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Keyboards and touchscreens are widely used to control electronic
devices, but these can be difficult to operate for individuals with dexterity

impairments or neurological conditions. Several assistive technologies,
such as voice recognition and eye tracking, have been developed to provide
alternate methods of control. However, these can have problemsin terms

of use and maintenance. Here we report a bite-controlled optoelectronic
system that uses mechanoluminescence-powered distributed-optical-fibre
sensors that are integrated into mouthguards. Phosphors that are sensitive
to mechanical stimulus are arranged in an array of contact padsin aflexible
mouthguard; by using unique patterns of occlusal contacts in lateral
positions, various forms of mechanical deformation can be distinguished by
the fibre sensors via ratiometric luminescence measurements. By combining
the device with machine learning algorithms, it is possible to translate
complex bite patterns into specific datainputs with an accuracy of 98%.

We show that interactive mouthguards can be used to operate computers,
smartphones and wheelchairs.

Various technologies'*—including voice recognition, eye-blink track-
ing, head-movement tracking, tongue-driven interaction and brain-
computer interfaces—have been developed to help people control
electronic devices’ 2. However, many assistive technologies suffer
problemsin terms of device use and maintenance. For example, voice
recognitionrequires alarge operating memory, up-to-date hardware
and low-noise operating environments>; eye tracking requires a
camera to be mounted in front of the user and calibration is tedious
and prone to fatigue”®; and head-movement tracking excludes users
with neurological conditions®°, Brain-computer interfaces have

considerably improved inrecent years™", but the technology requires
the attachment of electrodes to the scalp for electroencephalogram,
implantation under the skull for electrocorticogram or implantation
in the brain for neural recording. This leads to cumbersome wired
instrumentation and a high degree of invasiveness.

Bite forceis often used as a parameter to assess masticatory func-
tion in dental research™'. Dental occlusion provides high-precision
control and requires minimal skill. As a result, a mouthguard con-
taining integrated pressure sensors for detecting occlusal patterns
and translating them into inputs could be a promising alternative
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Fig.1| Design of interactive mouthguard based on mp-DOF sensors.

a, Schematic of mp-DOF comprising an elastomeric waveguide and embedded
mechanoluminescent pads (ZnS:Cu?/Mn?", ZnS:Cu? and ZnS:Cu* phosphors).
b, Schematic of mp-DOF integration into a mouthguard. A2 x 3 mp-DOF array
comprising two sets of tricolour mechanoluminescent pads can theoretically
generate 21 distinct patterns on biting one or two luminescent pads

(Cé + Cg = 21). Four bite patterns (D-@) are displayed (i and ii), where

the dashed lines represent the typical contour of the upper teeth of an adult.

750 nm

350 nm

Fibres1and 2 input different optical spectrain the 350-750 nm range for each
bite pattern (iii). Using machine learning, 21 complex occlusal patterns can be
correctly identified according to the input CIE tristimulus values (X, Y;, Z,, X,, Y»
and Z,) of the two fibres (iv). In (iv), the data for each pattern are labelled with the
same symbol, and the red dots are the average chromaticity responses for each
pattern. It should be noted that for display purposes, the scatter plot is drawn
withcoordinates (AX=X,-X,,AY=Y,-Y,andAZ=27,- 7,).

to existing assistive technologies. This requires pressure sensors
that are flexible, biocompatible, consume low power and allow dis-
tributed sensing. Stretchable optical pressure sensors, particularly
distributed-optical-fibre (DOF) pressure sensors, are attractive for
measuring occlusal patterns due to their high biocompatibility, lack
of electromagnetic interference and their ability to monitor spatially
distributed and time-dependent pressure along the transmission
path of the fibre. However, existing fibre pressure sensors require an
external light source, thereby increasing the system size and power
consumption (Supplementary Table 1)*¢,

In this Article, we report mechanoluminescence-powered
distributed-optical-fibre (mp-DOF) sensors that consist of an array
of elastomeric waveguides embedded with mechanoluminescent
contact pads containing different-coloured pressure-responsive
phosphors. These sensors are integrated into mouthguards to create
bite-controlled interactive telecommunication systems. Compres-
sion and deformation of the elastomeric mouthguard at specific seg-
ments during occlusion is mapped with the mp-DOF by measuring
the intensity ratios of different colour emissions in the fibre system,
without the need for external light sources™ . Measurements of the
ratiometric intensity of complex occlusal contacts can be processed
using machine learning algorithms®, to convert into specific data
inputs for high-accuracy remote control and operation of various
electronic devices, including acomputer, smartphone and wheelchair.

Interactive mouthguard design
We designed an optical fibre with various transition-metal-doped zinc
sulfide (ZnS) phosphors embedded at several predefined locations?

(Fig. 1a). Orange, green and blue mechanoluminescent emissions
could be modulated by doping Cu*/Mn* (595 nm), Cu® (525 nm)
and Cu’ (475 nm), respectively, into the ZnS host (Supplementary
Fig. 1). The ZnS phosphors were chosen because of their intense
mechanoluminescence, which does not require pre-irradiation and
can be recovered. Beyond the primary colours, secondary colours
could be produced by varying the composition of the three types of
phosphor. When distributed compression was externally applied to
thefibre, the mechanoresponsive phosphors emitted light at different
wavelengths, which was propagated along the fibre by total internal
reflection. This design principle was employed to fabricate aninterac-
tive mouthguard that comprised anintegrated mp-DOF array, a flexible
printed circuit board and a flexible polyethylene terephthalate
substrate (Fig. 1b).

