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Abstract — Background: There is no standard technique to monitor impact
absorption capability of mouthguards. Earlier investigations have established
that strain transferred to the teeth through mouthguard is a good indication of
their efficiency. In the present study, a unique experimental scheme utilizing fiber
Bragg gratings (FBGs) as distributed strain sensors is proposed and investigated
to estimate impact absorption capability of custom-made mouthguard. The
proposed methodology is useful due to advantages such as, very small size and
flexibility for ease of bonding, self-referencing, and multiplexing capability of
using FBG sensors. Material and methods: Finite-element analysis was per-
formed to simulate the stress distribution due to impact on the mouthguard. The
FBGs were fabricated by exposing the core of photosensitive fiber to intense
Ultra-Violet light through a ‘phase mask’. One FBG sensor was bonded on the
jaw model and another on the mouthguard surface at similar positions, so that
both gratings are simultaneously affected by impact. Two different sets of the
sensors were used, one for the anterior region and another for posterior region.
The impact was produced using customized pendulum device with inter-
changeable impact objects i.e. cricket ball, hockey ball, and steel ball. Response
of gratings was monitored using optical spectrum analyzer and strain induced
due to each impact was determined from the Bragg wavelength shifts for each
grating. Results and conclusions: Strain induced due to impact was calculated
from the Bragg wavelength shifts. Difference in the strain values for the two
gratings is interpreted as impact energy absorbed by the mouthguard. The Bragg
wavelength shifts (induced strain) for FBG bonded on the jaw model was much
lower than the shift for FBG bonded on the mouthguard, indicating that most of
the impact energy is absorbed by the mouthguard.

Participation in contact sports or even some individual
sports like riding and skating puts a person at risk for
injuries caused by impact of sport object, blow, kick, or
fall. Such injuries may cause damage to dental or facial
structures that might have lifelong repercussions and
undermine the benefits such activities offer (1, 2). In view
of this, now-a-days, the use of protective mouthguards as
preventive measures for persons participating in sports
activities is being encouraged. There is published evi-
dence to indicate that mouthguards reduce the likelihood
of dental trauma or facial and brain injury from the
impact force (3). Since their inception more than a
century ago, a lot of improvement has been made to
make mouthguards more efficient to prevent transmis-
sion of excessive force to the teeth and jaw by absorbing
high-impact energy. Of the three main types of mouth-
guards i.e. stock, boil-and-bite, and custom made, the
last one had been reported to show superior properties in
terms of comfort, adaptability, stability, ability to talk
and breathe along with better protection (4, 5). As no
licensing is needed to manufacture these mouthguards
and no rigid quality control parameters exist till date,
there are considerable variations in the properties of
mouthguards manufactured by different sources. To
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evaluate the performance characteristics of such custom-
made mouthguards, no standard technique has been
defined and various groups have reported different
approaches to the same. It has been recommended in
these reports that a measure of strain transferred to the
teeth through mouthguard is a better indication of their
efficiency in terms of design and injury-preventing
capability (6, 7). To assess the strain transfer, tests under
controlled conditions are conducted to simulate the
effect of actual sports-related impacts.

Several research groups have studied this assessment
issue involving (i) different impact devices, drop ball, or
pendulum-based being the most common, (ii) different
impact objects (8) like balls of different materials or
actual sport objects e.g. flat-ended (boxing, impacts with
ground and floors), hemispherical (cricket ball, hockey
ball) and rounded-cone (hockey stick, racket, cricket bat)
and (iii) different sensing techniques (9) such as acceler-
ometer, electrical strain gage (6, 9) or load cell (8, 9).
Electrical strain gages, considered gold standard for
strain measurements have various problems associated
with their implementation for this application. These
gages need to be mounted on flat areas with no or very
small curvatures and therefore it is difficult to mount

263



264 Tiwari et al.

them on study models simulating normal occlusion and
becomes more complicated for models with malocclu-
sions. Very small size strain gages (<2 mm grid size) are
needed, and there is no space for soldering the lead wires
or routing them. Moreover, they require electric voltage
for excitation and carboxylate adhesive, a poor conduc-
tor, to fix them on the study models. Another problem
associated with voltage is that a very low excitation has
to be used to avoid self-heating of the strain gage, which
results in significant reduction in Signal to Noise ratio.

Optical fibers, on the other hand, offer many advan-
tages for biomedical applications due to their well-
known intrinsic properties such as small size (thickness
less than that of standard surgical suture), biocompat-
ibility, non-toxicity, immunity to electromagnetic and
radio frequency radiations as well as chemical inertness
(10). Fiber Bragg gratings (FBGs) are a class of optical
fiber sensor elements that have attracted a great deal of
attention recently because they offer all the features of
optical fibers with some added advantages unique to
them such as self-referencing and multiplexing capabil-
ity. The potential of FBGs as strain and temperature
sensors array in various concrete and composite struc-
tures for structural health monitoring had been estab-
lished much earlier (11-15). However, the use of this
technology in biomedical arena is in early stage of
research and development (16-19).

