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ABSTRACT: The occlusal splint is a common medical device that
is used to treat temporomandibular disorders. However, the
current commercial occlusal splints still have several disadvantages
in terms of flexibility, abrasion resistance, and occlusal inspection.
In this work, ZnS:Mn2+/polydimethylsiloxane composite elasto-
mers were prepared, and the mechanical and biological properties
were investigated to evaluate their potential as occlusal splint
materials. The results suggest that compared to the commercial
occlusal splint material, ZnS:Mn2+/polydimethylsiloxane exhibits
desirable flexibility, improved wear resistance, and excellent
biocompatibility and antibacterial properties. In addition, the
elastomer shows intense and stable mechanoluminescence under
oral conditions with a linear relationship to the applied load. This further provides a visualized approach for the convenient and real-
time detection of occlusal high points. Based on the above results, a mechanoluminescent occlusal splint model was fabricated, which
is promising to be applied in occlusal splint therapy applications.

KEYWORDS: soft occlusal splint, biological performance, mechanoluminescence, mechanics visualization, occlusal detection

1. INTRODUCTION

Temporomandibular disorders (TMD) are a heterogeneous
group of oral clinical diseases, affecting widely oral and
maxillofacial structures with the chief symptom of pain/
discomfort.1−4 The incidence of TMD in the population is
about 3.7−12%, which is up to 3−5 times in women,5

especially. In recent reports, there are significant statistical
differences in occlusal parameters of TMD patients, comparing
to the normal, including imbalance and asymmetry between
occlusal force and occlusal center distance.6 The occlusion
characteristics of TMD patients are highly correlated with the
degree and type of diseases.7 As a conservative treatment
device for TMD, occlusal splints are widely used because of
their effectiveness, reversibility, and non-damage.2,8−11 Among
them, the soft occlusal splint has the advantages of outstanding
elasticity and marvelous adaptability,12 showing excellent
effectiveness in the treatment of temporomandibular joint
disease.13,14 By relaxing the muscle and reassigning occlusal
force, the occlusal splint establishes a new biomechanical
equilibrium between occlusion and muscle to achieve the
purpose of treatment.15 This process often requires long-term
use of the device accompanied by multiple periodic
reexaminations. During the treatment procedure, dentists
need to detect the occlusal force to find the occlusal fulcrum
on the surface of the occlusal plate and adjust the occlusal
splint to achieve a uniform and balanced occlusion.14,16

At present, commercial splint materials, including ethylene-
vinylacetate (EVA), polymethylmethacrylate (PMMA), poly-
carbonate (PC), polyethere-therketone (PEEK), and poly-
ethylene-terephthalate (PETG), have significant deficiency of
wear resistance performance to a certain extent during long-
term usage,17−19 which are always difficult to modify due to the
soft material properties. In addition, it has been reported that
the existing commercial occlusal splint materials have high
water absorption and solubility and strength attenuation at oral
temperature, which cannot meet the current ANSI and SAI
standards.20 In addition to the insufficient performance, there
are still some difficulties for occlusal splints to achieve
equilibrium occlusion. As a necessary treatment procedure in
TMD treatment,21 occlusal analysis has developed many
different occlusal indicators in the oral discipline, including
the most widely used paper, T-Scan sensor, silk, and so on.22 It
has been reported that the current occlusal detection products
cannot accurately reflect the actual occlusion after testing.23

The occlusal indicator changes the surface electromyography
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(SEMG) activity during occlusion, which may affect the
effectiveness of occlusal analysis.24 Besides the effects of their
thickness and saliva infiltration, the reliability of mark size and
applied occlusal load is not linearly correlated. Thus, the
occlusion imprints of articulating paper cannot provide
clinicians with reliable references regarding the magnitude of
occlusal forces.25−27 Therefore, it is necessary to find an
alternative material that can provide accurate occlusal
inspection function and better abrasion resistance and
solubility resistance.
Mechanoluminescence (ML), a luminescent phenomenon

stimulated by mechanical force,28,29 has been widely used in
stress sensing,29 heartbeat detection,30 encryption, anticoun-
terfeiting,31 and other fields, with the advantage of being
energy saving and environmental protection.32 It is found that
most of the ML materials are inorganic powders with excellent
physical and chemical stability, which could be introduced in a
certain matrix to produce various ML composites.33 Partic-
ularly, ML powders could be composited with flexible matrices
to generate ML elastomers. Because ML directly establishes
the relationship between mechanics and luminescent signals,
the fabrication of ML elastomers provides us a strategy to
realize the occlusal analysis in a way of mechanics visual-
ization.34 As an alternative occlusion material, the ML
elastomer should also have good mechanics and biological
performance, which suggests that the employed flexible matrix
for the ML elastomer is of great importance. Polydimethylsi-
loxane (PDMS) is frequently used as the matrix for ML
powders because of its high optical transparency, efficient
stress transfer ability, and easy fabrication.35,36 Moreover,
PDMS shows excellent biocompatibility and permeability,
high-temperature resistance, and natural hydrophobicity.37−39

