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ABSTRACT

Neglecting proper oral hygiene has proven to potentially
lead to severe oral disease, resulting in complications over
time. Careful brushing can mitigate the problem, but it is
common for individuals to dedicate insufficient time to the
various areas of their teeth. We propose LiT to monitor the
brushing situation of 16 Bass technique surfaces in real-time.
LiT relies on commercial toothbrushes with blue LEDs as
a transmitter and requires only 2 low-cost photosensors as
receivers on the toothbrush head. However, the transmission
channel of light in the oral cavity is unclear. Finding the
optimal deployment positions and minimizing the number
of photosensors is challenging. To tackle these obstacles, we
design the positioning of the 2 photosensors and create a
transmission model within the oral cavity to verify the feasi-
bility theoretically. Additionally, obstacles in implementation
include separating brushing action accurately, interference
of light on the outer surfaces of front teeth, and individual
variability. To overcome these challenges, we develop cor-
responding technologies and a comprehensive framework.
Experiments with 16 users show that LiT achieves a highly
accurate recognition rate of 95.3% with an error estimate
for brushing duration of 6.1%. Furthermore, LiT also proves
resilient under user motion and environmental interference.
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1 INTRODUCTION

Motivation: Oral diseases like caries and gum disease caused
by poor oral hygiene are prevalent worldwide, and affect peo-
ple from all age groups [1]. Furthermore, poor oral hygiene
can catalyze various other diseases, including respiratory,
digestive, arthritis, cardiovascular, and kidney disease [2].
Pathogenic bacteria in dental plaque are the primary cause
of these diseases [3, 4]. Fortunately, brushing teeth carefully
in the proper duration can reduce plaque and prevent oral
diseases [5]. Nonetheless, the time spent by ordinary people
brushing on different tooth surfaces is uneven, which leads
to severe negative impacts on oral health [1, 6-10]. For exam-
ple, people spend more time brushing the visible vestibule
and occlusal surface, and less time on the inner and outer
surfaces of the molars or even miss them [6, 7]. Insufficient
brushing can lead to plaque accumulation on some tooth sur-
faces, while excessive brushing can cause damage to gums
and enamel in certain areas. Both scenarios can lead to costly
oral diseases and complications over time [1, 8-11].

Hence, to enhance the users’ tooth-cleaning benefit and
efficiency, various methods for monitoring tooth brushing
have been proposed, including using cameras, microphones,
inertial sensors, and magnetic sensors. Although camera-
based methods [12-14] can determine the orientation of a
toothbrush through external cameras, they are expensive
and impractical to use, especially in low-light conditions and
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raise privacy concerns. Similarly, microphone-based meth-
ods [15-17] are limited in their recognition accuracy and are
adversely affected by environmental noise. Inertial sensor-
based methods [6, 18-20] face accuracy decline from ac-
cumulated drift errors and struggle with user motion and
vibrations. Magnetic sensor-based methods [19, 21] are in-
convenient to deploy and are affected by electromagnetic
interference and user motion. Overall, these methods are lim-
ited by high costs, impractical deployment, low accuracy, and
poor robustness. Therefore, addressing these shortcomings
in toothbrushing is necessary to meet commercialization.
Our Approach: Can a low-cost, easy-to-deploy sensing para-
digm be used for robust and highly accurate toothbrushing
monitoring across various environments and motion con-
ditions? Due to the uniqueness of each oral cavity area, a
more sophisticated lidar would have the capability to track
and monitor the precise location of the toothbrush within
the oral cavity. The blue LED lighting increasingly found
in toothbrushes for bacterial control [22-24] gives us this
opportunity. Because the transmission and reflection of LED
light are distinct due to variations in the mouth’s structure,
a well-placed photosensor would do well to implement this
lidar. As shown in Figure 5, we propose LiT, which adds two
low-cost photosensors to the toothbrush head to monitor the
brushing through the dynamic light intensity change. LiT
is robust since it shields ambient interference, such as light,
sound, and electromagnetic fields, and the user’s motion in-
terference, such as moving and turning the head. Moreover,
it is low-cost and easy to deploy, which is much more accu-
rate than external sensors like cameras, magnetic sensors,
inertial sensors, and microphones.

Challenges and Solution: Although the proposal seems
promising, implementing this concept into an actionable
system should overcome a series of obstacles, such as: (i)
Firstly, the transmission channel of light in the oral cavity is
unclear. The optimal deployment positions and minimizing
the photosensors are significant challenges. We analyzed the
Bass technique’s characteristics, the oral cavity’s structure,
and the toothbrush head’s luminous properties to determine
the deployment positions of the two sensors. A light trans-
mission model was established to verify the feasibility theo-
retically. (ii) Secondly, the overabundant intensity light can
hinder distinguishing the users’ brushing action if we only
use the photosensors. We found a unique character in the
brushing signal with stable periodicity and symmetry to over-
come this challenge. This allows us to identify and segment
the brushing motion accurately. (iii) Thirdly, brushing the
outer surfaces of the front teeth can be disturbed by strong
ambient light. We separated this particular case from the
signal and proposed a compression formula to eliminate the
interference. (iv) Fourth, individual variability among users
produces signal fluctuation. We extracted stable relationship
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features between 2 sensor signals to counter instability and
amplify the discrimination of the brushing surfaces.
Summary of Experiment Results: In our evaluation with
16 participants, LiT demonstrated an average recognition
accuracy of 95.3% for 16 Bass technique surfaces, with an
estimated error of brushing duration of 6.1%. The training
model exhibited cross-user versatility and temporal stability.
More importantly, LiT overcomes the robustness of current
brushing monitoring systems. It can be used for both manual
and electric toothbrushes and maintains robust performance
under various light conditions and user motion.
Contributions: We first propose using toothbrush light for
monitoring brushing, extending light-sensing use case to
brushing monitoring. Compared with existing paradigms,
our method has the advantage of shielding from environ-
mental interference and user motion. Then, we build a model
of light propagation in the mouth to reveal the working prin-
ciple and theoretical feasibility. Next, we propose a brushing
signal segmentation algorithm, ambient light interference
cancellation technology, and feature extraction technology
to ensure time-accurate and accurate brushing monitoring.
At last, we deployed LiT and evaluated on 16 users. The re-
sults show LiT has good brushing monitoring capabilities,
cross-user versatility, and temporal stability. LiT can also
be used for manual and electric toothbrushes and maintains
strong performance under various experimental conditions.

2 RELATED WORK

In this section, we review the related literature of LiT.

Oral health approaches. The mobile computing com-
munity has presented mobile health methods related to oral
health to improve oral health behaviors, such as guiding
users with short messages [25, 26], integrating correct brush-
ing posture guiding into the intelligent mirror [27], using
the game-based feedback mechanisms [13, 14, 28], checking
and detecting oral diseases by taking photos from smart-
phones [29, 30], provide health notifications [31, 32], provid-
ing dental plaques number feedback [33], and using social
interaction to motivate users [34].