The first application of FBG sensors in dental science
was reported by Tjin et al. (20) to monitor the force and
temperature as a function of time in dental splints used
by patients with obstructive sleep apnea. The small
dimensions of the sensor allowed it to be embedded
within the splint without diluting its effectiveness. These
sensors are on a single fiber, working independently of
the other, are unobtrusive and inherently safe as com-
pared with conventional thermistor and piezo-electric
pressure sensor. In another study, an FBG sensor was
employed by Silva et al. (21) on a dried cadaveric
mandible to measure strain at the mandible surface
caused by impact loads on dental implants. A standard
dental implant was embedded on a dry human cadaveric
mandible and FBG fixed on its outer surface near canine
tooth position. The impact was produced by dropping a
steel mass of 52 g and Bragg wavelength shift was
recorded to observe dynamic strain. The results matched
with those obtained with strain gages confirming the
feasibility of using FBG to monitor dynamic strain in a
complex biomechanical system. Another research group
in Portugal has applied FBG sensors to assess the
performance of dental implant system by measuring
static and dynamic bone strains around a dental implant
(22).

The objective of this study was to assess the efficiency
of mouthguard through impact test by using FBG
sensors in place of the electrical strain gages. The impact
was simulated using a customized pendulum device, and
its response was observed using pairs of FBGs bonded
on similar positions on custom-made mouthguard and a
typhodontic jaw model, which is first of its kind
arrangement. Use of FBG provided a unique advantage
in terms of distributed sensing; two sensors were used
simultaneously at mouthguard and jaw model. Response

of both the sensors was monitored in single impact
simulating real case scenario. The strain was calculated
by the wavelength shift of the FBGs, and difference in
strain at both the grating locations provides an indica-
tion of impact absorption capability of the mouthguard.

Working principle

In a FBG, there are no ‘grooves’ etched on the outer
fiber surface. Instead, they are uniformly spaced narrow
regions in a fiber core, where the refractive index has
been raised from that of the rest of the core by
illuminating it with Ultra-Violet (UV) light. Such a
periodic variation of refractive index is created mostly by
exposing the fiber to UV radiation through a phase
mask. When a light wave enters a medium with varying
refractive indices, it undergoes minute reflections from
every interface. If all the individual reflections are in
phase, constructive interference will take place between
reflected waves leading to a strong reflection at a
particular wavelength given by the Bragg equation,

},B =2nA

where /g is the reflected Bragg wavelength, n is the
effective refractive index of the core and A is the pitch of
the grating. Therefore, when light from a broadband
source is launched in an FBG, the spectral component
defined by above equation is missing from the transmit-
ted spectrum. Bragg wavelength is shifted if the effective
refractive index or the grating periodicity is changed due
to some perturbation; in fact, both these parameters are
directly influenced by strain and ambient temperature
with the associated wavelength shift given as,

on oA on oA
where Al is change in grating length due to strain and AT
is change in ambient temperature. The first term on the
RHS gives strain dependence, while the second term
gives temperature dependence of the Bragg wavelength.
A standard FBG with Bragg wavelength ~1550 nm has a
strain sensitivity of 1.2 pm/ue™' at constant temperature
and temperature sensitivity of 12 pm °C™" at zero strain
(11, 12). At constant temperature, a Bragg wavelength
shift Al is due to strain induced at the grating as a result
of impact and thus strain can be calculated by this
wavelength shift using the calibration factor of
1.2 pm ,ug_l.

Materials and methods

A typhodontal or jaw model i.e. Nissin Typhodont
Model DI-01BN representing normal occlusion was
selected for the study. The mouthguards were custom-
made according to this jaw model by Buy-Dent Agen-
cies, Hyderabad, India.

Two sets of parallel locations were chosen on the
mouthguard and the jaw model to bond FBGs in a
manner so that they coincide with possible points
where the impact object may hit. Impact was made
using pendulum device with interchangeable round
impact objects. A set of FBG sensors was used for
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each location to measure the effect of respective
impacts on the mouthguard and the jaw model. The
FBGs were fabricated by exposing the core of a
hydrogenated photosensitive fiber to intense UV light
from a KrF excimer laser at 248 nm using standard
‘phase mask technique’ (11, 12, 23). All the FBGs
had their Bragg wavelengths Ag between 1545 and
1550 nm with grating lengths of ~10 mm and similar
reflectivities. These FBGs were recoated for strength
and thermally annealed at 150°C for 24 h to stabilize
their properties.