The developed interactive mouthguard can detect a variety of
occlusal patterns. For example, a2 x 3 mp-DOF array comprising two
sets of tricolour mechanoluminescent pads can theoretically generate
21 distinct patterns when biting on one or two luminescent pads
(Cé + Cé = 21) (Supplementary Fig.2). To design the occlusal patterns
and make them as feasible as possible, we used the outlines of typical
adult teeth during development. It should be noted that if more than
two pads are bitten at once, more patterns will be generated; for exam-
ple, threeluminescent pads would generate C}5 + Cé + CZ = 41Different
occlusal trajectories give rise to mechanoluminescence with specific
colour schemes, and the colour sensors record the CIE tristimulus
values. Atrained two-layer, feedforward artificial neural network (ANN)
was developed to differentiate the 21 complex occlusal patterns in
terms of tristimulus values (X, Y, Z,, X, Y,and Z,).
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Fig. 2| Characterization of mp-DOF-based sensors in various configurations.
a, Schematic of the mp-DOF sensor in three different configurations: asingle-
layer mp-DOF (left), a4 x 4 single-layer mp-DOF array to sense deformation
(middle) and a double-layer mp-DOF to distinguish multiple deformations
(right). b, Different doping concentrations of mechanoluminescent materials
versus the luminous intensity of the optical fibre. ¢, Force sensitivity of the
single-layer mp-DOF. d, Dynamic test of the mp-DOF at 1,2 and 3 Hz. e,f, Optical

image of a single-layer 4 x 4 mp-DOF array (e) and interface compression
recorded under 40 N compression (f) through one-dimensional mechanical
force projection (indicated by the dashed linein e). g, Optical power output (left)
and corresponding spectra (right) of the double-layer mp-DOF on compression,
stretching and bending. The insets depict the bilayer mp-DOF in different
deformation modes.

Characteristics and performance of mp-DOFs

We optimized the design of the mp-DOF sensors in various configu-
rations, where mechanoluminescent materials were integrated into
transparent optical waveguides (Fig. 2a and Supplementary Video 1).
Toensure that the colour sensor collected the maximum optical power
atone end of the fibres under low force, we studied the structure, key
dimensions and composition of the materials for mp-DOFs (Supple-
mentary Fig. 3). Considering the light collection efficiency and ease
of processing, each mechanoluminescent pad was optimized with
dimensions of 5.0 x 3.0 x 0.5 mm, aligned parallel to one another along
the fibre axis. The dimensions of the fibre were 36.0 x 5.0 x 2.5 mm.
Replica moulding was employed to fabricate the mp-DOF sensors
(Supplementary Fig. 4). We investigated the luminescence behaviour
of the mechanoluminescent pads with ZnS:Cu?/Mn*" particles of dif-
ferent concentrations (Fig. 2b). The force sensitivity of the mp-DOF
was tested by plotting the integral intensity as a function of the
external force, and the intensity increased approximately linearly
in the range of 5-60 N (Fig. 2c and Supplementary Fig. 5). The force
sensitivity defined by the curve slope was 20 counts per newton
(integrated time, 0.25 s; Fig. 2c), which was sufficient to identify the
bite patterns. Moreover, the dynamic characteristics of the mp-DOF

was investigated by compressing the optical fibre at various frequen-
cies (1, 2 and 3 Hz), demonstrating a highly stable and reproducible
signal output (Fig. 2d). Mechanoluminescence had a time resolution
of approximately 52.6 ms. The robustness of the mp-DOF was tested by
applying compression over 2,000 cycles, and the intensity difference
was within 5.5%. We also examined the temperature characteristics of
the mp-DOF, and its luminescence fluctuation remained within 3.7%
from 20 to 50 °C.

We next characterized the performance of both single-layer and
double-layer mp-DOF sensors. The single-layer sensor measured the
distributed mechanical force, whereas the double-layer sensor could
differentiate between diverse force modes, such as stretching, bend-
ing and compression (Supplementary Video 1). Compression maps
were obtained using a4 x 4 single-layer mp-DOF array under different
force patterns (Fig. 2e,f and Supplementary Fig. 6). Furthermore, we
performed stretching, compression and bending tests to evaluate the
stress distribution and light propagation of the double-layer mp-DOF
sensor. As the mechanoluminescent padsembedded in the upper and
lower fibres emitted light at different wavelengths, the mode and mag-
nitude of the applied force could be spectroscopically distinguished.
The detected power P of fibre 1 was larger than, approximately equal
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Fig.3|Evaluation of mp-DOF-integrated interactive mouthguard.

a, Photograph of the integrated device comprising an elastomer mouthguard,
abilayer array of multicolour contact pads and a flexible circuit module.

b, Normalized real-time chromaticity response inx/y coordinates, derived from
five occlusal trajectories comfortable to users. The insets are the corresponding
photographs of the mp-DOF under five force patterns. ¢, Chromaticity response
of five occlusal patterns under different forces (5-50 N). d, Classification results
of 14 occlusal patterns detected by a2 x 3 mp-DOF array using machine learning
algorithms. Ax =x, - x,and Ay = y, - y,. The data for each pattern are labelled with

the same symbol, and the red dots are the average chromaticity responses for
each pattern. e, Bite position versus classification accuracy as measured using a
tricolour mp-DOF. The inset depicts the bite movement path around the centre
of the mp-DOF.f, Classification accuracy for different 2 x 3 mp-DOF arrays. The
same user uses different mp-DOFs to bite 14 patterns multiple times, and the
collected data were fed into an ANN for classification. g, Classification accuracy
of bite patterns for random users. h, Linear relationship between the mouse-
cursor movement distance and biting force, recorded when controlling amouse
cursor. The error bars represent the standard deviation for each point.

to and smaller than that of fibre 2 in the compression, stretching and
bending modes, respectively. We simulated the magnitude of the
first principal stress received by the luminescent pads and the fibre’s
transmission efficiency under three different mechanical stimuli
(Supplementary Fig. 7). Intheory, the optical power Pat the end of each
fibre is given by the formula P = aES, where a is the proportionality
factor, Eiis the first principal stress value of the mechanoluminescent
pad and Sisthelight transmission efficiency of the optical waveguide.
The experimental results corroborate the numerical results. Therefore,
combining these two fibres in a double-layer configuration yielded
marked changesinspectral outputacross all the three modes of defor-
mation (Fig. 2g). Compared with previously reported mechanolumi-
nescentsensors, mp-DOF can detect mechanical force magnitudes and
recognize multiple mechanical stimuli, which canbe further developed
for applicationsincludingjoint motion recognition, skin tactile percep-
tion and facial recognition* %,