Toothbrushing monitoring. [19] and [21] respectively
use the magnetic sensor in the wristband or on the wall to
capture the magnetic field generated by the toothbrush’s
built-in magnet and the vibration motor to achieve tooth
brushing monitoring. Still, they are inconvenient to deploy
and vulnerable to user motion and electromagnetic inter-
ference. Playful Toothbrush [12] uses the camera in front
of the user to recognize the special pattern of the tooth-
brush handle. Face tracking is added to reduce false positives
further [14]. However, vision-based methods are relatively
expensive and inconvenient to deploy. Moreover, they can-
not be used in weak light and may cause privacy concerns



LiT: Fine-grained Toothbrushing Monitoring with Commercial LED Toothbrush

[35]. The microphone of the mobile phone [17] and headset
[15, 16, 36] can be used to distinguish brushing areas. But
microphones can be easily disturbed by noise and cannot be
used with electric toothbrushes [21]. Some studies embed-
ded inertial sensors in toothbrush handles [18], while others
leverage smartwatch inertial sensors for brushing monitor-
ing [6, 19, 20]. However, the accumulation of drift errors
negatively impacts accuracy [37], especially under the influ-
ence of user motion and electric toothbrush vibration [21].
In general, the existing methods suffer from limitations: high
cost, requirement of additional equipment, low accuracy, and
poor robustness against environmental and user motion fac-
tors. In contrast, LiT overcomes these limitations. LiT only
requires the integration of two low-cost photosensors on the
toothbrush head without the need for additional equipment.
Moreover, LiT’s sensors are positioned inside the mouth dur-
ing brushing, which not only keeps the sensors relatively
stable to the user’s mouth regardless of how the user moves,
but also shields ambient light interference. Our innovative
intraoral perception approach is unique compared to prior
methods that involve sensors outside the mouth.

Light perception. Light, as an electromagnetic wave, is
not only used for communication [38-41], but it also plays
a crucial role in ubiquitous sensing. The ceiling lamp after
encoding spatial information can be utilized for indoor posi-
tioning [42-44] and human sensing [45, 46]. The attenuation
of light in air and the reflection and absorption of light by the
hand are used for gesture recognition [47-49], finger track-
ing [50, 51] and identity authentication [52]. The unique
absorption spectra of different substances are used for wine
monitoring [53, 54] and food recognition [55, 56]. Because
the contraction and expansion of blood vessels affect the
absorption of green light by blood, green light is also used to
measure pulse [57], blood oxygen concentration [58], blood
pressure [59, 60] and even identity authentication [61, 62].
In contrast, we first explored the feasibility of using light for
low-cost tooth brushing monitoring and designed and devel-
oped systems with high accuracy and robust performance.

3 BASICS AND HARDWARE DESIGN
3.1 Bass Technique

The Bass technique, recommended by the American Dental
Association (ADA), divides the teeth into 16 surfaces, includ-
ing inner, outer, and occlusal surfaces (Figure 1), for proper
cleaning [63, 64]. Brush strokes, depicted in Figure 2, are cat-
egorized into up-and-down and back-and-forth motions. To
clean the inner and outer surfaces of front teeth and molars,
position the toothbrush at a 45° and use gentle up-and-down
strokes (tooth-wide). For molars’ occlusal surfaces, employ
back-and-forth strokes [65, 66]. Note that strokes should be
parallel to the toothbrush for the inner surfaces of front teeth
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and molars’ occlusal surfaces, and perpendicular for other
cases.

3.2 Structure of Oral Cavity

According to Figure 3, the oral cavity comprises various
structures, including lips, cheeks, palate, tongue, gingiva,
and teeth. The front teeth are horizontally arranged at the
front of the oral cavity, while the molars are perpendicular to
the front teeth and situated behind them. The outer surfaces
of the front teeth are connected to the gingiva and covered by
the inner lip. The outer surfaces of the molars are connected
to the gingiva and surrounded by cheeks. The inner surfaces
of the upper teeth are connected to the palate, while the inner
surfaces of the lower teeth are connected to the gingiva and
attached to the tongue. The occlusal surfaces of the molar are
perpendicular to the inner and outer surfaces. Notably, the
upper teeth are wider than the lower teeth, approximately
half the width of the molar (5mm). Through preliminary
analysis, it was found that the spatial characteristics of front
teeth and molars, inner and outer surfaces, occlusal surfaces,
and upper and lower teeth are distinctive. Nevertheless, the
characteristics of the left and right molars do not demonstrate
a substantial difference. For instance, the outer surfaces of
the left and right molars are covered by the cheeks.

3.3 Toothbrush Head Luminous Properties

Commercially available blue light toothbrushes deployed 2 to
4 blue light LEDs at the base of the bristles of the toothbrush
head. LEDs’ light is emitted from the surface of the bris-
tles after being reflected and transmitted (refracted) by the
bristles. Since the light emitted from the bristles is close to
the reflective surfaces (e.g., teeth and gum) during brushing,
it cannot be considered as parallel light. We treat the light
emitted from the bristles as a collection of point sources (top
and curved surface of an elliptical cylinder). As the reflection
and refraction inside the bristles are difficult to model, we
observed the luminous properties experimentally. As shown
in Figure 4(a), the photosensor was placed very close to the
bristle surface (3mm) in a parallel position in the dark envi-
ronment, and the entire bristle surface’s luminous properties
were collected by constantly moving the photosensor. As
shown in Figure 4(b), we found that the intensity distribu-
tion of the point source on the top and curved surface was
relatively uniform. Moreover, the light intensity of the point
light source on the top (4661-10693 lux) was significantly
greater than that on the curved surface (1210-1576 lux) due
to less blockage by the bristles. However, when brushing, the
top of the bristles are always against the teeth, so the point
light from the top is blocked. Therefore, the toothbrush light
source can be simplified to a set of point light sources with
uniform light intensity on the curved surface of an elliptic



ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

Outer surfaces of upper front teeth

er surfaces §f -

S

W

Kaixin Chen!, Lei Wang!, Yongzhi Huang??, Lu Wang"*, Kaishun Wu?3

Toothbrush Upper lip

— O ] Upper incisors
orientation

Upper canine

R

RN/
éﬂﬁl

* Up-and-down

g o upper front teet! trok
ouer [ &8 Outer v  stroke Upper molars <4
surfaces of f/ € & Inner Inner surfaces of Back-and-forth £ Palat
upper right//. # Zsurfaces  surface upper left - — D alate
molars év S’ of upper  of upper {3 molars Brushing outer Brushing inner stroke ‘g Cheek
S & right et |5 - .
£ 8 molars  molars | © 2 surfaces of front teeth  surfaces of front teeth ®  Original point
6%_“ Inner Inner | & ™% r
%’.‘»\\ surfaces  surfaces | &
S 8| of lower  of lower @
G\ right left |3 Tongue
e
lower right \& Sh\!"er surtaces /57 & o o Lower molars <
molars @ o \of lower front//$ & molars X L
” N teet Brushi " Brushing i Brushin | - Lower canine Gingiva
R rushing outer rushing inner rushing inner L L X
ower incisors i
surfaces of molars surfaces of molars  surfaces of front teeth Lower lip

Outer surfaces of lower front teeth

Fig. 1. 16 Bass technique

surfaces. are brushed).

