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The mouth offers valuable insights into the condition of the human body. Yet, deploying intraoral sensors to measure oral
temperature or jaw movements poses challenges in safety and acceptability. Consequently, real-world data for intraoral
research is scarce. To address this gap, we leverage the widespread use of dental retainers and enhance them with Densor:
an electronic sensing platform requiring only a standard smartphone for charging and data retrieval using a Near Field
Communication interface. Its low power architecture enables prolonged sensing on a single charge, making it suitable for
sleep studies. It can provide practitioners with feedback on treatment compliance, and is even able to detect if the user is
speaking or drinking water. Densor presents an intraoral, actively powered, battery-free platform featuring multi-modal
sensors and an extended lifespan.

CCS Concepts: « Computer systems organization — Embedded systems; Sensor networks.
Additional Key Words and Phrases: Intraoral sensor, Battery-free systems

ACM Reference Format:

Vivian Dsouza, Jeffrey Pronk, Christian Peppelman, Victor Ignacio Madariaga, Tatiana Pereira-Cenci, Bas Loomans, and Prze-
mystaw Pawelczak. 2024. Densor: An Intraoral Battery-Free Sensing Platform. Proc. ACM Interact. Mob. Wearable Ubiquitous
Technol. 8, 4, Article 191 (December 2024), 30 pages. https://doi.org/10.1145/3699746

1 Introduction

Head-worn platforms—smart glasses [19] and smart earpieces (earables) [63, 107] being the principal ones—allow
for continuous monitoring of signals correlated with the state of the human body. Unfortunately, neither smart
glasses nor earables allow sensing from within the mouth.

Measuring directly inside the human mouth is beneficial, as the oral cavity is a source of unique signals that are
very hard to measure (like tongue movement [62]) or even impossible to measure (like biological markers [77])
with sensors worn outside the mouth. Unfortunately, as there are no widespread intraoral sensors available,
many clinical applications, such as dental care, still rely on subjects being tested with dedicated tools in a medical
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Fig. 1. The developed intraoral battery-free sensing platform. A contemporary NFC-enabled smartphone charges, interacts
and collects data from a battery-free sensor embedded in a dental retainer.

professional-assisted setting to collect single point of measurement, without the ability to correlate the test result
with data from the subject’s day-to-day life.

Naturally, there are continuous efforts in building sensing platforms that allow for long-term and reliable
sensing of various signals from the human mouth, as we will discuss extensively in Section 2. Unfortunately,
their abilities lag behind other head-worn wearables. Simply put, it is hard to keep intraoral sensors powered
continuously, yet miniature and safe to use. Then, many sensors are bulky, making real-life data collection from
humans cumbersome. Moreover, most intraoral sensors require specialized equipment to charge and read the data,
as we will also discuss in detail in Section 2. We conclude that, due to engineering challenges in deploying intraoral
sensors, improvements in understanding oral functions or finding indicators of diseases remain unidentified. To
address the above challenges, we present Densor' —an intraoral battery-free sensing platform. The contributions
of this paper are:

Contribution 1: Design and implementation of a battery-free and actively powered intraoral sensing
system. Unlike other intraoral sensing platforms that rely on (potentially toxic) batteries, the Densor is battery-
free—increasing both safety and acceptability. It charges quickly via a Near Field Communication (NFC) interface
(while being fully enclosed in a dental aligner), and stores the energy to actively perform measurements, even in
the absence of an external reader.

Contribution 2: Long lifespan sensing system that is both small and easy to use and fabricate. Densor’s
ultra low power architecture enables a prolonged lifetime (for example: 7 h with a sample every 2 min), due to the
power consumption at idle time not exceeding 72 nW (22 nA at 3.3 V supply). It is space-optimized—allowing it to
be embedded seamlessly in a standard orthodontic plastic aligner. Fabrication of the device does not require any
specialized equipment that would not be already available to a dental technician. Operating the device requires
only a smartphone, and its antenna design enables use without removal from the mouth.

Contribution 3: Multi-modal, expandable framework introducing novel sensing methodology. Den-
sor introduces multi-modal intraoral sensing from jaw position, oral temperature and mouth opening state
simultaneously. We detect mouth opening by measuring the amount of light entering the mouth.

1A portmanteau of a word ‘dental’ and ‘sensor".
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Densor’s design, including all datasets and code accompanying this publication, will be released to the public
domain [1]. This will allow other research groups to build Densor themselves, democratizing intraoral sensing,
which so far has been accessible to only a small set of research laboratories.