Technical evaluation of integrated interactive
mouthguards

To construct a mechanoluminescence-assisted interactive mouth-
guard, weintegrated a 2 x 3 single-layer mp-DOF sensor array with six
compression points into a three-dimensionally printed soft mouth-
guard (Fig. 3a). The right lateral, medial and left lateral compression
points of the mp-DOF were covered with ZnS:Cu?'/Mn?* (595 nm emis-
sion), ZnS:Cu*/Mn*-ZnS:Cu* (595 and 525 nm emission with equal
intensity) and ZnS:Cu® (525 nm emission) particles, respectively. Two
high-sensitivity colour sensor chips (detection limit, 0.5 pW cm™?) were
placed atthe end of the mp-DOF and connected to aflexible processing
circuit. The circuit has a thickness of 80 um and could be effectively
bent to fit well inside the mouthguard. The interactive mouthguard’s
circuitincludes colour sensor chips, a Bluetooth 5.0 system on a chip
and power management chips (Supplementary Fig. 8). The circuit
size is 9 x 12 mm and the total power consumption is 9.09 mW.
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Fig. 4 |Interactive mouthguard witha2 x 3 mp-DOF array for assistive
technology demonstration. a, Flow chart for interactive mouthguard control.
Two RGB sensors detect the spectrum data from two fibres with different
occlusion patterns and convert them into digital signals for Bluetooth-chip-
controlled external devices. External devices integrated with the ANN algorithm
judge the occlusal patterninstruction fromincoming data to take appropriate
action. ADC, analogue-to-digital converter. V,; is the operating voltage of the
digital circuit. b, Wheelchair navigation using the mouthguard. The motion
trajectory of the wheelchair and the corresponding real-time emission profiles

are presented. ¢, Monitoring wheelchair navigation around a standard 400 m
running track (five repeated runs) using the global positioning system. Scale
bar, 40 m.d, Playing a virtual piano using the mouthguard. A temporally ordered
sequence of musical notes for Happy Birthday and the corresponding emission
profiles are presented. Thered, green and blue curvesinb and d represent the
tristimulus values X, Yand Z, respectively. The output spectra of fibres1and 2
correspond to the various occlusal patterns shown in Supplementary Fig. 9.

e, Total time spent to complete each task versus training frequency for
wheelchair control, song playing and typing.

The mouthguard prototype is 48 mm long, 26 mm wide and 12 mm
high, and its total weightis less than 7 g. The mouthguard and mp-DOF
were made of elastomers, and metal components such as circuits were
sealed with elastomeric polydimethylsiloxane (PDMS).

To distinguish occlusal patterns, we converted the X, Yand Z
tristimulus values of the colour sensor into the CIE xyY colour space
(Methods provides more details on occlusal pattern identification).
We first normalized the x/y chromaticity response in real time into five
comfortable bite patterns that could be distinguished with each fibre
(Fig. 3b). The plotted chromaticity response data of the five occlusal
patternsin the force range of 5-50 N demonstrated that patterniden-
tification could be achieved by comparing variations across the chro-
maticity space (Fig. 3c). On the colour diagram, the chromaticity
responses of identical patterns do not coincide at any point. Thisis due
to changesin the occlusal position and the mechanical force sensitivity
of mechanoluminescent materials. However, as long as the position
error and force dynamic range are within the permitted range, itis still
possible to discern between various patterns. Given that five patterns

were accurately distinguished using one fibre, it was possible to dif-
ferentiate 20 patterns (2C} + C)) using two fibres. We used 14 occlusal
patterns for interactive bite-controlled operation (Supplementary
Fig. 9), after considering the adaptive comfort of the users. Machine
learning was used toidentify the occlusion patternbased onthe output
spectra of these 14 occlusal patterns (Fig. 3d).

Instead of common machinelearning algorithms such as decision
trees (DTs) and support vector machines (SVMs), an ANN was used to
process complex patterns due toits improved precision, accuracy and
robustness. The trained feedforward ANN recognized 14 patterns with
an accuracy greater than 98% (Supplementary Fig. 10). We explored
the relationship between the recognition accuracy and bite position
offset d (Fig. 3e). The classification accuracy reached 100% when bit-
ing the centre of the middle pad and decreased as the biting position
moved away from the centre. Within a distance of 8 mm, the accuracy
remained greater than 75% (Fig. 3e, within the light-blue-shaded area).
Tofurther evaluate the accuracy of the system, eight pairs of mp-DOFs
were tested, and all of them had a classification accuracy greater than
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Fig. 5| Efficacy of the ANN-based interactive mouthguard using occlusal
datafrom two users on specific tasks. a,b, Chromatic response distribution

of eight bite patterns from user1(a) and user 2 (b) during multiple plays of the
tune of Happy Birthday. The data for different occlusal patterns are marked with
different labels, and points marked with X’ are the data that were misidentified.
c,d, Confusion matrices corresponding to classification results of a (c) and b (d).
The numbers in the dark-grey boxes indicate the number of misidentified data.

Output class

User 1 User 2

For example, number 1 marked with ared dashed box in ¢ means that the user
intended to bite on pattern10, but the actual bite pattern was identified by the
ANN as pattern 5; such misidentification occurred once. The numbersin blue
boxes on the diagonal indicate the amount of accurately identified data. e, Total
time spent by different users to complete each task versus training frequency.

f, Control accuracy for the two users on different tasks.

97% (Fig. 3f). Eight participants were invited to test this interactive
system, and the recognitionaccuracy of each pattern remained greater
than 96.5% (Fig. 3g).