Therefore, the elastomer composed of ML powders and
PDMS matrices is promising to replace the existing occlusal
materials to possess better overall performance and visualized
occlusal inspection.
Herein, in this work, we employed the typical ZnS:Mn2+ ML

powders (one of the most efficient ML materials) and the
flexible PDMS matrix as the components to fabricate the ML
elastomer and evaluate its potential as an occlusal splint
material. The results suggest that compared to the commercial
occlusal material, the as-fabricated ML elastomer shows better
performance on flexibility, wear resistance, biocompatibility,
antibacterial activity, and stability. Particularly, the emitted ML
signals show a linear relationship to the applied load, providing
a facile and visualized way on the occlusal force to establish the
occlusal balance.

2. EXPERIMENTAL DETAILS
2.1. Synthesis of ZnS:Mn2+ Powders. ZnS:Mn2+ was synthe-

sized by a high-temperature solid-state reaction, employing ZnS
(99.99%) and MnCO3 (99.95%) as the raw materials. According to
previous reports, the doping concentration of Mn2+ was set to be
1%.33,40,41 First, 10.5112 g of ZnS and 0.1239 g of MnCO3 were
weighed and mixed in an agate mortar. Then, the mixture was
transferred in an alumina crucible and sintered at 1150 °C for 3 h in a
tube furnace (GSL-1600X) in an inert atmosphere (100% N2). After
cooling to room temperature, ZnS:Mn2+ phosphors were obtained
and stirred thoroughly for further use.
2.2. Fabrication of ZnS:Mn2+/PDMS Composite Elastomers

for Performance Analysis. To quantitatively analyze the ML
properties, ZnS:Mn2+ powder was mixed in the PDMS precursor
inside of a silicon rubber mold with weight ratios of 1:10, 2:10, 3:10,
4:10, and 5:10. After completely mixing, the uncured mixture was

degassed in a vacuum oven (room temperature; vacuum degree: −80
KPa) for 2 min to remove bubbles. Eventually, the mixture was cured
in an oven at 80 °C for 1 h, and the ZnS:Mn2+/PDMS elastomers
were obtained.

2.3. Fabrication of ZnS:Mn2+/PDMS Occlusal Splint. In order
to fabricate the ZnS:Mn2+/PDMS occlusal splint, an alginate mold
was first taken from the patient’s mouth to further produce the
gypsum model of a single jaw. After high-temperature heating, wax
was used to make the shape of the occlusal plate on the surface of the
gypsum model, and then another gypsum model was made on the
other side of the wax. By removing the middle wax, the mixture of
ZnS:Mn2+ and PDMS was filled between the upper and the lower
gypsum molds, and a splint was obtained after curing at 80 °C for 1 h.

2.4. MTT Assay. L929 mouse fibroblasts (ATCC, Rockville, MD,
USA) were used for biocompatibility assessment of the ZnS:Mn2+/
PDMS elastomers. Each elastomer sample was prepared with a size of
10 × 10 × 1 mm and sterilized under ultraviolet (UV) overnight. The
culture medium for cell proliferation was a mixture based on
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, USA)
combined with penicillin−streptomycin (100 IU/mL), D-glucose
(4.5 g/L), and fetal bovine serum (10%, Australia Origin, Gibco,
USA). Also, the proliferation conditions of L929 cells were set at 37
°C and 5% aseptic CO2. Then, the ZnS:Mn2+/PDMS elastomers with
different ratios of ZnS:Mn2+ powder were put into a 24-well plate with
104 L929 cells in each well. At different times (1, 3, 5, and 7 days),
100 μL of MTT solution (St. Louis, MO, USA) was dropped into
each well. Then, 750 μL of dimethyl sulfoxide (DSMO) were added
to each well to dissolve the blue formazan reaction product after
another 4 h. Then, a microplate reader (Bio-Rad iMark) was used to
measure the average absorbance value after 150 mL of dissolve
solution was transferred to a 96-well plate, which was repeated 3
times. A control group with only L929 cell suspension was set for
comparison. Eventually, the biocompatibility was analyzed and
obtained by comparing the absorbance values between the
experimental and control groups.

