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While occlusal diseases – the main cause of tooth loss – significantly impact patients’ teeth and well-being, they are the most
underdiagnosed dental diseases nowadays. Experiencing occlusal diseases could result in difficulties in eating, speaking, and
chronicle headaches, ultimately impacting patients’ quality of life. Although attempts have been made to develop sensing
systems for teeth activity monitoring, solutions that support sufficient sensing resolution for occlusal monitoring are missing.
To fill that gap, this paper presents IOTeeth, a cost-effective and automated intra-oral sensing system for continuous and
fine-grained monitoring of occlusal diseases. The IOTeeth system includes an intra-oral piezoelectric-based sensing array
integrated into a dental retainer platform to support reliable occlusal disease recognition. IOTeeth focuses on biting and
grinding activities from the canines and front teeth, which contain essential information of occlusion. IOTeeth’s intra-oral
wearable collects signals from the sensors and fetches them into a lightweight and robust deep learning model called Physio-
aware Attention Network (PAN Net) for occlusal disease recognition. We evaluate IOTeeth with 12 articulator teeth models
from dental clinic patients. Evaluation results show an F1 score of 0.97 for activity recognition with leave-one-out validation
and an average F1 score of 0.92 for dental disease recognition for different activities with leave-one-out validation.

CCS Concepts: • Human-centered computing→ Ubiquitous and mobile computing systems and tools; • Applied
computing → Consumer health.
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1 INTRODUCTION
Dental diseases, encompassing conditions such as bruxism [70], temporomandibular joint disorders (TMD) [84],
and periodontal diseases [7], detrimentally affect oral health and the overall quality of life of millions of people
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Fig. 1. IOTeeth's concept: embedding customized small-sized piezoelectric sensors into dental retainers for recognizing and
monitoring user's occlusal disease.

worldwide [38, 52, 64]. In addition to physical discomfort, dental diseases can lead to psychological distress,
lowered self-esteem, and reduced social interactions because of aesthetic concerns and functional limitations [47].
Among dental diseases, occlusal disease is often overlooked and is one of the most underdiagnosed dental diseases
[7, 10, 25, 66]. However, it can signi�cantly impact patients' teeth and well-being, given it is the main cause of
tooth loss [75] and can result in high-impact chronic pain [35]. The term �occlusion" refers to the way the upper
and lower teeth �t together (bite) [6], and occlusal disease refers to pathological e�ects when upper and lower
jaws, facial muscles and joints work in disorder and teeth do not �t [43]. This musculoskeletal disorder results in
imbalanced force distribution and often leads to worn/damaged teeth, sensitive teeth, and tooth loss [24, 25].
It can also cause excessive muscle activities in the jaw and neck to compensate for the imbalance, resulting in
muscle tension and a chronicle headache [77, 79].

The current dental practice relies on the biannual preventive examination for occlusal disease screening,
which does not capture the �ne-grained changes of teeth activities (e.g., stress-induced excessive grinding) and
their impact on the occlusion. These teeth activities and early-stage symptoms (e.g., worn teeth, slight crack)
may be unnoticed by the person or misunderstood as aging issues, and patients' self-reported outcomes during
dentist visits are not reliable [25]. This kind of neglect could lead to delaying early treatment opportunities and
causing unnecessary aggravation of the occlusal disease condition [76]. Additionally, alterations in people's
occlusion may occur after dental surgeries, like teeth replacement [4]. Pro�ling the pre- and post-surgery occlusal
condition is crucial for tracking and rectifying any unwanted alterations in occlusion, ensuring the success of the
surgical intervention and preventing potential occlusal diseases. Therefore, it is essential to conduct continuous
monitoring of the oral occlusal conditions for in-time disease recognition [14, 25], occlusion pro�ling [8], and
proactive prevention and treatment [9, 25].

Although attempts have been made to achieve intra-oral sensing, existing systems mainly focus on activity
(e.g., clenching) monitoring [26, 30, 34, 56] rather than occlusal disease inference. These systems leverage sensors
(e.g., piezoresistive) that focus on sensing static or quasi-static mechanical stress to measure bite force and detect
activity events. However, they cannot be used to infer the occlusion conditions due to the limited resolution (slow
response to dynamic stress changes) [42], which can not capture the transient information of teeth contact during
activities for deriving occlusion conditions. TeethVib integrates piezoelectric sensors, which focus on capturing
high-dynamic mechanical stress changes (e.g. vibrations) [42], into layers of dental retainers for functional
occlusion monitoring [58]. Nonetheless, it only demonstrates the feasibility of using piezoelectric sensors over
di�erent teeth to acquire signals of di�erent patterns, without inferring any dental conditions or activities.