10000
8000

6000

Light intersity {lux)

4000

2000

(b)
Fig. 4. (a) Measurement experiment setup. (b) Luminous
properties of the bristles.

cylinder. We evaluated 5 different toothbrushes in Section
7.5 and obtained a consistent conclusion.
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The orientation of
the photosensor 1
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-

The orientation
the toothbrus!

Fig. 5. Photosensors positions and sensor labels for
each view.

3.4 Hardware Design

3.4.1 Consideration of Photosensor Deployment Position.
Our goal is to optimize sensor placement to showcase the
characteristics of Bass technology and oral cavity structure
in the received signal. After careful consideration and exten-
sive experimental tests, we deployed two photosensors at the
side of the toothbrush, near the top, and at approximately
60° from the toothbrush orientation, as depicted in Figure 5.
We thoroughly analyze all the factors of this issue.

(i) Combined with Section 3.3 (luminous properties), as
shown in Figure 6(a), the sensor faces away from the lumi-
nous surface to block direct light. The sensor should also
maintain a shorter travel distance to ensure a stronger re-
flection of light. If the photosensor is deployed on the front
of the toothbrush (Figure 6(b)), more light will directly enter
the photosensor, which may overwhelm the reflected light-
containing features. If the photosensor is deployed on the

Fig. 2. Bass technique (showing how the teeth
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Fig. 3. Structure of the oral
cavity.

back of the toothbrush (Figure 6(c)), only a tiny amount of
light can barely enter the response angle of the sensor.

(ii) According to Section 3.1, there are two situations be-
tween the stroke direction and the toothbrush orientation,
that is, parallel or vertical. As shown in Figure 7, our sensor
orientation can receives signal changes in both directions.
Note that the change of light intensity perpendicular to the
toothbrush orientation significantly impacts the total signal
intensity because of a smaller angle between them.

(iii) From Section 3.2, there is no obvious feature difference
between the left and right molars. However, when brushing
the left and right molars, the rolling angle of the toothbrush
is exactly the opposite (Figure 8). We deployed the sensors
on either side of the toothbrush. Using the asymmetry of the
two sensor signals, we can distinguish left and right molars.

3.4.2 Hardware Design Details. We used the Texas Instru-
ments OPT3002 ($0.581) as the photosensor with a range
of 300nm-1000nm. Figure 9 is the LiT circuit diagram. The
ADDR pins of the two photosensors were connected to the
GND and VCC pins of the Arduino, respectively, to assign
different addresses. The decoupling capacitor of 0.1uF kept
the supply voltage stable. To facilitate the sensors’ deploy-
ment on the toothbrush’s side, we designed two long flexible
PCBs (223.1 mmx3.8 mmx0.7 mm) and glued them to the
toothbrush using silicone rubber. The sensor’s surface was
covered with a layer of about 0.6mm transparent food-grade
silicone rubber, which prevented saliva from short-circuiting
the sensor and ensured excellent light transmittance. After
86 hours of moisture curing in an environment with ap-
proximately 62% humidity, the system passed the short-time
immersion test (IPX7 waterproof standard). The sampling
rate was preset at 10Hz to ensure low power consumption.

4 CHANNEL MODEL OF BLUE LIGHT IN
ORAL CAVITY
In this section, the channel model of blue light in the mouth

is derived to introduce the working principle, and the theo-
retical feasibility is demonstrated by numerical simulation.



LiT: Fine-grained Toothbrushing Monitoring with Commercial LED Toothbrush

Response angle
f photosensor

The orientation of
< the photosensor 1

Response angle

Reflective surfaces
like cheeks

The orientation of
the photosensor 1

(@

Photosensor 1 S8 Photosensor 2

Lower left molar

Lower right molar

Fig. 8. Symmetry in
the oral cavity.

4.1 Single Light Channel Model

As shown in Figure 10(a), a beam of light is emitted from the
light source point L on the toothbrush surface, propagated
to the reflection point R (e.g., the tooth surfaces), and then
received by the sensor S. The propagation process includes
four parts of attenuation: the propagation loss from L to R
is Argr, the surface loss at the reflection point R is Ag, the
propagation loss from R to S is Ags, and the reception loss at
sensor S is As. We believe that all reflections in the mouth
are diffuse reflections. Therefore, according to Lambert’s law
[67], the reflected light intensity is proportional to the cosine
of the angle between the normal of the reflecting surface and
the incident light source, that is, Ag o< cos 6; and Ag o cos ;.
Moreover, The attenuation of light propagation through the
air follows the inverse square law [68], that is, A g = dlf and

oo

Fig. 9. Circuit diagram of LiT.

ARs = dl‘;' Therefore, the intensity of a single beam of light

received by receiver S can be expressed as:

cosf; cos0O,
d? d§

1

1)

Is=Ip-c-Ap-AR " Ags-As =1 -c-
where I; is the light intensity of L. ¢ is the reflectivity of S.

4.2 Dynamic Light Intensity Function

Take brushing the outer surfaces of the upper molars as
an example. We first prove that we can only analyze the
section shown in Figure 10(c) to simplify the calculation.
As shown in Figure 10(b), a spherical coordinate system
is established with the L as the origin, where the y-axis is
parallel to the toothbrush and the z-axis is perpendicular
to the gingival surface. Consider 2 reflection points A and
B on the same horizontal line on the gingiva, where A, L,
and S are on the xOz plane, and B is not on the xOy plane.

(IZZ (72;) = 6y and <I74 L_B)> = a. Since the angle between LA
and LB is not large, we assume that A and B are on a spherical
circle perpendicular to the z-axis, that is, <L_B>, (_)_z>) = 0.
Because the normal vectors of A and B are parallel to the
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Fig. 6. Light channel diagram of the photosensor deployed on (a) the
side, (b) the front, and (c) the back of the toothbrush.

Fig. 7. The orientation of the photosen-
sor intersects both 2 strokes.

— —
z-axis, cos (AL, 0) = cos(BL, ) = cosf. On the other

hand, d; g = C‘fé*:‘x and I; and c are constants. Therefore, I; g =
I -c- (C;ngl)z = Ir 4 cos? . In the same way, Igs = Ixs cos®

cos

can be proved. Therefore, I;gs = Ipas cos* a. During the
process of rotating the toothbrush, the angle o between the
point on the same horizontal line and A remains almost
unchanged. Therefore, the reflected light intensity on the
same horizontal line can be expressed as k - I 45, where k is

a constant coefficient.