The stress distribution due to impact was simulated
through finite-element analysis (FEA) using COSMOS-
Works design analysis software and is shown in Fig. 1. A
non-linear FEA analysis was performed on the 3D model
of the mouthguard with a load of 40 N applied at two
impact points on anterior and posterior region of its
outer surface. These points were selected to coincide with
the labial and buccal regions of the jaw model. One set of
FBGs was used for the anterior region; one bonded on
the labial area of properly cleaned outer surface of the
mouthguard and the other on the most prominent tooth
of the jaw model using standard EA-2A epoxy. Similarly,
another set of FBGs were used in the posterior or buccal
region; one on the mouthguard and other on the molar
tooth. Both the FBGs were bonded parallel to each other
so that they are affected simultaneously when hit by an
impact object. The spectrum of all the FBGs was
monitored using an optical spectrum analyzer (Yokog-
awa AQ 6319).

A custom-made simple pendulum-based device with
interchangeable impact objects was procured by Pyro-
dynamics with the arrangement to fix jaw model.
Figure 2 shows photograph of the jaw model, mouth-
guard, and the pendulum setup. A pendulum rod was
designed so that it can hold different round objects and
can impart impact with varying intensity by releasing it
from different angles. Three impact objects namely,
cricket ball, hockey ball and steel ball were used for this
study. This choice was made because cricket and hockey
are the most popular sports in our country, steel ball can
simulate very hard impact and these balls could be
replaced easily by removing the nut.
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The axis length of the pendulum was about 50 cm and
the apparatus was adjusted to hit the surface of the jaw
model with mouthguard at a point coinciding with the
position of the FBG sensors. The jaw model was fixed
rigidly on the pendulum base plate using set of screws to
avoid any displacement because of the impact. The
pendulum rod is first fixed horizontally by a handle and
then released to hit the jaw model and mouthguard
combination. Intensity of the impact can be varied by
changing the angle of release; in the present investiga-
tion, the object was released from 30°, 45°, and 60°
angles. The impact energy estimated for each ball and
each angle has been shown in Table 1. In the first set of
experiment, the jaw model with mouthguard on it was
mounted on the pendulum set up in such a way that
when the object ball is released, it hits at labial surface of
the most prominent tooth affecting the FBGs at mouth-
guard and that at the jaw model (center impact)
simultaneously. Bragg wavelength shifts of both these
FBGs were recorded for three release angles with each
impact object one after another. In another set of
experiment, the jaw model was fixed in a different
position so that the impact affects posterior region (side
impact) and the same procedure was repeated for each
angle and with each impact object.

Results

The relative Bragg wavelength shift with respect to each
impact load determines strain at the point of impact and
the difference in the strain values for both the FBGs can be
interpreted as impact energy absorbed by the mouthguard.
Figures 3 and 4 (a and b) indicate changes in spectra of
FBGs bonded on the mouthguard and that on the jaw
model (denture) due to cricket ball and hockey ball impact
in that order. Strain induced at the mouthguard and at the
denture surfaces due to impact was calculated from the
Bragg wavelength shifts and plotted in Fig. 5a,b.

Discussion

It was observed that the induced strain in the mouth-
guard was directly proportional to the angle from which
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Fig. 1. Finite element analysis simulation of stress distribution in mouthguard due to impact (Center and Side); Pink arrows show

impact point and colour gradient represent stress distribution.
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Fig. 2. Photograph of Jaw Model and mouthguard with sensors bonded on them and pendulum-based device used for Impact Study.

Table 1. Impact energy for different balls dropped from three
different angles

Steel ball
Angle Hockey ball Cricket ball (210 g)
°) (120 g) (joules) (130 g) (joules) (joules)
30 0.2822 0.3058 0.4939
45 0.4234 0.4586 0.7409
60 0.5645 0.6115 0.9878

the impact balls were released and also for the same
angle, it was the highest for steel ball as expected from
the impact energy values (Table 1).

For FBGs bonded on the mouthguard, significant
changes in their spectrum and hence in Bragg wavelength
were observed for various impacts, while spectrum or
Bragg wavelength for the FBGs bonded on the jaw
model had shown negligible or no changes for the same
(Fig. 3 and 4). Comparison of strain induced due to
impact (Fig. 5) ascertains that the center impact pro-
duced one order more strain than side impact under the
same conditions indicating that the most prominent
tooth is more prone to damage as compared with teeth at
posterior regions. For the same impact, the difference in
strain produced in the FBG fixed on the mouthguard
and that on the denture is because of impact absorption
capability of the mouthguard. The impact absorption
capability thus calculated for cricket ball, hockey ball,
and steel ball was found to be more than 90% for the
center impact and between 50% and 100% for side
impact simulation decreasing with higher impact energies
as shown in Table 2. Thus, although the center impact
produced larger strain, the mouthguard used for this
study was able to absorb a major part of impact energy.
However, for side impact, the design needs to be
modified to improve its efficiency.

