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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 gumdisease 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 a�ected 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 a�ected 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 alow-cost, easy-to-deploysensing para-
digm be used forrobustandhighly accuratetoothbrushing
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 re�ection 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 �elds, 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 signi�cant 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 �uctuation. We extracted stable relationship

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 �rst 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 noti�cations [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 �eld 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
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[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 in�u-
ence of user motion and electric toothbrush vibration [21].
In general, the existing methods su�er 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 re�ection and absorption of light by the
hand are used for gesture recognition [47� 49], �nger track-
ing [50, 51] and identity authentication [52]. The unique
absorption spectra of di�erent substances are used for wine
monitoring [53, 54] and food recognition [55, 56]. Because
the contraction and expansion of blood vessels a�ect 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 �rst 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

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 di�erence. 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 re�ected and transmitted (refracted) by the
bristles. Since the light emitted from the bristles is close to
the re�ective 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 re�ection
and refraction inside the bristles are di�cult 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 signi�cantly
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 simpli�ed to a set of point light sources with
uniform light intensity on the curved surface of an elliptic
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Fig. 1. 16 Bass technique
surfaces.

Fig. 2. Bass technique (showing how the teeth
are brushed).

Fig. 3. Structure of the oral
cavity.

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

cylinder. We evaluated 5 di�erent toothbrushes in Section
7.5 and obtained a consistent conclusion.

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-
�ection 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 re�ected light-
containing features. If the photosensor is deployed on the

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 signi�cantly impacts the total signal
intensity because of a smaller angle between them.

(iii) From Section 3.2, there is no obvious feature di�erence
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
di�erent addresses. The decoupling capacitor of 0.1`� kept
the supply voltage stable. To facilitate the sensors' deploy-
ment on the toothbrush's side, we designed two long �exible
PCBs (223.1 mm� 3.8 mm� 0.7 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.
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