Brushing is done by rotating the brush head around the
handle and making short strokes. As shown in Figure 10(d),
we took the toothbrush head as the origin of the coordinate
system, and focused on the impact of the change of the rota-
tion angle 6. The width of the toothbrush A and the distance
between the toothbrush and the tooth g are regarded as con-
stants, so S(x,y) = (hcos 0, hsin0), L(x,y;) = (t;%, Y1)
and R(x2,y2) = (a,y2) and light intensity received by S can
be written as the formula about 0, y;, y»:

cosf; cosb,
2 2
d d,

l311‘,7,)(11 — hsin ) +cos 0(a — taynlg

Is(0,y1,y2) =IL - c-

sinf(a —

)(y2 — hcos 6)

—IL'C

[(a= 250"+ (92— y)*1 2 - [(@ hsin0)? + (g, — heos0)2] 2
@
By integrating the gingival plane (y2) where the reflection
point is located and the toothbrush luminous surface (y1)
where the light emitting point is located, the reflected light
intensity of the gingival surface to the toothbrush luminous
surface can be obtained:

Is,mree (0) = // 150, 41, 92) dys dys 3

Finally, sum the reflected light intensity of multiple reflect-
ing surfaces to get the received total light intensity:

N
Ly (0) = D s (0) )

where N is the number of reflecting surfaces. As shown in
Figure 10(e), the value of N can be different. The rotation
angle 6 of the toothbrush is related to the brushing time ¢, so
the light intensity function is a dynamic function Is__ (6(t))
related to time t. Note that we only consider the effect of the
single reflected light on the sensor because the exponential
propagation attenuation has been significantly attenuated
to negligible after multiple reflections.
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Fig. 10. (a) Single light channel model. (b) Spherical coordinate system with L as the origin. (c) Section perpendicular
to the toothbrush. (d) Cross-section of reflected light. (¢) The number of reflective surfaces is different when

brushing different surfaces.

4.3 Numerical Simulation Results

We assume that the height and width of teeth and gums
were both 1cm, and the upper molar protruded outward by
0.25cm. When brushing, there was a 1cm gap between the
upper and lower molars. As shown in Figure 10(e), the curve
of the cheek was a partial elliptical curve that passes through
the boundary points G,;, and Gj,,, of the upper and lower
gums, and the toothbrush’s leftmost point TB;. Plus, the el-
liptical curve’s leftmost point E; and TB; coincided. Brushing
speed was uniform. The reflectivity of gum, tooth, and cheek
were set as 0.25, 1, and 0.1, respectively. We used Matlab to
calculate the brushing signals for the 2 surfaces shown in
Figure 10(e). The simulation results (Figure 11) show that
the signals are still very different even when brushing the
structurally similar outer surfaces of the upper and lower
molars. Specifically, when brushing the outer surface of the
lower molars and rotating the toothbrush upwards, there is
an angle at which the upper sensor (sensor 1) receives the
strongest reflection of the occlusal surface of the upper mo-
lars, causing a sudden increase in signal amplitude (Figure
11 (b)). However, when brushing the upper molars, the lower
sensor (sensor 2) signal does not undergo a sudden increase.

)

150

150

o
]

100

o
o

50

Amplitude (a.u.)
Amplitude (a.u.)

Sensor 1
Sensor 2

Sensar 1
Sensor 2

200 400
Sample Index

0 600 0 200 400

Sample Index

600

(a) (b)
Fig. 11. The numerical simulation results of the outer
surfaces of the (a) upper and (b) lower molars.

5 MEASUREMENT AND ANALYSIS

This section analyzes the signals collected under the influ-
ence of different factors, as the basis for the system design.

5.1 Effect of Vibration

The first question is whether LiT can be used for manual
toothbrushes and electric toothbrushes. With the LEDs of the

1094

toothbrush turned on, a user placed the toothbrush on the
occlusal surfaces of the lower left molars without brushing.
Figure 12 shows the light intensity signals received by the
2 sensors before and after opening the vibration. We found
that the vibration did not cause obvious fluctuation at the
preset 10Hz sampling rate. This is because the vibration of
the electric toothbrush belongs to high-frequency vibration
(more than 20,000 times per minute [69]) and its amplitude
is small. The low sampling rate of 10Hz automatically filters
out high-frequency vibration noise.

< T
=2 Sensor 1
2000 | ] ) ) - Sensor 2| |
2 Vibration-off Vibration-on
[}
=
= 0 n n n n
S 0 2 4 6 8 10
- Time (s)

Fig. 12. Vibration does not fluctuate signal.
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Fig. 13. Typical brushing process.

5.2 Characteristics of Brushing

Figure 13 shows a user’s brushing process under the ceiling
light. During the process of putting the toothbrush into the
mouth, the 2 sensors receive ambient light with very high
light intensity. When brushing the outer surfaces of the up-
per left molars, the signals of 2 sensors become stable. When
the brushing surfaces are switched by turning the toothbrush,
the light signals fluctuate again. The non-brushing period
may produce greater light intensity, so we cannot utilize the
light intensity to segment the brushing signal. However, the
brushing process is repetitive, which is reflected in the peri-
odic change of light intensity (Figure 14(a)). This periodicity
allows us to distinguish between brushing and non-brushing.
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Moreover, when we carefully amplify the signal, we can be
surprised to observe the symmetry in a brushing cycle (Fig-
ure 14(b)). This is because the toothbrush needs to return
to the original position (e.g., the root of the tooth (Figure
2)) along the original path after each stroke. This symmetry
makes the brushing signal more characteristic and can help
improve the time accuracy of segmentation.

g 300 Sensor 1 g 300 Brushing Stroke

g Sensor 2 = Returning to the

%‘ 200 é/Brushin\g Cycle ‘% 200 Original Position|

—

S 100 N Pe———> & 100 < >

c c

— - 1

5 o ' ' £ o0 '

4 0 0.5 0 0.5 0 ] 0 0.5
Time (s) Time (s)

(a) (b)
Fig. 14. (a) Periodicity and (b) symmetry of brushing
signals on the outer surfaces of the upper right molars.