2.5. Antibacterial Assessment. The ZnS:Mn2+/PDMS elasto-
mer with different concentrations of ZnS:Mn2+ powder and PETG
elastomer (the control group) were prepared as 10 × 10 × 1 mm and
irradiated under UV light. After resuscitating Streptococcus mutans (S.
mutans, UA159), the mutans were cultured at 37 °C for 24 h. Then,
the single colony was placed in a BHI medium and cultured overnight
in a shaker at 150 rpm. Eventually, the bacterial concentration was
adjusted to 108 CFU/mL. And then, the bacterial suspension was
diluted 1000 times to 105 CFU/mL. Then, 1 mL of bacterial solution
was dropped on the surface of the elastomer samples in the Petri dish,
and the surface was adhered to the sterilized polyethylene film. After
24 h of culture, 20 mL of PBS was used to rinse the surface, and the
rinse solution was transferred to a conical flask, shaken well, and
diluted. Then, 1 mL was inoculated in an agar medium and cultured
at 37 °C for 24 h. The number of colonies on each culture surface was
counted and analyzed. Each group was repeated three times.

2.6. Characterizations. The crystal structure of ZnS:Mn2+ was
studied by X-ray diffraction (XRD, D/max-2400, Rigaku, Cu Kα).
The morphology of the ZnS:Mn2+ powder was characterized by the
field emission scanning electron microscopy (FE-SEM JSM-6701 F)
at a 10 kV acceleration voltage. The mechanical properties of the
elastomers were evaluated by a universal testing machine
(SHIMADZU AGS-X-500 N). The ML property was tested by
fluorescent spectrometry (Omni-λ300i) and collected by a CCD
camera (IVAC-316). The tensile test of the ZnS:Mn2+/PDMS
elastomer was carried out by a self-made tensile tester with a tensile
strain of 50% and a tensile frequency of 3 Hz, respectively. The
friction experiment was operated on a rotating friction testing
machine (MS-T3001) using a stainless-steel friction pair with a radius
of 0.2 mm. The applied load and the rotational speed are set to be 1 N
and 200 rpm, respectively. The compression experiment was operated
on a universal testing machine (AGS-X 20k N/1k N SHIMADZU). A
load of 300 N was applied on the sample with a loading rate of 60
mm/min. The contact angles of elastomer samples were measured by
a contact angle measuring instrument (DSA100). The photos of the
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occlusion splint model were taken by a digital camera (Canon EOS
Rebel T3i). The tribological properties of the ZnS:Mn2+/PDMS
elastomers were tested by a CSM reciprocating tribometer under
ambient conditions (RH = 30 ± 5%). A zirconium dioxide ball (6 mm
diameter) was set as the counterpart. The reciprocating frequency,
stroke, and load were 0.5 Hz, 5 mm, and 5 N, respectively. The
coefficient of friction was recorded automatically. The abrasive wear
of elastomers was derived as below:

V
m m1 2

ρ
Δ =

−

where ΔV, m1, m2, and ρ represent the abrasive wear, the initial and
final mass, and the density of the material, respectively. The density is
calculated by dividing the quality before the experiment of each
sample by its volume.

3. RESULTS AND DISCUSSION

ZnS:1%Mn2+ powders were synthesized by the high-temper-
ature solid-state method at 1150 °C for 3 h. Figure 1a shows
the XRD patterns of the as-synthesized ZnS:Mn2+. It is
observed that the diffraction patterns of the sample well match
the standard inorganic crystal structure database (ICSD) card

Figure 1. (a) XRD patterns of the as-prepared ZnS:Mn2+ and the standard data of the wurtzite ZnS host. (b) Crystal structure of ZnS. SEM images
of the as-prepared ZnS:Mn2+ powders at (c) 2000× and (d) 10,000× magnifications.

Figure 2. (a−c) ML diagrams of the ZnS:Mn2+/PDMS elastomer under the stimuli of (a) stretching, (b) rubbing, and (c) compressing. (d−f) ML
spectra of ZnS:Mn2+/PDMS elastomers with ZnS:Mn2+ weight ratios of 10−50% under the (d) tensile (deformation of 50%), (e) friction (load of
1 N), and (f) compression (force of 300 N) stimuli.
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no. 99-0109, suggesting that the single phase of wurtzite ZnS
has been obtained.1 According to the crystal structure in Figure
1b, the wurtzite ZnS is a non-centrally symmetric hexagonal
system structure with a space group of P63mc. Hence, it has
high piezoelectricity, which should contribute to the ML
performance.42 From the SEM images of the particles in Figure

