hard
resin reinforcement and two 3 mm layers with hard
reinforcement and space between the test mouthguard
and the jaw model. The sensors located between the
mouthguards and the labial surface of the phantom as
well as its palatal surface recorded the lowest accel-
erations for mouthguard with a hard reinforcement
non-adherent to tooth surfaces on the model, which
indicated that it had the most advantageous absorbing
properties. Sensor in the method proposed in the pres-
ent study was located in the stand of the Charpy
hammer, making it impossible to quantitatively com-
pare the results.

A very similar method to the one presented was
described by Auroy et al. [22], who compared the
capability of energy absorption of 27 polymer materi-
als by measuring the force recorded by a transducer
placed under the material struck by the pendulum of
the modified Charpy hammer. First, they measured
the impact force without the material, then they read
the maximum forces for each sample tested. The low-
est percentage value indicated the greatest absorption
of impact energy. They proved that harder materials
are less likely to absorb impact energy.

An interesting method of comparing mouthguard
properties was proposed by de Wett et al. [12]. They
constructed a device composed of: an artificial skull
fixed to a mobile cone simulating the natural move-
ment of the neck, 3 strain gauges, 2 accelerometers
and a hammer with an integrated sensor for force
measurement. They pointed out significant differ-
ences between 25 mouthguards (5 samples of each
type) made of: one 2-mm layer of Bioplast material,
2 mm of Bioplast material and 3 mm of Proform,
2 and 3 mm of Bioplast reinforced with a metal
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arch, 2 and 3 mm of Bioplast with an integrated
sponge fragment, 2 mm of Bioplast with 3 mm of
Proform and a fragment of a sponge. The control
value was a force of 1.5 V recorded after a hammer
struck the skull without any mouthguard (0% damping
effect). The most advantageous damping effect was
demonstrated for the mouthguard made of 2 mm of
Bioplast material, 3 mm of Proform and a sponge
fragment (55% of damping). The method proposed in
the present study is considerably less complex and
material-consuming, and provides comparison of study
materials at an adequate level.

Like most of the above-mentioned publications,
the present study also involved comparison of absorp-
tion properties of polymer materials utilized in
mouthguard fabrication with the use of the modified
hammer and the system of strain gauge amplifiers.
The most advantageous impact absorption was dem-
onstrated by the following materials: Impak in 1:1
weight ratio and Corflex [12], [17].

The presented data taken from literature prove
that due to the considerable number of methods
comparing energy absorption of materials (different
testing devices, sensors and their spatial distribution,
measured parameters, units), the evaluation of test
results for this parameter is very difficult and stan-
dardization of tests conducted on polymer materials
is required. Specific conclusions are drawn from the
presented tests regardless of the methods applied, on
the basis of which the following parameters were
determined: the minimum required reduction of im-
pact force [3], the force causing tooth damage [23],
the force transmitted to tissues located under the
mouthguard [12], [14], the number of damaged teeth
[13], [24], accelerations received by teeth and head
during the impact [17] or quantity of the energy ab-
sorbed [25], [18]. Mouthguards reduce the number of
damaged teeth, intracranial pressure, risk of mandi-
ble deformation, accelerations and impact force
transmitted to the tissues and are also capable of
damping the injury force [2], [26]-[28], which em-
powers their promotion due to the significant limita-
tion of the effects of injuries taking place during
various sports activities.

As opposed to research presented before, in cur-
rent investigation samples were prepared not only
using thermoforming pressing technique but also
thermal injection and flasking in order to assess the
possibility of application in mouthguards manufac-
turing. The vicoelasticy of polymeric materials with
complicated chain structure, provide cushioning and
absorbing of the impact energy by transformation in
different type of energy. As an effect of deformation,

elements of polymeric material are relocated and part
of the mechanical energy is transformed in molecular
friction and heat. Such absorption of vibrations is ad-
vantageous in oral cavity trauma prevention. As pre-
sented in previously published studies, energy absorp-
tion depends to a great extent on material hardness.
Materials of 50—80 Shore A hardness exhibit the most
advantageous energy absorption [29] and with respect
to this, in this paper, samples were included of re-
quired hardness parameter [29].

5. Conclusion

Impak material polymerized in 1:1 weight ratio
with the use of traditional flasking technique and Cor-
flex Orthodontic material utilized in the thermal in-
jection technique should be highly recommended for
mouthguard fabrication since they demonstrate the
most advantageous damping properties.
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