5.3 Effect of Ambient Light

We study how the environment variable most likely to cause
interference (i.e., ambient light) affects the signal. We col-
lected a user’s brushing signals of 16 Bass technique surfaces
under the ceiling light without turning on the toothbrush
LEDs. We found that the light intensity received by 2 sensors
was very weak (<8 lux) when brushing 14 Bass technique sur-
faces except for the outer surfaces of the front teeth. Figure
15 shows this observation. Our insight is: When brushing 14
Bass technique surfaces except for the outer surfaces of the
front teeth, the sensors are located at the top of the tooth-
brush, in the oral cavity, and face the inside of the mouth.
The direction of ambient light entering the oral cavity is
also from the mouth to the inside, and is weak, which is par-
tially blocked by oral tissues. After reflecting within the oral
cavity, the light reaching the top sensor of the toothbrush
becomes weaker in intensity. However, we noticed that the
signals were strong when brushing the outer surfaces of the
upper and lower front teeth because the sensors were not
in the oral cavity and were only partially occluded by the
lips (Figure 15(right)). Therefore, we further observed the
brushing signals when the toothbrush LEDs were turned on
under different light conditions (Figure 16). We found that
the ambient light significantly affected the sensor facing to-
ward the ceiling (Sensor 2). The maximum and amplitude of
the signals increased with the increase in light intensity, but
their minimum and waveform did not change significantly.
Modulating the toothbrush LEDs at a frequency independent
of ambient light and filtering the ambient light using FFT is
a potential method, but it requires additional oscillator hard-
ware and may need a higher sampling rate. In Section 6.2, we
propose a technique to eliminate ambient light interference
without extra hardware and a higher sampling rate.
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Fig. 15. The brushing signals when the toothbrush
LEDs were turned off under the ceiling light.
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Fig. 16. Signals on the outer surfaces of (a) upper and
(b) lower front teeth with varied lighting conditions.

5.4 Effect of Toothpaste

Figure 17 shows the user’s brushing signals when using
low-foam toothpaste (Zendium™ toothpaste) and not using
toothpaste. We found that the original brushing signals were
consistent regardless of whether the toothpaste was used
or not, which means that the low-foam toothpaste hardly
affected the signals. Because the low-foam toothpaste pro-
duces less-dense foam after being dissolved by saliva, it does
not extensively cover the reflective surfaces in the oral cavity
(teeth, gums, etc.) [33]. Moreover, a small amount of foam
covering the sensors’ surfaces does not significantly attenu-
ate light entering the sensors.
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Fig. 17. The original brushing signals remained consis-

tent whether (b) using toothpaste or (a) not.

5.5 Signal of 16 Bass Technique Surfaces

This section studies the signal difference of different Bass
technique surfaces. A user sat in a dark room and brushed
each of the 16 surfaces 10 times using low-foam toothpaste.
We separately calculated the euclidean distance between
each brushing cycle and other brushing cycles for each sen-
sor signal. Then, we added the results of the 2 sensor signals
and averaged all the cycles as a result. Note that to ensure
the alignment of each brushing cycle, we performed piece-
wise linear interpolation for the 2 sensor signals collected.
The result (Figure 18) shows that the intragroup euclidean
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distance of each brushing surface is smaller than its inter-
group distance, which also verifies the previous analysis and
effectiveness of the hardware design.
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5.6 User Variability

Although dentists encourage users to use the standardized
Bass technique, the differences between users include the
brushing speed, uneven teeth and gums, mouth opening
size, and changes in the position and inclination between
the toothbrush and teeth, which produce signal variability.
Figure 19 shows the brushing signals of 4 users on the outer
surfaces of the lower left molars. We found that the variabil-
ity is mainly reflected in the slight difference in duration
and amplitude. We extracted the stable relationship features
between the 2 sensor signals closely related to the brushing
surfaces to counter this instability and amplify the differen-
tiation of the brushing surfaces.

Brushing Detection &

Ambient Light
Signal iminati

Dimensionality Reduction
e

Brushing Surface
& Duration

[

Fig. 20. The workflow of LiT.

6 FRAMEWORK

Figure 20 illustrates LiT’s workflow. LiT first receives 2 pho-
tosensors’ signals as input and determines whether it is a
brushing action based on the periodicity and symmetry of
the signals and segments the brushing signals. LiT then uses
ambient light interference cancellation technology to elimi-
nate the ambient light interference. Finally, the features of
the signal segments are extracted and given to the classifier.

1096

Kaixin Chen!, Lei Wang!, Yongzhi Huang®3, Lu Wang!*, Kaishun Wu?3

6.1 Brushing Signal Segmentation

The first task of LiT is to accurately segment the brushing
signal in time. In Section 5.2, we found that periodicity and
symmetry of signals are two necessary conditions for tooth-
brushing activity. First, we calculate the autocorrelation of 2
sensor signals within a window size of 27 (approximately 3
toothbrushing cycles). The autocorrelation of a signal is the
correlation between the current signal and a signal that lags
behind at a certain time. We first normalize the sensor signals
to facilitate subsequent threshold judgment. Figures 21(b)
and (c) are lag plots corresponding to Figure 21(a), show-
ing the relationship between correlation and lag. We can
see that autocorrelation has several large positive peaks and
small negative valleys. The position of the negative valley
indicates that the signal starting from this point has a com-
pletely negative correlation with the original signal. This
negative correlation is due to the symmetry of the signals
in the first and second half cycles of a toothbrushing cycle,
which is a completely negative correlation. A large peak
value indicates that the signal starting from this point has
a completely positive correlation with the original signal,
which also means the occurrence of a toothbrushing cycle.
In contrast, if an aperiodic signal appears, it disrupts the
characteristics of negative and positive alternating of the
signal autocorrelation (Figure 22).
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Fig. 22. (a) Sig;cl)als contain-
ing non-brushing. (b) (c)
autocorrelation of signals.

Fig. 21. (a) B(lf)ushing sig-
nals. (b) (c) autocorrela-
tion of signals.

Therefore, when we simultaneously detect negative val-
leys and positive peaks that appear successively in the au-
tocorrelation of 2 sensor signals, with both peaks=>0.15 and
valleys<-0.15, it is considered that the signals within the cur-
rent window are periodic. Next, we slide the window and
repeat the above operation. The step length is the length
of the first toothbrushing cycle in the window. Note that
there may be a deviation in the positive peak position of
the autocorrelation between the 2 sensor signals. We select
the peak position with greater autocorrelation to segment
the signal. Figure 23 is an automatic segmentation result of
Figure 13, indicating that our algorithm is robust in recog-
nizing toothbrushing signals and segmenting each cycle of
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the toothbrushing signal. Note that our algorithm only has a
lag of 2.7 s at the beginning due to the need to fill the data of
window size. In the subsequent judgment, the time interval
is a toothbrushing cycle, which is < 1 s.
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Fig. 23. Toothbrushing signal segmentation results.