The accuracy of the results obtained in this study is
limited by speed of data acquisition system used to
record the spectrum. There is a finite time delay between
the time of impact and the instant at which the spectrum
was recorded. This time delay may result in Bragg
wavelength shift not exactly representing true impact
effect, but the wavelength shifts of two FBGs are
recorded at the same instant always. This self-referencing
is a unique advantage of the methodology used in the
present investigation; both the FBGs will be influenced
by the same impact and effect of any experimental error
will also be the same for both so the relative wavelength
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Fig. 3. (a) Fiber Bragg grating spectra with cricket ball impact
for sensor bonded on mouthguard showing more shift for larger
angle impact; (b) Fiber Bragg grating spectra with cricket ball
impact for sensor bonded on Jaw model showing negligible
shifts for each impact.

shift is largely error-free. High energy absorption level
does not necessarily mean maximum protection, as some
of the absorbed energy may be transmitted directly to the
underlying structure (5). In the present case, this aspect
has been taken care of due to self-referencing feature.
These values cannot be compared with the values
reported earlier (6-9) because we have used totally
different experimental technique. In the earlier works,
the impact was made twice, once on the mouthguard, the
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Fig. 4. (a) Fiber Bragg grating spectra with hockey ball impact
for sensor bonded on mouthguard showing more shift for larger
angle impact; (b) Fiber Bragg grating spectra with hockey ball
impact for sensor bonded on Jaw model showing negligible
shifts for each impact.

next on the jaw model itself, whereas in our case, there
was no direct hit on the jaw model and the strain was
monitored simultaneously for mouthguard and jaw
model at each impact using two FBGs in series. This
capability of multiple FBG sensors to work in series
giving response independent of each other is another
advantage our experimental scheme offers over other
conventional strain sensors. It is worthwhile to mention
here that in principle, it is possible to use all four FBGs or
even more in series, but we had used two at a time which
were simultaneously affected by each impact. This
approach is justified for the regular typhodontic model

Table 2. Impact absorption by mouthguard
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Fig. 5. (a) Strain induced at mouthguard (upper three curves:
blue, red and black lines) and Jaw model (lower three curves:
yellow, pink and green lines) due to center impact; upper curves
represent larger induced strain while lower curves indicate less
strain; (b) Strain induced at mouthguard and Jaw Model
(denture) due to side impact. Upper curves represent larger
induced strain while lower curves indicate less strain.

with normal occlusion taken up in this case. According to
FEA simulation results, no significant stress is transferred
at points distant from the impact, so the indirect effect on
other two FBGs can be considered as negligible. For
denture models with different types of malocclusions, this
stress distribution will be very different and hence it will
be required to evaluate the effect of a single impact on
different locations simultaneously. Application of several

Hockey ball Cricket ball Steel ball
Angle (°) Side impact (%) Center impact (%) Side impact (%) Center impact (%) Side impact (%) Center impact (%)
30 100 100 100 96.0 100 97.2
45 75.0 93.5 80.0 99.3 67.0 99.7
60 67.0 96.0 50.0 99.7 75.0 99.7
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FBG sensors multiplexed in series with a single data
acquisition system will be very functional in such cases.
Impact tests on various locations can detect the vulner-
able points where the mouthguard is less protective.
Through further investigations with collaboration of
scientists, dental clinicians, and mouthguard manufac-
turers, it will be possible to quantify the level of
protection and hence to predict the required modifica-
tions in the mouthguard. All the previous studies on
mouthguards had taken into account the impact with
and without mouthguard, but in real life situations, the
impact occurs simultaneously on the mouthguard as well
as the teeth i.e. the denture, in our study. Therefore, by
carrying out this study, we are able to simulate the real
life impact situation as close as possible. It will help in
better designing of custom-made mouthguard, especially
for teeth with malocclusion.

Conclusion

In this investigation, a new experimental scheme utilizing
FBG sensor was proposed and investigated to measure
impact absorption capability of custom-made mouth-
guards. This technique is much better than other
reported methods because (i) very small size and flexi-
bility of fiber results in easier bonding and (ii) self-
referencing and multiplexing capability of FBGs make
possible simultaneous strain measurements at various
points and (iii) the effect of impact on the mouthguard
and jaw model was monitored at the same instant
simulating real-life scenario. This study will be useful for
better designing of custom-made mouthguards for
different malocclusion, as the proposed method can give
strain not only at the point of impact but at other
vulnerable points also in a single hit. Thus, with a faster
data acquisition scheme and improved experimental
setup, this technology can be used for setting standard
tests to design and evaluate absorption capability of
custom-made mouthguards.
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