We proposeIOTeeth, a dental retainer-form intra-oral sensing system for continuously recognizing occlusal
diseases to remind the user for an in-time dental diagnose, which is illustrated in Figure 1. TheIOTeethsystem
monitors and analyzes teeth contact-induced vibration signals to recognize the existence of occlusal disease,
and it can report an aggregated result to the user with the user's preferred frequency (e.g., daily, weekly, etc.)
IOTeethcomprises an intra-oral sensing platform that captures the vibration caused by teeth contact during oral
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activities via customized piezoelectric sensors embedded between dental retainers. Note that in this work, the
oral activities-induced vibration signals are all collected from articulator-mounted dental models replicated from
dental clinic customers, instead of real humans. The acquired vibration signals are then processed and analyzed
to recognize the presence of occlusal diseases.

Realizing such a system to sense and recognize occlusal diseases is not trivial and faces the following challenges.
(C1) The human mouth has limited capacity and oral occlusion is sensitive to alignment and position, thus it
is challenging to design and manufacture the sensing wearable with minimum interference to the occlusion.
(C2) People's facial musculoskeletal pro�le varies signi�cantly, therefore, the human variance (both physical
and behavioral) would make it di�cult to generalize the learning model with limited data. To minimize the
interference to the occlusion (C1), we design the intra-oral sensing wearable in the form of thin dental retainer,
and fabricate small-sized sensors with a radius of four millimeters to minimize teeth gaps after the placement. To
ensure the quality of sensors, we develop an automated benchmarking platform for the sensor characterization.
We also optimize the placement of small-sized sensors on the internal side of canines and front teeth, to minimize
the introduced interference. To tackle the human variance-induced signi�cant data distribution shift while
achieving accurate disease recognition (C2), we propose a Physio-aware Network (PAN Net) to process and
extract the most informative patterns from the signal for generalizable modeling. The reason that PAN Net is able
to recognize occlusal disease from teeth contact-induced vibration is that such vibration encodes the relationship
of the dental arches, the teeth morphology, and the musculoskeletal condition implicitly, which are the indicators
that dentists use to determine the occlusal diseases [22, 43]. By extracting and decoding these features, the PAN
Net is able to conduct accurate occlusal disease recognition. The contributions of this work are as follows.

� We presentIOTeeth, an intra-oral teeth sensing system that consists of a dental retainer-form sensing
platform and data-driven algorithms to capture teeth contact-induced vibration signals during oral activities
and recognizes occlusal diseases from them.

� We design and custom small-sized piezoelectric-based sensors and strategically integrate them into the
dental retainers to form the sensing platform's wearable of theIOTeeth, with a minimized interference to
the occlusion.

� We propose a Physio-aware Network as theIOTeeth's occlusal disease recognition algorithm that allows
generalized modeling while focusing on the teeth that are representative of the individual user.

� We evaluateIOTeethwith 12 articulator-based teeth models built with patients' bite registrations by the
dentist and achieve over 0.92 average micro-F1-score for leave-one-out occlusal disease recognition.

The rest of the paper is organized as follows. Section 2 introduces the background for occlusion-related dental
diseases and intra-oral vibration sensing, and showcase a feasibility study of measuring �ne-grained occlusion
changing with piezoelectric sensing. Section 3 presents theIOTeethoverview, followed by Section 4 and 5 for
IOTeeth's sensing platform and algorithm details. Section 6 demonstrates the evaluation with real-world data
collection using models with patients' bite registrations. Section 7 discusses the future directions that can be
further explored and applications beyond occlusal disease monitoring, followed by the related work discussion in
Section 8. Finally, we conclude in Section 9.