We next investigated the separate roles of luminance and emission
intensity in expanding the boundary processing for interactive control.
Although the chromaticity of the mechanoluminescent pads remained
unchanged under different forces, the mechanoluminescence inten-
sity was proportional to the magnitude of the force. This feedback
endowed the mp-DOF sensors with an additional input variable beyond
chromaticity (Supplementary Video 2). A participant was able to dem-
onstrate opening a specific user interface, such as a web browser or
music streaming application, by bite-controlled cursor movements
where the cursor movement distance could be precisely controlled by
adjusting the amplitude of bite force (Fig. 3h), with a controlaccuracy
of 98.3%. For the interaction with an on-screen keyboard, the sorting
between the function specification and bite patterns is illustrated in
Supplementary Fig.11, in which the magnitude of bite force determines
the movement steps. The participant controlled the bite interface to
accurately type the letter keys ‘LOVE’ and number keys ‘3.14’ using the
virtualkeyboardinlessthan32 s (Supplementary Video 2). The average
typing speed was 22 characters per minute, comparable to the typing
speed (13-30 characters per minute) of existing brain-computer inter-
face technologies".

Interactive mouthguards for assistive technology
By pairing the interactive mouthguard with a Bluetooth module,
real-time bite patterns can be classified and sent to an external device

for performing appropriate actions, or to acustommobile application
for data display and collecting (Fig. 4a and Supplementary Fig. 12).
For example, users can connect the phone application to make emer-
gency calls by biting the mouthguard with specific occlusal trajectories
(Supplementary Fig.11). Our interactive mouthguard canalso function
asaremote-control handle, such as for remote control of awheelchair
(Fig.4b and Supplementary Video 3). With the addition of the Bluetooth
module, users can control the wheelchair to turn, speed and brake,
as well as to navigate around a standard 400 m running track (Fig. 4c
and Supplementary Fig.13). Validation tests revealed that the interac-
tivemouthguard had aresponse time of less than 0.12 s. Moreover, we
demonstrated the use of our system to control a custom-made virtual
keyboardto play the tune of ‘Happy Birthday’ (Supplementary Video 3),
and part of the output light signals are presented in Fig. 4d. When the
sensor was bitten, the signal processing algorithm was used to clas-
sify the captured luminescence signals and convert them into corre-
sponding musical notes, withadwell time of 0.2 s. The average time to
complete each note was less than 0.8 s, with an accuracy of 98.2%.
Notably, the mouthguard is easy to use; after 70 training sessions,
ahigh level of mouthguard proficiency can be achieved (Fig. 4e).

Efficacy test of ANN-based interactive
mouthguard on specific tasks

We also evaluated the efficacy of the ANN-algorithm-based interactive
mouthguard on specific tasks using occlusal data from two different
mouthguard users. Two participants wore interactive mouthguards
to operate the wheelchair and play the tune to Happy Birthday, and
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the completion time of each task was recorded. After the participants
mastered the operation, 100 sets of occlusal datawere collected to train
various classification models suitable for different users (Fig. 5a-d). For
example, due to different tooth shapes and occlusal habits, two par-
ticipants need different chromaticity classificationboundaries toiden-
tify eight occlusal patterns when controlling the on-screen keyboard
with the mouthguard. After 70 training sessions, both participants
can control the wheelchair and keyboard with proficiency (Fig. 5e).
Using the ANN, participant 1 could control the wheelchair and virtual
keyboard with an average accuracy of 95.5% and 97.2%, respectively,
and participant 2 could control the wheelchair and virtual keyboard
with an average accuracy of 94.2% and 96.7%, respectively (Fig. 5f).

Conclusions

We have reported an interactive mouthguard for the bite-controlled
operation of computers, smartphones and wheelchairs. The mouth-
guard uses contact pads containing mechanical-stimulus-sensitive
phosphorsthat emitindifferent colours when compressed and mp-DOF
sensors to detect the optical signal generated by different occlusal
patterns of the wearer. When combined with machine learning, the
DOF sensors enable the accurate recognition of complex bite patterns
for electronic device operation, whereas the luminescence intensity
can be easily decoupled from chromaticity as another controllable
parameter. The mouthguards are light (weighing under 7 g), com-
pact, use biocompatible materials and offer high force sensitivity and
precision control with minimal training experience (compared with
existing assistive technologies). Although the current prototype
is designed for well-aligned teeth, mouthguards with an irregular
arrangement of mechanoluminescent pads could be created for users
with different teeth patterns or who wear dentures. The mp-DOF
sensors are also an extremely durable transducer that can reduce
energy consumption and promote a more sustainable optoelec-
tronic system. Unlike conventional electronic pressure sensors®°,
luminescence-based pressure sensors are less susceptible to electro-
magneticinterference. However, it should be noted that although parts
of the mouthguard that come into contact with human skin (such as
PDMS and polyurethane elastomers) are considered biocompatible,
they must still be tested for compliance with relevant medical device
standards before use.

Methods

Materials

Material characterization. Mechanoluminescent phosphors of ZnS:M
(M =Mn? or Cu®)@AI,O; particles were purchased from LONCO. The
phosphor size (28 pum onaverage) and morphology were characterized
using ascanningelectron microscope (Tecnai G2 F20 S-TWIN, FEINano
Ports). The sample composition was determined by energy-dispersive
X-ray spectroscopy operated with a Bruker model A300 spectrometer.
X-ray powder diffraction was performed using an X-ray powder
diffractometer (D/MAX-3C, Rigaku).

Mechanoluminescence mechanism. Mechanoluminescence of
ZnS:Mn microparticles is probably governed by piezoelectricity and
photoexcitation effects. On applying strain, the trapped electrons
escapeintothe conduction band of ZnS. The electrons recombine with
hole centres or transfer to the valence band and cause non-radiative
energy release, with some transferring to activated Mn?* ions. The
excited Mn*" ion falls back to its ground state and emits orange light.
The emission peak around 585 nm is generated by the *T,(*G) - ®A,(®S)
transition.