1c,d, it is found that the as-prepared ZnS:Mn2+ has an irregular
polygon morphology with an average size of 3−5 μm. The
above results suggest that high-quality ZnS:Mn2+ particles with
a single phase have been successfully prepared.
To simulate the sophisticated stress situations in human oral

cavity during chewing activities,43 three common types of

Figure 3. (a) Elasticity modulus of PETG and ZnS:Mn2+/PDMS elastomers with different weight ratios of ZnS:Mn2+. (b) Maximum deformation
of ZnS:Mn2+/PDMS elastomers with different weight ratios of ZnS:Mn2+. (c, d) Friction and wear performance of PETG (control group) and
ZnS:Mn2+/PDMS elastomers with different weight ratios of ZnS:Mn2+.

Figure 4. (a) Comparison of optical density of L929 cells after being cultured with ZnS:Mn2+/PDMS elastomers at days 1, 3, 5, and 7. (b) Contact
angle of PETG and ZnS:Mn2+/PDMS elastomers with the different weight ratios of ZnS:Mn2+. (c, d) Bacterial agar plate counts of elastomers with
different weight ratios of ZnS:Mn2+.
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mechanics, i.e., stretching, rubbing, and compressing, are
employed to evaluate the ML performance of ZnS:Mn2+/
PDMS elastomers, and the corresponding ML processes are
illustrated in Figure 2a−c. Figure 2d−f shows the ML spectra
of ZnS:Mn2+/PDMS elastomers under the stimuli of
stretching, rubbing, and compressing, with the weight ratios
of ZnS:Mn2+ from 10 to 50%. The measuring conditions for
the ones mentioned above are as follows: (1) reaching 50%
tensile deformation (Figure 2a,d), (2) scratching via applying 1
N load by a friction machine (Figure 2b,e), and (3) loading
300 N pressure via a universal testing machine (Figure 2c,f). It
is found that under whatever measuring conditions, the ML
intensity of the ZnS:Mn2+/PDMS elastomers continuously
increases with the increase in the content of the ML powders.
This shows the potential of the ZnS:Mn2+/PDMS elastomers
for occlusal force monitoring.
As a medical device used in human organs for an extended

period of treatment, the material for manufacturing occlusal
splints is required to have excellent mechanical properties,
including abrasion resistance, softness, and comfort. Figure 3
exhibits the results of elastic modulus, deformation, friction,
and wear performance of ZnS:Mn2+/PDMS elastomers to
investigate their feasibility in occlusal application. All modulus
of elasticity for ZnS:Mn2+/PDMS samples at different weight
ratios is relatively uniform with values of approximately 1.5
MPa (Figure 3a). Comparing with an elasticity modulus of 3.7
MPa for PETG, a mature commercial occlusal material, the
ZnS:Mn2+/PDMS complex has a better softness and comfort
property. As shown in Figure 3b, the maximum deformations
of ZnS:Mn2+/PDMS samples decrease gradually along the
increase in the weight ratio of ZnS:Mn2+, which are all greater
than 80%. It means that all candidates can meet the
deformation requirement of the material for the occlusal
splint. Figure 3c presents the real-time coefficient of friction
(COF) for different sample groups. The samples with a weight
ratio of ZnS:Mn2+ greater than 30% have a lower COF than
PETG over the testing period. Furthermore, the curves of the

COF for those samples are more stable than the others.
Moreover, for the result of average abrasive wear shown in
Figure 3d, the mean abrasive wear of the composite materials
rises initially with the increment of ZnS:Mn2+ doping weight
ratio from 10 to 20%. However, the value shows a declining
trend when the weight ratio is above 30%. This phenomenon
should be aroused by the particle filling effect caused by the
high-strength of ZnS:Mn2+. The mechanical test results suggest
that the composite elastomers with 40 and 50% weight ratios
of ZnS:Mn2+ show better properties than the control group.
Biocompatibility, as an important performance index of