2 FUNDAMENTAL OF INTRA-ORAL OCCLUSAL SENSING

2.1 Primer on Occlusion, Malocclusion, and Occlusal Diseases
Dental occlusion refers to the way the teeth meet. When people grow, their occlusion changes due to various
reasons (e.g., bad habit, dental �lling, bruxism, etc.) [12]. These changes may develop into adverse oral conditions,
such as malocclusion and occlusal diseases. Malocclusion refers to misalignment or incorrect relation between
the teeth of the two dental arches as the jaws close (e.g., crossbite, open bite, overbite, underbite), and is typically
identi�able through visual examination [51]. Occlusal diseases (such as temporomandibular joint disorders, also
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Fig. 2. Feasibility experiment of detecting fine-grained occlusion change. Figure (a) shows examples when there are di�erent
levels of thin film fillings that change the occlusion. The highlighted right canine's signal energy gradually decreases with the
number of filling increases. Figure (b) plots the ratio between two signals when there are di�erent numbers of layers placed.

known as TMD) are pathological e�ects resulting from facial musculoskeletal disorders, leading to excessive tooth
wear, tooth fracture, and complications such as chronic headaches and jaw pain [25]. Among these occlusion-
related problems, occlusal disease is the most destructive process [17] and the most overlooked one due to
misleading symptoms. Patients may consider occlusal disease symptoms to be caused by reasons like lack of
rest, aging, or sports injuries [25]. Unlike malocclusion can be visually recognized, dentists often overlook the
musculoskeletal system's functionality in their checking routine and miss the signs of occlusal disease [76].
Therefore, we are targeting to recognize it in this work.

2.2 Intra-oral Vibration Sensing
Our upper and lower teeth often contact each other when we close our mouths during daily activities such
as eating, grinding, biting, and others. Characterizing such contact is important to understand how well our
teeth are aligned. Multiple sensors can be used to monitor those vibrations, including IMU, microphone, or
piezoelectric sensor. Yet, the constrained space of the oral cavity has restricted the options, ultimately making
piezoelectric sensing the most practical solution. The piezoelectric sensor is commonly used to measure vibrations
and mechanical stress with high sensitivity. When the piezoelectric material experiences mechanical stress, its
atomic bonding structure deforms and results in a change in the electric dipole distribution. This change generates
an electric charge across the material, resulting in measurable voltage. Guided by this physic principle, there is
a linear relationship between the mechanical stress applied to the piezoelectric material and the amplitude of
output voltage [1, 5]:

+ =
3!�

n0nA�
• (1)

where+ is the output voltage,3 is the piezoelectric coe�cient,! is the material length,� is the applied mechanical
stress,n0 andnA are permittivity coe�cients of the material, and� is the area that the stress is applied on. Hence,
by placing a tiny piezo sensor at the contact area, we might be able to accurately and reliably measure and
characterize the biting behavior reliably.
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Fig. 3. IOTeethsystem overview.

2.3 Feasibility Study
We conduct a preliminary study to demonstrate the feasibility of using the intra-oral piezoelectric sensor to
capture changes in occlusion. A dentist records a person's dental anatomical landmarks via bite registration,
which describes the relationship between upper and lower dental arches and demonstrates nearly balanced
horizontal teeth contact. A dental plaster model is then cast from the bite registration. We place two piezoelectric
sensors on the internal surface of canines to capture the vibration induced by teeth contact while preserving
the original occlusion. To simulate the changes in occlusion, we use thin �lms (one-layer thickness� 0”15<< )
to �ll in the groove of the left �rst molar. This o�set usually happens after a tooth-�lling surgery, when the
dimension of the �lling material is di�erent from the original tooth structure. With an increasing number of
�lms, the changes in occlusion increase. For each setting, we simulate the biting motion with the articulator
and collect the vibration signals captured by two sensors. Figure 2 (a) depicts bite-induced vibration signals,
which show observable signal energy di�erences between the left and right sensors when the occlusion condition
changes gradually. Figure 2 (b) quanti�es the ratio of signal energy with di�erent numbers of �lling layers. This
result depicts the feasibility of using intra-oral vibration sensors to capture changes in occlusion, which is the
foundation for more complicated occlusal disease recognition.

3 IOTEETHSYSTEM OVERVIEW
We design theIOTeethsystem as an intra-oral sensing system for accurately recognizing the existence of occlusal
diseases from teeth contact-induced vibration during oral activities. Figure 3 illustrates the overview of the
IOTeethsystem, comprising two modules, namely intra-oral sensing platform and data-driven activity and disease
recognition algorithms.