When ZnS:Cu particles are stimulated by an external force, plastic
deformationleads toband bending. Subsequently, electrons trapped
inthe shallow donor level tunnel to the conduction band. When these
electrons recombine with holes, green and blue emission occurs
(Supplementary Fig. 1)*¢,

Design and fabrication of mp-DOFs
Basic design considerations for constructing mp-DOFs. The
mp-DOFs were fabricated by embedding mechanoluminescent phos-
phors (ZnS:M) into an elastic matrix to form awaveguide. The light col-
lectionefficiency critically depended onthe shape and size of the fibres.

Total internal reflection in the optical fibres results from the dif-
ferencein therefractive index between the core and cladding materi-
als. When light travels from an optically dense mediumto aless dense
medium, total internal reflection occurs when the incident angle of
theincidentlight tothe core boundaryislarger than the critical angle,
whichis expressed as follows:

n

sin(@.) = n @

where @, is the critical angle and n, and n, are the refractive indices of
the core and cladding materials, respectively. Only those emissions at
anincident angle larger than ¢ can be transmitted through the fibre
by total internal reflection.

Comparison of light collection efficiency between square and
tapered optical fibres. For asquare optical fibre whose cross-sectional
areaattheincidentend (S;) isequal tothatat the exitend (S.), the ratio
of power at the exit end (P;) to the power at the luminescent source
(P, is as follows:

Pe 28 180° —2¢,

P, 360° 360°

2)
where Sis the collection angle.

When light propagates in a tapered optical fibre (S; # S.), the inci-
dent angle ¢ of each reflection is as follows:

¢ =90° - B+(2m-1a, 3)

where mis the number of reflections and ais the cone angle.

Forapositivelytaperedopticalfibre(S; < S,),a > 0.Fromequation(3),
we know that the incident angle ¢ is increased by 2a for each reflec-
tion, allowing the light with the first reflection angle larger than ¢ to
be transmitted (thatis, 90° - B+ a >@,); thus,

Pe 2B 180° —2¢ +2a

P, ~ 360° 360°

“)

For a negatively tapered optical fibre (§;>S,), a < 0. The inci-
dent angle is reduced by |2a| for each reflection, allowing the light
with the last reflection angle larger than ¢ to be transmitted (that is,
90°-B+(2m-1az=e,.); thus,

P 28 180° -2[p. +(2m—1)|al]

P, 360°

P, = 360 ©)

Thelight transmission efficiency of the three types of optical fibre
under mechanical deformation was simulated using commercial finite
element analysis software (COMSOL Multiphysics v5.6).

Dimensional analysis of mp-DOFs. The mp-DOF was designed as a
rectangular waveguide (width W x height H x length L) embedded with
arectangular mechanoluminescent pad (W, x H, x Len). The location
of the luminescent pad in the waveguide is denoted as (W,, H,), where
W, and H, are the differences in the centre coordinates between the
luminescent pad and waveguidein the width and thickness directions,
respectively. The spacing between the luminescence coresis denoted
asL 4. Wenexttheoretically analyse thelight collection efficiency, which
depends on the size of the fibres.
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First, we consider the luminescent pad to be two dimensional, that
is,Len = 0. According to theimaging theory used for fibre optics, for a
square optical fibre, any ray that emanates from the real source and is
reflected by asurfaceis geometrically equivalent to an undeviated ray
fromavirtual source. Avirtual sourceisidentical to thereal source, and
they are symmetrical about the reflected surface. Multiple reflections
off all the four fibre walls generate a two-dimensional array of virtual
sources in the input plane. We wish to determine the illuminance at a
given position Pinthe output plane of the fibre, whichis equivalent to
the process of tracing the ray back to the virtual light source array in
theinput plane. Therefore, power (P,) at point Pis actually the integral
of the power density of the virtual light sources in a circle with radius
[;tang, centred at point P, that s,

27 lgtang,
P, = f / S(r,6)drdo, )
0

0

where [; is the distance from the virtual light source plane to the out-
putplane, (r, 0) are the polar coordinatesin the input plane and S(r, 6)
is the power density function of the virtual light source array in the
circle. In the mp-DOF, a two-dimensional virtual light source array is
composed of many large rectangles with size W x H x L whose sides are
adjacent. Inside each large rectangle is a small rectangle with a size of
W, x H, x Len.Because only power Sin the small rectangle representing
each luminescent pad is equal to S, and S = O for the area around the
smallrectangles, theintegral inequation (6) isapproximately the area
of all the small rectangles within the circle. Each virtual source in the
array is indicated using a pair of indices (m, n), and equation (6) can
be written as follows:

mW+W,+xq nH+H+y,

Pp(XOsyO) — SOfOC Z me+Wz+Wl+x0an+H2+H1+y0dXdyd(p
m,n R (7)
(0 <x?2+y* < lztang) 0<xg<W,0<yo<H
where (x, y) are the coordinates of the virtual light source plane and
(X0, ¥,) are the coordinates of the output plane; @ is the incident angle
ofeachray. Considering that the length of each luminescent padis Len,
power P, from the three-dimensional luminescent pad is the integral
ofequation (7) intheinterval [0, Len]in the length direction. Equation
(7)isapplicable to every luminescent pad in the mp-DOFs.

We analysed the relationship between the size of mp-DOFs and
the light collection efficiency using COMSOL Multiphysics. The mul-
tiphysics model consisted of ray optics and solid-state physics. The
main parameters include the following: length Len and width W, of
the mechanoluminescent pad, distance between each pad L, width W
and thickness H of the optical fibre, and position H, of the mecha-
noluminescent pad in the thickness direction of the fibre. First, the
thickness of the mechanoluminescent pad was set to 500 pmbecause a
thicker pad would exhaust the light and prevent transmission. We chose
Miire > M4 to prevent optical attenuation due to soft fibre deforma-
tion. When Mgy, > M4, the luminous efficiency is higher when the
mechanoluminescent padis near the fibre’s surface. Considering fibre
service time and luminescence efficiency, we placed the padin the
middle of the fibre. Considering occlusal accuracy and detected
intensity at the fibre end, width W, of the mechanoluminescent pad
was set to 3.0 mm; length and interval, to 5.0 mm; and width and
thickness of the fibre, to 5.0 mm and 2.5 mm, respectively (Supple-
mentary Fig. 3).