6.2 Ambient Light Interference
Cancellation

We conducted experiments in 10 rooms with ceiling lights
on, allowing for comfortable visibility. These rooms varied
in size, types of ceiling lights, quantity, and arrangement. We
found that ambient light interferes the brushing signals on
the outer surfaces of the front teeth, all reaching a maximum
of more than 250 lux. This may be because enough light in-
tensity ensures comfortable lighting. However, the brushing
signals on the other 14 tooth surfaces were not affected and
did not exceed 250 lux. Therefore, we calculated the signal
segments’ maximum value, and if either segment exceeded
250 lux, the outer surfaces of the front teeth were considered
to be brushed in strong ambient light (ceiling light, sunlight).
Considering variations in the maximum value of the brush-
ing signal on the outer surfaces of the front teeth under
different ambient light conditions, we compressed signals
below a fixed value to ensure signal stability. When brushing
the outer surfaces of the front teeth in dark or dim light con-
ditions, both sensor signals’ maximum values were around
150 lux. Therefore, to achieve consistency between brushing
signals in strong light environments and dark or dim light en-
vironments, we used the following formula to compress the
light intensity to below 150 lux while ensuring no changes
in the minimum value and waveform of the signal:

x — min(x)

XALIC = - (150 — min(x)) + min(x) (5)

max(x) — min(x)
where x4rjc is the corrected signal and x is the original
signal. Figure 24 shows the corrected result of Figure 16.

6.3 Feature Extraction

Figure 25 shows the signals of 3 toothbrushing cycles of
each Bass technique surface of a user in dim light. Next,
we explain our analysis of feature extraction based on this
figure. We found that the 2 sensor signals were significantly
different for different brushing surfaces, so we extracted the
following features of the two signals respectively.
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Fig. 24. Ambient light interference cancellation results
of outer surfaces of (a) upper and (b) lower front teeth.

Independent features of the 2 sensor signals:

(1) Standard deviation: We found that when brushing the
inner surfaces of the upper front teeth and the occlusal sur-
faces of molars, the range of light intensity received by the
two sensors is relatively small because the angle between
the sensor orientation and the brushing direction is small
(30°) (Figure 7). In contrast, the signal variation range of the
vertical stroke is large.

(2) Root mean square: We found that when brushing the
inner surfaces of the upper molars, the 2 sensors received
stronger light intensity than when brushing the outer sur-
faces of the upper molars. This is because when brushing
the inner surfaces of the upper molars, the sensor is located
in the mouth cavity and can receive the reflected light from
the palate and tongue without the occlusion of the cheek.
We are inspired by the calculation of the effective value of
alternating current (i.e., root mean square). The root mean
square can also represent the average light intensity level
that swings up and down like the alternating current.

(3) Minimum value: if the sensor sticks close to the oral
tissue at some time of brushing, it leads to a smaller minimum
value, which is helpful to distinguish some surfaces. For
example, when brushing the occlusal surfaces of the molars,
the sensor on the outside of the molars and close to the cheek
have a smaller minimum value.

(4) Maximum value: Similarly, the maximum value of the
signal has a similar meaning.

Recall that user variability causes slight amplitude changes
in the signal, which may weaken the effectiveness of features
extracted from individual signals. To meet this challenge, we
extracted the relatively stable relationship features between
the 2 sensor signals.

Relationship features between 2 sensor signals:

(1) Root mean square difference: It reflects the relative po-
sition of the toothbrush in the oral cavity. For example, the
sensor close to the cheek remains relatively weak when
brushing the occlusal surfaces of molars because it is diffi-
cult for this sensor to receive reflected light. However, in a
relatively open mouth, another sensor can receive reflected
light from oral tissue (e.g., tongue, palate, and inner surfaces
of the molars), so it continuously receives strong reflected
light. This relatively stable spatial location relationship does
not be affected by user variability. The positive and negative
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Fig. 25. A user’s brushing signals on each Bass technique surface in dim light.

values generated by two sensors with different addresses are
also helpful to distinguish left and right molars.

(2) Mean Euclidean distance: It measures the absolute simi-
larity of the 2 sensor signals, which reflects the similarity of
the oral structure on both two sides of the toothbrushes. The
2 sensor signals almost overlap when brushing the inner sur-
face of the upper and lower front teeth because the left and
right sensors of the toothbrush face similar oral structures.
However, the oral structure on both sides of the toothbrush
differs when brushing other surfaces. Taking the average can
eliminate the influence of signal length (brushing speed).

(3) Cosine distance: We also calculated the cosine distance
to measure the difference between the oral structures on both
sides of the sensor, without being affected by light intensity.

(4) Pearson correlation coefficient: Correlation indicates
whether the two sensors’ changing trend of light intensity is
consistent. For up-and-down strokes (except for the tongue’s
influence), the 2 sensors move in opposite directions, so their
signals are negatively correlated. When brushing the inner
surfaces of lower molars, the toothbrush sticks to the tongue
when it is at the tooth’s root. At this time, the received light
of the downward sensor is weak, resulting in a positive signal
correlation. The correlation between the 2 sensor signals is
always stable for user variability.

Whenever we receive a signal for a toothbrushing cycle,
we calculate the features and place them in the classifier. Note
that our calculated features are not affected by signal length,
and are immune to duration differences in user variability.

6.4 Classification

We standardized the 12 (4 X 2 + 4) features extracted above
using Z-score, changing the mean value of each feature to
1 and the standard deviation to 0. Then, we trained several
classic classifiers, including Linear Discriminant Analysis
(LDA), Weighted K-Nearest Neighbor (Weighted KNN), Sup-
port Vector Machine (SVM), Bagging Tree (BT), and Artificial
Neural Networks (ANN) to identify the brushing surfaces.
For Weighted KNN, we choose Euclidean distance as the
distance metric and use an inverse square function as the
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weighting function with a k-value of 10. For the kernel func-
tion of SVM, we choose a linear function. The first layer size
of the ANN is 100, the activation function is ReLU, and the
number of fully connected layers is 1. After comparing the
accuracy (Section 7.2.1), we chose to use Weighted KNN as
the classifier for LiT.

7 SYSTEM EVALUATION

LiT

Smartphone
recording video |8

Fig. 26. Expeﬁmental setup and close-up of LiT.

7.1 Experimental Setup

We recruited 16 participants, including 6 women and 10 men;
the age ranges from 21 to 46. They were first asked to watch
the correct teaching video of toothbrushing [65] and care-
fully learn the correct Bass technique. Each participant used
LiT (based on Abitelax F7 [69]) to brush his teeth 10 times, 2—-
4 minutes each time (Figure 26). The default condition is that
the user stands still in front of the sink and brushes his/her
teeth with Zendium™ toothpaste (pea-sized amount) under
the ceiling light and turns on the vibration. In addition, to
further study the impact of other factors on LiT, in the evalu-
ation of Section 7.3, 7.4 and 7.5, we required 6 users to brush
their teeth 5 times under specified conditions, 2-4 minutes
each time. We collected data under the framework of Figure
20 and inputted the collected data into the LiT algorithm.
We used the leave-one-out to exclude the samples of users
to be tested from the training set, and use the average value
obtained by 10-fold cross-validation as the calculation result,
in order to test the cross-user accuracy of LiT.