medical materials,44,45 has also been systematically studied.
Figure 4a shows the result of the proliferation of L929 mouse
fibroblasts on the surface of ZnS:Mn2+/PDMS elastomers at
days 1, 3, 5, and 7 via the MTT assessment. There is no
significant difference between the elastomers and the control
group, confirming the biosafety for all samples. Considering
the propagation conditions of bacteria, high hydrophobicity
could limit the adhesion and cohesion of bacteria, and thus
hindering the propagation of bacteria. Figure 4b presents the
water contact angles of the as-fabricated ZnS:Mn2+/PDMS
elastomers. It can be seen that all of the elastomers exhibit
excellent hydrophobicity for antibacterial properties. In
addition, Streptococcus mutans (MS) were cultivated with
different ZnS:Mn2+/PDMS elastomers to evaluate the
antibacterial properties, as shown in Figure 4c,d. With the
increase in the weight ratios of ZnS:Mn2+, the MS colony
counts shrink gradually and reach a minimum at a weight ratio
of 30%. It indicates that the composition of ZnS:Mn2+ powders
in a PDMS elastomer could further improve the antibacterial
property, which should be attributed to the Zn2+ effect.
However, as the weight ratios of ZnS:Mn2+ continually
increases, the colony counts increase to a higher level than
the control group, implying the deterioration of antibacterial
properties. This should be caused by the increased surface
roughness of the elastomer that is more favorable for bacterial
growth.

Figure 5. (a, c) ML spectrum and (b, d) physiological stability of the ZnS:Mn2+/PDMS (with a weight ratio of 4:10) occlusal splint under three
reversible pH cycles between 7.0 and 3.0 and in artificial saliva at body temperature for different times.
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Based on the above experimental results, the elastomer with
a ZnS:Mn2+ to PDMS weight ratio of 4:10 was chosen as the
most suitable candidate to produce occlusal splint. To ensure
the ML stability of the elastomer in an actual clinic treatment,
we simulated oral conditions using artificial saliva and confined
the temperature at the human body temperature of 37 ± 0.5
°C. Considering that the pH value of natural saliva is relatively
neutral and in a range of 5−7, we designed an experimental
cycle to soak the elastomers in an extremely acidic environ-
ment (pH = 3) for 30 min and shifted to the neutral
environment (pH = 7) for another 30 min. As shown in Figure
5a,b, the ML performance of the ZnS:Mn2+/PDMS elastomer
has excellent stability under oral conditions. Furthermore, the
ML intensity change of the elastomer for long-term usage
under oral environment has also been studied (Figure 5c,d),
which demonstrates that the ZnS:Mn2+/PDMS elastomer has
remarkable stability under oral conditions.
Recent research studies pointed out that the water

absorption and dissolution rate play a critical role in the
performance of the composite matrix, especially on the
cytotoxicity and tissue inflammation.46 Therefore, the
solubility assessment was carried out for each group of the
ZnS:Mn2+/PDMS elastomer to further explore the capacity of
elastomers for occlusal application. Figure 6a presents the
mean weight change by soaking the sample groups in artificial
saliva at 37 ± 0.5 °C for 15 days. Overall, the dissolution rate
shows a trend of first decreasing and then increasing within an
ignorable range of mass, suggesting its excellent dissolution
stability for use as an occlusal splint. Figure 6b shows the linear
relation between the applied load and the ML intensity of the
ZnS:Mn2+/PDMS elastomer with a weight ratio of 4:10,
demonstrating the mechanics sensitivity of the candidate
elastomer. Therefore, the emitted ML signals under mechanics
stimuli could help us to visualize the magnitude of the force
during occlusion examination. Herein, a prototype of the soft
occlusal splint, using the ZnS:Mn2+/PDMS elastomer with a
weight ratio of 4:10, was manufactured as shown in Figure 6c.

The corresponding ML photo under compressing is displayed
in Figure 6d. It verifies the feasibility of using the ZnS:Mn2+/
PDMS elastomer for clinical treatment and force monitoring
via the visible ML signals induced by occlusion. It should be
noted that after establishing the occlusal equilibration, the
occlusal splint could lose its ML performance because of the
consumption of the prestored carriers in ZnS:Mn2+.41 When
the occlusal splint requires to be rebalanced, the ML
performance can be easily recovered by an irradiation of
ultraviolet light for 5 s. Therefore, the developed occlusal splint
shows desirable flexibility with no adverse impact on daily
wearing.

4. CONCLUSIONS
In summary, a set of ZnS:Mn2+/PDMS elastomers with
different mass ratios of ZnS:Mn2+ powder were prepared, and
the various properties of elastomers were investigated.
Comparing with the commercial occlusal splint material, the
chosen ZnS:Mn2+/PDMS elastomer with a mass ratio of 40%
ML powder shows better elasticity, softness, and wear
resistance. Moreover, the excellent biosafety and antibacterial
properties of the complex are verified though the biological
experiments. The ML of ZnS:Mn2+/PDMS shows a linear
relationship to the applied load, providing a visualized strategy
for the occlusal inspection. As a result, a prototype of
mechanoluminescent splint with desirable mechanical and
biological performance as well as the function of visualized
occlusal inspection was fabricated, which is promising to be
applied in occlusal splint therapy applications.
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