Selection of elastomeric material for mp-DOFs. Because the elasto-
meric materials used for the mp-DOFs must efficiently transmit force
and light simultaneously, their mechanical and optical properties must
be considered. The criteria for selecting materials for waveguide pro-
ductioninclude alarge differencein refractiveindex between the core
and cladding as well as high transparency. The mechanical properties

ofthe elastomers used in the mechanoluminescent pad and waveguide
must be simultaneously considered. For ease of description, Young’s
modulus of the elastomeric materials used in the mechanolumines-
cent pad and waveguide are denoted as M,y and M4, respectively. It
was demonstrated that mechanoluminescence intensity exhibits an
approximate quadraticrelation to M,,,, (ref.®). Therefore, M, must be
large. The luminous intensity of the luminescent pad is proportional to
the average first principal stress applied toit. Therefore, we simulated
and analysed the average first principal stress on the luminescent pad
when compression (500 kPa) was applied to the waveguide with differ-
ent Young's moduli. The results indicated that greater the difference
between M,,qand M., the greater is the average first principal stress
applied to the luminescent pad. Since a greatly deformed waveguide
withsmall M4 under mechanical force causes severe optical attenu-
ation, an elastomeric material with larger M,,;4. was selected to con-
struct the optical fibre. To choose elastomeric materials for mp-DOF,
we included a list of commercially available elastomeric materials in
Supplementary Table 2 (refs. **°).

Fabrication of mp-DOFs. In our design, the mp-DOF was a 36 mm
rectangular fibre with a cross section of 2.5 mm (height) by 5.0 mm
(width).ZnS:M phosphors were dopedintosilicagel (parts Aand Bwere
mixed at a10:1ratio) for fabrication of the mechanoluminescent pad,
and the mass ratio of ZnS:M to silica gel was 8:2. The optical fibre was
fabricated by asimple moulding process. First, the luminescent pad was
produced by injecting evenly mixed ZnS:M phosphors andsilicagelinto
arectangular bar (5.0 x 3.0 x 0.5 mm) through a syringe and leaving it
to thermally cure at 80 °C for approximately 30 min. Thereafter, the
mixed silicone LS-6946 (parts A and B were mixed at a10:1 ratio) was
applied to the luminescent pad to form halfthe transparent waveguide.
Then, demoulding of the solidified fibre was performed and the other
half of the transparent waveguide was cast using silicone LS-6946. The
waveguide was thermally cured at 70 °C for approximately 30 min.
Finally, two coating steps were employed. The first was to cover the
surface damage of the waveguide during demoulding using silicone
LS-6946, whereas the second was to fabricate the cladding of the optical
fibre by coating PDMS (SYLGARD 184; parts Aand Bwere mixed ata10:1
ratio) onthefibreand curingitina70 °C oven for 30 min. The thickness
of the cladding was 200 um (Supplementary Fig. 4).

Force sensitivity of mp-DOF. The mp-DOF has alayer of mechanolu-
minescent phosphors and atransparent transmission layer. We simplify
the fibre into two coaxial cylinders (luminescent material layer and
transparent transmission layer). According to Lamé’s formula, the
relationship between fibre strain and applied force can be established.
When a cylinder with a multilayered slender structure is subjected to
theradial pressure exerted from the outside, the relationship between
the radial, axial and circumferential stress and strain of each layer is
expressed as

£(n) A(n) +2u(n)  A(n) A(n) 0,(n)
[se(n)‘ =l Ay A +2u(n)  An) x| gg(n) |, (8)
£,(n) A(n) Ay A(n) + 2u(n) 0,(n)

where n represents the number of layers. Here o,(n), o,(n) and o,(n)
represent theradial, circumferential and axial stresses of the nthlayer
structure, respectively. Also, £.(n), 4(n) and £4(n) are the radial, cir-
cumferential and axial strains of the nth layer structure, respectively.
Furthermore, A(n) and u(n) are the first and second Lamé parameters
ofthe nth layer material, respectively, which canbe determined by the
following formulas:

v, X E,
1+v,)(1-2v,)

En

Atm) = 2(1+u,)’

)

, p(n) =
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where E, and v, represent the elastic modulus and Poisson’s ratio of
the nthlayer material, respectively.
Therefore, the axial strain of the luminescent material layer under
pressure Pcanbe obtained as
2v,p

&(1) = =22,

£ (10)

Whenthe fibre sensoris subjected to pressure, according to the shear
lag theory, shear stress is generated at the interface between the trans-

parent transmission layer and phosphor layer; therefore, the axial strain
of'the phosphor layer is

ZUa/Ea — ZUb/Eb
[1+ b

hw—r=r? E,

Ae=p (11)

where E, and v, represent the elastic modulus and Poisson’s ratio of
the transparent transmission material, respectively; E, and v, are the
elasticmodulus and Poisson’s ratio of the mechanoluminescent phos-
phor layer, respectively. Also, r represents the radius of the emission
layer and hand w are the thickness and width of the transmission layer,
respectively.

Accordingto equations (10) and (11), the axial strain generated by
the emission layer under radial pressure Pcan be obtained as

2 2u,/E, — 20p/E
g:gz(1)+Ag=M+pM

G T

hw—n=r2 E,

12)

Therefore, sensitivity k, of fibre pressure sensor is expressed as

_ 2!}b

2Ua/Ea _2Ub/Eb
P~ Eb

[1+ il xE—h].

hw—r=r2 E,

k 13)

Performance evaluation of mp-DOFs

Force response test. To measure the force response, we used a z-axis
stage to repeatedly press a force gauge onto the mp-DOF with aforce
of 5-30 N in 5N increments (Supplementary Fig. 5). The real-time
force was measured by the force gauge. The light emission was col-
lected using a spectrometer (Ocean Optics QE Pro). Using afibre optic
spectrometer, the lightintensity is obtained by integration over time,
which is proportional to the exposure time. The force response was
tested with anintegration time of 128 ms.