LiT: Fine-grained Toothbrushing Monitoring with Commercial LED Toothbrush

ACM MobiCom ’23, October 2-6, 2023, Madrid, Spain

100

©
S
5} o

~
=}
3

Recognition Accuracy (%)
o3
3
Actual Class

Brushing Duration (%)

o
S

Mean Absolute Error of

WPt et g e

S}

o
=3

80

©
S

60

©
S

~
=]

40

Recognition Accuracy (%)

20

@
1=}

Recognition Accuracy (%)

R

@
\‘\\e’\‘)‘“‘

Models

Fig. 27. Recognition
accuracy of different
models.

Predicted Class

Fig. 28. Confusion
matrix for 16
surfaces recognition.

7.2 Toothbrushing Monitoring
Performance

7.2.1  Impact of the Model. As shown in Figure 27, all classi-
fiers achieved over 90% recognition accuracy, with LDA and
Weighted KNN exceeding 93%. The reason behind this may
be that the feature dimensions we extracted are low and the
features can be effectively distinguished. We chose Weighted
KNN as it has the highest accuracy of 95.3%. Moreover, it
has a good anti-noise ability and is insensitive to outliers
compared with LDA.

7.2.2  Recognition Accuracy of Bass Technique Surfaces. The
confusion matrix is shown in Figure 28. The recognition ac-
curacy of LiT for each brushing surface is more than 87%
and the average recognition accuracy is 95.3%, which in-
dicates that the model of LiT training on other users can
be generalized to other users. We believe we can "smooth"
user variability by extracting stable features to reduce the
data dimension. In particular, we extract stable relationships
between 2 sensor signals to resist user variability.

7.2.3  Accuracy of Duration Estimation. Figure 29 shows the
absolute error of estimation of brushing duration on each
tooth surface, with an average error of 6.1%, indicating that
periodic brushing signals can be accurately segmented using
the periodicity and symmetry of periodic signals of brushing.

7.2.4  Impact of User Variability. Figure 30 shows the recog-
nition accuracy of brushing surfaces of 16 users, ranging
from 86.7% to 97.5%. Except for one user, the recognition
accuracy of other users has exceeded 90%. We found that the
lower accuracy of this user can be attributed to an impacted
tooth affecting tooth flatness on the inner side of their upper
right molars. Factors like wearing braces, impacted teeth or
missing teeth can influence accuracy due to light reflection
and transmission changes in the oral cavity. We recommend
pre-training tailored models for users with unique oral struc-
tures.

7.2.5 Different Feature Sets. We also want to know which
features are more effective for distinguishing the brushing
surface. We compare the feature set used by LiT to three
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Bass Technique Surfaces

Fig. 29. Estimation

error of duration of
16 surfaces.

1099

—AOT0ON0OSTNR T

99\\ e?'\rl 99\6
WO T e
(L S L

Feature Set

Fig. 31. Different
feature sets accuracy.

Fig. 30. Recognition
accuracy across 16
users.

feature sets: (1) Feature set 1: Independent features of sensor
1 (4 features). (2) Feature set 2: Independent features of 2
sensor signals (8 features). (3) Feature set 3: The relationship
features between 2 signals (4 features).

Figure 31 shows the results of this experiment. We found
that the recognition accuracy of independent sensor signal
features is relatively low (88.3%). The independent features
of the 2 sensor signals can improve the recognition accuracy
to 93.0%. This indicates that a single sensor has insufficient
resolution, and the dual sensor design can help better distin-
guish brushing surfaces. The relationship features between
2 signals (only 4 features) achieve an accuracy of 90.6%, indi-
cating that the relationship features between 2 signals can
explain the physical significance behind and efficiently dis-
tinguish the brushing surface. The results of LiT with the
highest recognition accuracy indicate that the combination
of independent features and relationship features contribute
to accurate and robust recognition of the brushing surfaces.

7.3 Robustness

We used the training model of 16 users by default to test
the impact of environment and user movement on LiT and
calculated the average recognition accuracy.

7.3.1 Impact of Toothbrush Vibration. The accuracy of sur-
face recognition without vibration is 96.1%, which is only
0.84% higher than the accuracy with vibration (95.3%). Con-
sistent with the analysis in Section 5.1, LiT works well with
both manual toothbrushes and electric toothbrushes. The am-
plitude of the high-frequency vibration of the toothbrush is
weak compared to the amplitude of the brush stroke, which
is hardly reflected in the original signal with a low sam-
pling rate of 10 Hz. In contrast, inertial sensor-based systems
[6, 18-20] can only be used for manual toothbrushes because
the vibrations from the toothbrush increase the drift error of
the inertial sensors. The sound generated by brushing teeth
can be masked by the vibration sound of the toothbrush
vibro-motor, resulting in a microphone-based system [15-
17] that can only be used with manual toothbrushes. MET
[21] based on the vibro-motor magnetic field of the electric
toothbrushes can only be used with electric toothbrushes.
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7.3.2  Impact of Ambient light Interference. We tested the
performance of LiT in 5 light environments: (1) Dark bath-
room with 3 lux, simulating teeth brushing without turning
on the light. (2) Morning bathroom with ceiling light off,
190 lux. (3) Balcony in natural light, 380 lux. (4) Nighttime
bathroom with ceiling light on, around 750 lux. (5) Bathroom
with ceiling light on a sunny afternoon, around 1,800 lux.

Figure 32 displays recognition accuracy for 5 scenarios,
with and without ambient light interference cancellation.
Even under strong ambient light ((4) and (5)), the recognition
accuracy of LiT is more than 93.8%. However, without ambi-
ent light interference cancellation, accuracy drops to 82.8%.
This is because when brushing most of the tooth surface, the
toothbrush is located in the mouth and will not be affected
by ambient light, but when brushing the outer surfaces of
the front teeth, the sensor will receive strong ambient light.
If the ambient light interference cancellation technology is
not used, the amplitude and maximum value of one of the
features will be affected. After using the ambient light in-
terference elimination technology, the brushing signal on
the outer surfaces of the front teeth returned to below 150
lux, ensuring the stability of the amplitude and maximum
characteristics. To sum up, our proposed ambient light inter-
ference cancellation technology effectively enhances LiT’s
robustness to ambient light.

7.3.3  Impact of User Motion. Shielding user motion is one
of our design goals. To examine the robustness of LiT to user
motion, we introduced five kinds of potential user motion
when brushing teeth: (1) Walking up and down in front of the
sink when brushing. (2) Looking down at the video played
on the mobile phone beside the sink when brushing. (3) From
standing to sitting on a chair when brushing. (4) Putting the
toothpaste back in its original position on the cabinet over
the sink when brushing. (5) Rinsing non-brushing hands
with water from the tap when brushing. Users used both LiT
and the most advanced IMU-based Oral-B iO9 to brush their
teeth under these five motion conditions.