The proposed intra-oral sensing platform collects and pre-processes the data, with three parts: a retainer-form
wearable, a data acquisition device, and a signal pre-processing unit. The retainer-form wearable device is designed
for comfortable long-term use. And as demonstrated in the feasibility study, small changes in tooth morphology
would result in signi�cant changes in occlusion. Therefore, in order tominimize the interference to natural
occlusion, we design, manufacture, and benchmark piezoelectric sensors that are small enough (2<< -radius) and
place them on the internal surface of front teeth and canines. When the user wearsIOTeeth, their oral activities
such as bite and grind will induce vibration that can be captured via the data acquisition device. These signals are
then sent to signal pre-processing unit, which can be deployed on the cloud or the local server, to remove the
noise and extract segments of interest. These segments are the input toIOTeeth's data-driven activity and disease
recognition algorithms. We introduce details of this module in Section 4.
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Fig. 4. (a): Retainer-form design of theIOTeeth's intra-oral sensing platform. (b): Comparison of a mouthguard and two-layer
retainers. The annotation indicates the thickness of one layer.

The data-driven activity and disease recognition algorithms need to e�ciently extract anatomical character-
istics of the masticatory system. It is challenging because 1) what the sensor directly measures is the skeletal
characteristics and the algorithm needs to infer the musculoskeletal condition indirectly, and 2) the labeled
data is costly and limited. Therefore, in order to extract e�ective features that arerobust across people with
di�erent dental anatomic landmarks , we propose a Physio-aware Attention Network (PAN Net) which
is able to automatically select the most informative sensor for each person for occlusal disease recognition.
Signal segments of di�erent activities represent di�erent musculoskeletal motions and show distinctive signal
characteristics, thus it requires activity-speci�c occlusal disease recognition models.IOTeethpredicts occlusal
disease for each segment of interest, and these predictions can be used to further generate aggregated results.
The detail of the module is elaborated in Section 5.

4 INTRA-ORAL SENSING PLATFORM
In this section, we �rst introduce the intra-oral wearable device with the retainer-form design in Section 4.1.
Then, we present the design, fabrication, and characterization process of the customized piezoelectric teeth sensor
in Section 4.2. In Section 4.3, we illustrate how di�erent components are integrated as a sensing platform. Lastly,
in Section 4.4 we present how the vibration signals captured by the intra-oral wearable are processed for the next
module.

4.1 Retainer-Form Intra-oral Wearable Device
We designIOTeeth's intra-oral wearable in the form of a dental retainer, which is shown in Figure 4 (a). A
dental retainer is made from a thin (0.5-1.2<< 1) thermoplastic sheet customized to �t the people's teeth shapes.
Compared to other dental appliances, building the intra-oral wearable upon dental retainer helps to reduce
the overall thickness of the platform, hence minimizing the impact on the user's natural oral activities [78].
Figure 4 (b) shows the comparison of one single-layer mouthguard and two-layer retainers and the two-layer
retainers' thickness (1.2<< ) is less than half of the mouthguard's thickness (4<< ). This less intrusive factor
enables the system to minimize the interference to the natural occlusal condition. Also, it enables us to design a
vertical placement of piezoelectric sensors. As shown in Figure 3 and Figure 4 (a), we mount piezoelectric sensors
onto the inner surface of the anterior teeth and canines, placing them securely between two layers of retainers.
The retainer's snug, customized �t ensures the piezoelectric sensors remain securely in place and facilitates
close attachment to the teeth for optimal vibration sensing. Additionally, the vertical placement minimizes the
added discrepancy between the lower and upper jaw. Therefore, it avoids the discomfort from the altered teeth
�tting from the ampli�ed upper and lower teeth gaps caused by the hinge joint structure of the human mouth.

1This is the common thickness range in North America.
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Fig. 5. Overview of the sensor fabrication process, including individual components, assembling procedure and an exemplar
fabricated sensor.

The placement location also coheres with the function of front teeth and canines during oral activities (e.g.,
canine-guided grinding) enabling the system to e�ectively capture comprehensive information on the user's
occlusal condition.