Temperature response test. The setup for the temperature response
test was the same as that used for the force response test, except that
the mp-DOF was placed on a heating plate with a digital display. A
compression force of 15 N was applied to the green-emitting pad, and
the temperature was increased from 20 to 50 °Cin 10 °Cincrements.

Dynamic test. The response time of the mp-DOF was explored using
az-axis stage torepeatedly and quickly press the force gauge onto the
fibre. Afibre optic spectrometer and force gauge were used to record
the luminescence and force, respectively. The integration time of the
spectrometer was 50 ms.

Cyclic fatigue test. A cyclic extension experiment was conducted
on a customized mechanical motion platform that could cyclically
stretch the fibre. The two frequency-controlled electric translation
stagesrepeatedly moved towards and away from each other to achieve
repeated stretching of the optical fibre. Light emission was collected
from the fibre’s side using the spectrometer. The mechanolumines-
cent pad mixed with ZnS:Cu?" and ZnS:Mn?'/Cu?" was measured for

2,000 cycles. A compression cycle test was performed using a z-axis
stage to repeatedly compress a force gauge onto the mp-DOF with a
forceof 30 N, and light emission was collected using the spectrometer.
Thebending cycle test was conducted by placing the mp-DOF between
two parallel stages: one is fixed and the other moving back and forth
in controlled increments. After 2,000 cycles of compression, tensile
and bendingtests, the difference in luminous intensity was within 5.5%,
5.1% and 6.3%, respectively.

Simulation for multifunctional sensing

The mechanism of a multifunctional soft sensor composed of a
double-layer mp-DOF was simulated using COMSOL Multiphysics,
which indicated that the sensor was capable of distinguishing the
deformation modes of compression, stretching and bending. The
simulated structure included two layers of mp-DOFs, separated by a
layer of opaque medium with Young’s modulus of 0.5 MPa. The light
transmittance of the luminescent pad was 5%, and Young’s moduli of
the luminescent pad and waveguide were 2.0 and 1.5 MPa, respectively.
The size of the luminescent pad was 0.5 mm x 3.0 mm x 6.0 mm, and
thelength of the optical fibre was 16.0 mm. For ease of description, the
upper fibre and embedded luminescent pad are referred to as fibre 1
and pad], respectively, and the lower fibre and embedded luminescent
pad arereferred to as fibre 2 and pad 2, respectively. On pressing, the
average principal stress on pad 1(£,) was much larger than that on pad 2
(E,), and the optical transmission rate of fibre 1(S;) was also larger than
thatof fibre2(S,). Under tensile force, F; = £, and S, = S,. When the fibre
was bent upwards, F; < E;and S, < S, (Supplementary Fig. 7).

Tests of multifunctional soft sensor

Compression response test. A double-layer mp-DOF was pressed
using the same setup and configuration as those employed for the force
response measurements described in the ‘Performance evaluation of
mp-DOFs’ section. Two colour sensors connected to the fibres meas-
ured the light intensity of each fibre. The spectrometer was placed in
the middle of the double-layer mp-DOF end to measure the spectrum.

Stretching response test. A double-layer mp-DOF was stretched
on a customized linear translation stage, similar to the setup used in
the cyclic extension test described in the ‘Performance evaluation of
mp-DOFs’ section. One end of the fibre was fixed, whereas the other
end was connected to areciprocating linear translation stage.

Bending response test. A double-layer mp-DOF was placed between
two parallel stages. One stage was fixed, whereas the other moved
forwardin controlled increments, causing bending of the luminescent
padinthefibre. The tensile force in the forward direction of the stage
was measured with a force gauge.

Circuit design and characteristics

Because the mp-DOFs are mechanoluminescence powered with zero
power consumption, the main sources of system power consumption
are the colour sensor (AS73211), power supply chip (TLV62569) and
Bluetooth chip (DA14585). AS73211is anintegrated colour sensor with
low power consumption (3.0 V, 1.5 mA) and low noise. It achieves an
accuracy of up to 24 bit signal resolution with anirradiance responsiv-
ity of 0.5 pW cm™. To achieve stable, high-precision measurements,
the digital and analogue grounds of the circuit were divided, and the
power supply was equipped with a large capacitor to reduce circuit
noise as much as possible. The sensor was connected to DA14585 via
I’C. DA14585 integrating an ARM Cortex-MO microcontroller isa 5.0
Bluetooth chip with low power consumption, -20 dB transmission
sensitivity and -93 dB receiver sensitivity. Four AS73211 sensors were
connected to a Bluetooth chip by sharing the I’C interface address.
The working voltage was 3.0 V. The working current of the Bluetooth
transceiver was 3 mA and the working time was 10 ms s™. Thus, the
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total average power consumption of the interactive mouthguard under
normal operating conditions was calculated to be 9.09 mW.

Toreducethesize of the device, we selected asmalllithium battery
(10.0 x10.0 x 1.6 mm) as the power supply, with a battery capacity of
60 mAh. Whentheinteractive mouthguard operates with real-time data
processing and Bluetooth communication, the entire system can con-
tinue to work for approximately 24 h without recharging the battery.

All the circuit components were arranged on a flexible printed
circuit board with athickness of 80 pm. The size of the main circuit was
9.0 x12.0 x 1.6 mm, and the circuit was completely embedded in the
mouthguard. The largest circuit component was the Bluetooth chip
(5 mm x 5 mm). The weight of two mp-DOFs was 1.2 g, and the weight of
theflexible circuit board was 0.2 g. The weight of the batterywas1.2 g,
and the total weight of the interactive mouthguard was 2.6 g. Thermal
images of the circuit board revealed that circuit heating did not exceed
1°C after 90 min of operation. Moreover, the electromagnetic radia-
tion intensity of the circuit was equivalent to that of mobile phones
(Supplementary Fig. 8).