The results in Figure 33 show that the recognition accu-
racy of LiT is 91.0%—-94.6% when the users are in motion.
This shows that user motion does not actually interfere with

Fig. 33. Different user Fig. 34. Recognition
accuracy over time.
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LiT. We believe this is because the toothbrush still main-
tains a relatively stable position in the oral cavity under the
influence of various motions. In contrast, the recognition
accuracy of Oral-B 109 is only 64.5%-83.3% (Figure 33). This
could be due to the principle of using integration to obtain
absolute displacement and roll angle in IMU-based methods.
The cumulative error in integration and the superposition
of user motion on absolute displacement can easily lead to
a decrease in recognition accuracy. Evidently, the sensing
paradigm of LiT (sensing in the oral cavity) is very robust
to user motion, which is also a unique advantage compared
with existing technologies.

7.3.4 Temporal Stability. Abiterax F7 can last for 90 days
under normal use [69]. Users may only charge the electric
toothbrush once a month. We experimented to observe the ac-
curacy of LiT during continuous operation. Figure 34 shows
the recognition accuracy of 6 users over time. We found that
the accuracy remained stable at around 95% over 2 months,
with only a 6% drop in battery voltage and LED light inten-
sity. This shows that LiT can run consistently for more than 2
months under the pre-training model without retraining the
model. We believe that this temporal stability comes from the
stability of the toothbrush’s luminous model (the luminous
properties after 2 months are still close to the measurement
of Figure 4) and the stability of the user’s oral structure. We
found that after 2 months and 18 days of use, the voltage
and LED light intensity dropped by 9% and the bristle ends
were slightly worn, and the accuracy dropped to about 90%.
Moreover, we found that the voltage decay was non-linear
towards the end of use, dropping rapidly within three min-
utes from 3.3 V to below the vibration motor and LED drive
threshold (2.9 V). Therefore, we believe that as long as the
motor and LEDs can be driven, a maximum of 9% reduction
in brightness will not significantly affect accuracy.

7.4 Generalization to Any Toothpaste

Toothpaste contains a surfactant, usually Sodium Lauryl Sul-
fate (SLS), with concentrations usually ranging from 0.5 wt%
to 2.5 wt% [70], which helps create foam. For this study, we
customized 11 toothpastes with SLS content ranging from
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0.5 wt% to 2.5 wt% with 0.2 wt% intervals (each available in
five different colors: white, red, yellow, blue, and green). Six
users brushed their teeth five times with each toothpaste.
Our findings show that the Weight KNN model’s 10-fold
cross-validation accuracy for toothpaste with varying colors
but the same SLS content is approximately 94%. This might
be because the expanded foam generated by SLS dilutes the
pigment to a very light shade, still close to white. However,
we found that the recognition accuracy of the brushing sig-
nals with high-foam toothpaste (2 wt% SLS) on the model
trained with low-foam toothpaste (0.5% SLS) was 85.4%. This
suggests that SLS content does affect recognition accuracy
but also highlights the model’s generalization capability.
We assume that users need to brush two specified tooth
surfaces (the outer surface of the upper and lower left mo-
lars) for 10 s using their own toothpaste for initialization. LiT
then calculates the sum of the weighted distances between
the brushing signals and the 10 nearest samples of the same
category in all pre-trained models and selects the model with
the smallest distance as the classification model. To minimize
pre-training costs, we explored the model’s generalization
ability. We randomly selected one brushing session signal
from the five sessions of each user using the same toothpaste
as the test set for that particular toothpaste. We utilized 4
other brushing sessions signal to train models for each SLS
content, extracting model sets with 0.2 wt%, 0.4 wt%, 0.6 wt%,
0.8 wt%, and 1.0 wt% SLS intervals to simulate the desired
training samples. For example, a model set with 0.8 wt% inter-
vals includes 3 models with different SLS contents (0.9 wt%,
1.7 wt%, 2.5 wt%), meaning only these 3 SLS contents need
to be trained. Then, we used the two 10-s specified brushing
signals from each user’s brushing session in the test set to
select the corresponding models for each user’s brushing
session and calculated the average accuracy. Figure 35 is the
relationship between SLS intervals and testing accuracy. To
achieve balance, we recommend manufacturers to train 4
models with different SLS content at intervals of 0.6 wt% (0.7
wt%, 1.3 wt%, 1.9 wt%, 2.5 wt%) for each toothbrush model.

7.5 Extension to Other Toothbrushes

We also want to know whether the model we trained on
Abitelax F7 can be used on other toothbrushes. Therefore,
we have also tested 4 additional toothbrushes (GOSMILE,
SNOW, Glorysmile GS-ET, and Glorysmile GS-005T). We
found that the recognition accuracy of the 4 toothbrushes
on the surface of Bass technique exceeded 83% without ad-
ditional training (Figure 36). We found that different tooth-
brushes use different LEDs with different power. However,
their luminous models are similar, that is, they can be re-
garded as a collection of point light sources with the same
light intensity on the surface of an elliptical cylinder. We
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found that the difference between different types of tooth-
brushes is reflected in the amplitude change. However, the
waveform of the 2 sensor signals and the relative position
between them have not changed significantly.

8 CONCLUSION AND FUTURE WORK

LiT utilizes the toothbrush’s light emission to monitor the
brushing of 16 Bass technique surfaces. We established the
oral cavity’s light transmission model and found the proper
photosensors deployment. We found the periodicity and sym-
metry features, designed the accurate brushing segmentation,
and eliminated the impact of user variability by extracting
stable and significant features. LiT has a recognition accu-
racy of up to 95.3% and a brushing duration estimation error
of 6.1%, and maintains strong performance under various
environmental disturbances and movement. However, some
limitations should be addressed in the future as it is a proof-
of-concept prototype.

From design: Current LiT attaches the sensor to the tooth-
brush head’s surface. However, its protruding surface affects
the user experience and is inconvenient to replace the tooth-
brush head. In the future, sensors can be integrated into the
inner shell of the toothbrush head like the toothbrush LEDs.
Interactive paradigm: We plan to switch from wired data
transmission to Bluetooth for real-time processing of light-
intensity data on mobile devices. The mobile device will
provide feedback on brushing and nursing advice using its
touchscreen, speaker, or vibration features.

Combining with other sensors: Combining LiT with other
sensors can enhance recognition and improve monitoring
despite its usefulness in monitoring purposes alone.
Studies on larger populations: LiT may not cover the
entire range of human diversity, so larger-scale studies are
necessary to promote the deployment of LiT.

Enhancing generality: Our study is based on Bass tech-
nique since it is the most popular brushing method recom-
mended by the ADA. Expansion of incorrect brushing iden-
tification and other brushing methods are the future work.
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