4.2 Sensor Design and Characterization
Sensor Design.We design the sensor for the wearable to be sensitive for capturing vibration signals while
being small and thin enough for the designed canines and front teeth placement. To the best of our knowledge,
there are no commodity sensors that suit our requirements. Therefore, we design a customized piezoelectric
sensor. Figure 5 illustrates the design and fabrication process of the sensor. We customize the sensor upon PVDF
piezoelectric �lms for its high sensitivity of vibration sensing and �exibility in �tting into curved surfaces [42] as
can be seen in Figure 4 (b). The sensor is designed in a circular shape with a four-millimeter diameter. Compared
with other shapes, circular piezoelectric sensors are known to have lower noise and higher sensitivity [2, 50].
The 4<< diameter dimension also enables the sensor to �t the canine and front tooth's size (around seven
millimeters with a variance of three millimeters in width [93]). Given such small size, a silver coating is applied
to the sensor to improve its sensitivity. This silver coating provides a conductive layer that allows the sensor to
capture �ne-grained variations in the generated voltage. To read the output voltage, we place three two circular
copper �lms (3<< -diameter) on each side of the coated piezo �lm as electrodes. Under the in-mouth working
conditions, the sensor will be exposed to saliva, which may cause short circuits. Therefore, another epoxy resin
coating is designed to isolate the sensor from the humid working environment and protect the sensor. With the
proposed multi-layer design, the sensor meets our requirements for sensitivity, comfort, and durability.

Sensor Characterization. To ensure optimal performance of the fabricated sensor, a dedicated sensor char-
acterization is required to benchmark sensors' sensitivity and consistency. Also, the characterization provides
guidance for selecting a data acquisition device compatible with the speci�c output of the customized sensor.

We �rst design a procedure to characterize the sensor with conditions that simulate real-world scenarios: 1)
di�erent rates of impact, 2) impacts of di�erent types of impact heads, and 3) consistent long-term impacts. The
�rst test mimics di�erent frequencies and extent of intra-oral activities. The second test helps us understand
the sensor's behavior when embedded in the dental retainer. A mild impact head can function as a damper to
mimic the mechanical stress from vibration when the sensor is embedded in the retainer, while the hard surface
impact heads can be used as a reference. The third test mimics long-term usage, which can help us understand
how durable our customized sensor is. These di�erent characterizing tests can provide insights into the sensor's
behavior and enable us to optimize the sensor's design and performance for speci�c applications. To ensure
sensor quality, we examine the sensor in three aspects: The �rst aspect is examining if there is a broken sensor.
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Fig. 6. a) This shows an overview of the developed test bench and the principle of impact testing, which is used to evaluate
the performance of materials under mechanical stress. b) This shows the multiple hammer endpoint used to test the sensors,
which are designed to measure the impact frequency for characterization and testing.

Fig. 7. a) Power spectrum of the output signal of the custom-built sensor in one of the tests b) Showcasing its energy
concentration c) Power spectrum of the output voltage in the absence of any input stimuli (noise)

We consider sensors that cannot output voltage when mechanical stress is applied as broken sensors. Secondly,
we verify the fabricated sensors are generating a su�cient signal amplitude relative to the noise level. In this
paper, we empirically set the signal-to-noise ratio of 403� when the impact rate is 240'%" as the standard.
We also check the consistency of each sensor compared to other fabricated sensors. Based on the pattern of the
generated signals under these tests, we can identify whether the sensor is functioning as expected.

We design the test bench as a platform that can repetitively and constantly hit the sensors to simulate the
impact and vibration caused by human teeth. The test bench comprises of three main components, illustrated in
Figure 6 (a). The �rst and main component is an impact head consisting of a �ywheel, a hammer, and a rod. The
rotation of the �ywheel moves the hammer up and down to create impacts on the testing sensor. The driven
power of the �ywheel comes from the second component: a brushless motor with a 1-25 rate gearbox. The
gearbox reduces the high-speed motor rotation 2500 revolutions per minute ('%" ) to 12000'%" into a slow
range of 100 to 480'%" , which is suitable for testing operations. The third component is an RCbenchmark
data collection circuit [72] for controlling and recording the brushless motor speed. We design three di�erent
types of impact heads for the second test in the characterization procedure: an acoustic panel for the damping
characterization, a �at hard surface and a pointy hard surface for the reference.

To measure the sensitivity of the fabricated sensor and guide the selection of the data acquisition device for the
customized sensor, a PicoScope, 16-bit high-resolution oscilloscope [65], is used to read the sensor's output during
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