Integration and assembly of interactive mouthguard

After the processed mp-DOFs and colour sensors were interconnected,
they were connected to the Bluetooth chip on the circuit board by a
thin flexible wire, and the Bluetooth chip transmitted data to mobile
phones or personal computers. Then, the entire system was integrated
into a mouthguard made of thermoplastic polyurethane elastomer.
Thermoplastic polyurethane has excellent comprehensive proper-
ties such as high strength, high toughness, abrasion resistance and oil
resistance, and is widely used in medical, food and other industries. To
facilitate biting, a convex plate was provided at the upper position of
the corresponding luminescent pad so that users could determine the
bite position more flexibly and accurately. The PDMS elastomer used to
seal circuit components such as batteriesis biocompatible, transparent
at optical frequencies and mechanically robust.

Occlusal patternidentification

Therawdataincludedsix CIE spectral tristimulus values fromtwo colour
sensors: X;, X,, Y, Y5, Z,and Z,. To increase the classification accuracy,
we converted X, Yand Ztristimulus valuesinto the CIExyY colour space:

X Y

“xiviz? T X¥v+z (14)

Fourteen patterns that were comfortable for biting were selected
to develop the applications. Therefore, the goal of the processing
algorithm was to determine which of the 14 patterns the current bite
pattern belonged to based on four input values (x;, x,, y; and y,). The
results processed using threshold evaluation, DT, SVM and ANN algo-
rithmwere compared.

The threshold evaluation algorithm simply preset the threshold
valueofeachinputsignal. The DT, SVM and ANN algorithm werein the
built-inapplicationtoolboxes of MATLAB 2021b: Classification Learner
and Neural Pattern Recognition. For the ANN, atwo-layer feedforward
neural network comprising sigmoid hidden and SoftMax output neu-
rons was used. This neural network had an input layer of four nodes.
The output layer consisted of 14 nodes, and the SoftMax function was
used to predict one estimated state among the 14 states. There was a
hidden layer between the input and output layers with ten nodes. The
activation function used was the sigmoid function. The SVM algorithm
was a quadratic SVM model with a quadratic polynomial kernel func-
tion, and the DT algorithm was a fine tree model.

The participants wore the smart mouthguardintegrated witha2 x 3
mp-DOF array and 14 bit patterns to obtain a dataset. There were more
than 300 data points for each pattern. After being preprocessed using
equation (8), 75% of the data were fed into each algorithm for training.
Thetrained models were used to identify the remaining 25% of the data.

The classification accuracy of the threshold evaluation was 89.0%.
Threshold evaluationis relatively simple; however, it has low accuracy
andis difficult to apply toflexible interactions. Moreover, itis difficult to
directly and independently set the threshold, making machine learning
anecessity. With accuracy rates of 98.4% and 98.0%, respectively, the
ANN and SVM had advantages, and the ANN was selected as the classifi-
cationalgorithm for prototype development (Supplementary Fig. 10).

Prototype applications

Designing mouse and keyboard functions. For the mouse func-
tion, the up, down, left, right, left-click and right-click functions of a
mouse corresponded tobite patterns 3, 8, 6,10,1and 11, respectively. In
addition, the navigation distance was defined according to the ampli-
tude of the bite force and luminous intensity. We used the interactive
mouthguard to open, use and close a web browser. For the keyboard
function, the up, down, left, right, enter, and switch between alphabetic
and numeric keyboard functions corresponded to bite patterns 3, 8,
6,10,1and 5, respectively. To test the accuracy and efficiency of the
keyboard function, we created a Microsoft Word document, and then
repeatedly wrote the word ‘LOVE” and number ‘3.14’ (Supplementary
Fig.11). The duration to complete the input of all the characters did not
exceed 32 s (the duration was from the time the participant activated
the keyboard until the last character was entered).

Designing virtual keyboard. We designed an on-screen keyboard
with a total of ten keys. The tune Happy Birthday containing eight
notes could be played using the keyboard. Bite patterns 5, 3,1,10, 8, 6,
11and 12 corresponded to musicalnotes C, D, E,F, G, A, Band C (high),
respectively. When subjected to biting, the sensor captured the input
signal and performed classification. It then directed the keyboard to
play the corresponding note.

Designing wheelchair navigation. The wheelchair used was a stand-
ard electrical wheelchair (W5517, Inuovo). Bite patterns 3, 8,10 and
6 corresponded to the forward, backward, turning left and turning
right functions, respectively, and bite pattern 5 controlled switching
betweenstarting and braking. Wheelchair control was achieved using
the Bluetoothinterface. During operation, occlusal pattern datawere
first transmitted to the computer via Bluetooth chips. After the data
were classified and processed, the corresponding action command
was sent to the wheelchair viaanother Bluetooth chip. The circular and
figure-of-eight complex trajectories of the wheelchair controlled by
biting demonstrated the flexibility of the system, and five tests on the
same trajectory revealed the stability of the system.

Customized mobile phone application design. Asmartphone appli-
cation (App) was designed to operate with the interactive mouthguard
and provide auser-friendly interface for datadisplay and collection. To
use thisapplication, the user should first put on the interactive mouth-
guard and openthe Appinstalled onthe smartphone, and then estab-
lishasecure Bluetooth connection between the App and mouthguard.
Subsequently, the App can receive and display the data stream from
the mouthguard in real time. The App is capable of plotting a graph
of these data streams versus time during the user’s physical activity.
Dataand graphs canbe stored onthe device, uploaded to cloud servers
online and shared viasocial media. Additionally, with the App, users can
make emergency calls through different bite patterns (Supplementary
Fig.12). The currentimplementation was programmed in the Android
environment, and similar applicationinterfaces can be developed for
other operating systems, such asiOS.

Data availability

The datathatsupport the plots within this paper and other findings of
the study are available from the corresponding authors upon reason-
ablerequest.
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Code availability

The code is available from the corresponding authors upon reason-

ablerequest.
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