2 Intraoral Sensing: Background and State of the Art

Sensing and transmitting data from a human mouth is a captivating concept. As we show in this section, it is still
not fully resolved, and sometimes leads the media to spread hoaxes around what is possible with tooth-based
transmission and sensing [132]. Nonetheless, the concept of developing specialized sensors for monitoring signals
inside the human mouth dates back to at least 1966, when a sensor was designed to measure intraoral fluoride
concentration [53, 54]. However, fluoride is just one example of various modalities that can already be measured
from within the mouth.

2.1 Uniqueness of Intraoral Sensing

Intraoral sensors offer unique measurement capabilities not achievable with other on-body sensors. We summarize
all the various applications of intraoral sensing®.

Sensors that monitor jaw movements provide insight into eating and speaking habits, as well as pointing to
certain physiological conditions such as (sleep and awake) bruxism (grinding or clenching teeth). Efforts to detect
and mitigate bruxism using intraoral sensors have been both academic [94], and commercial [25, 26, 86, 113].
Studies have also used jaw movements to monitor diet based on chewing patterns [33].

The oral cavity is also an ideal location to install an accelerometer for measuring head concussion in impact-
heavy sports (such as American football), where the use of other head-worn sensors is undesirable [49, 50].

Saliva is a source of many biomarkers which can be measured by an intraoral sensor [12, Table 2]. Many
systems measure in vivo saliva-based biomarkers such as pathogenic bacteria [82], lactic acid [69], uric acid [67],
sodium [76], or glucose [9]. Some studies harvest energy wirelessly using NFC for instantaneous use to monitor
fluoride levels for drug delivery [114].* Development of intraoral sensors to measure such biomarkers is a topic
of current interest [89].

The oral temperature can serve as an indicator of a disease, and also monitor its progression. Therefore
many studies use intraoral sensors to measure temperature inside the human mouth [47, 70, 96]. Dentistry-
related intraoral sensing applications include intraoral pressure sensing [72], bite pressure sensing [32], tooth
occlusion [57, 95], prostheses monitoring [109], or orthodontics retainer monitoring [52]. Another application of
intraoral sensing is the wireless control of remote objects. Such systems reside on the intersection of epidermal
and pass-through technologies for human computer interaction [90, Figure 3]). Applications include assistive
technology for people with disabilities [98] (see also Table 1, second column) and silent wireless control [28].
We speculate that tongue position and tongue thrusting are other oral-based signals that can be measured with
much better accuracy by intraoral sensors instead of external sensors [84].

21t will also expose the mobile and ubiquitous systems community to the intraoral sensing, which so far has been largely constrained to the
application of tooth brushing monitoring [5, 31, 58, 135].

3For the in-depth exposure to intraoral sensing we refer the reader to recent survey papers [37, 77]; see also [14, Section “Saliva-Based
Sensors”].

“4To the best of our knowledge, in vivo monitoring of oral moisture (another biomarker indicating dehydration or xerostemia [dry mouth
syndrome]) has not been demonstrated, as state of the art measurement rely on out-of-mouth sensors [48].

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 4, Article 191. Publication date: December 2024.



191:4 « Dsouza et al.

Table 1. Comparison of intraoral sensing platforms classes, grouped per wireless interface, except for the last column
representing commercial realization of an intraoral sensor. Colour code: = denotes undesired feature and " denotes the desired

feature.
This work [98]* [49, 50]% [76]° [47] [52] [114]* [71, 86]°
Study type Sleep Teleoperation Concussion  Sodium pH Retaineruse ~ pH  Retainer use
Dimension x [cm] 4.6% 3.5 o 2.1 1.6 1.3 (radius) 1.0 1.2
Dimension y [cm] 8.0% 2.5 e 2.7 1.05 e 0.8 0.8
Dimension z [cm] 0.9% e e 0.2 0.08 ) 0.15 0.45
Total weight 0.26 g* 75¢ ) 1.5g" e e 0.09g 0.4g
Poweruse  0.11mW° 3.7mW ] S] S] 3 uW* S E]
Wireless interface NFC DBC o BLE ANT RFID NFC RFID
Sampling rate <1Hz 64Hz <5.5kHz [S) 0.5Hz  <1/600Hz N/A <1/900 Hz
Sensors ALT M A S P, T T P T
Attachment LJA HPR LJA HPR VFS HPR TWS OO0A
Data reader SP CM S} SP SP RD SP CM
Battery-free Yes No No No No No Yes No
Reader-free sensing Yes Yes Yes Yes Yes Yes No Yes
Open source Yes No No No No No No No
Harvesting energy Yes No No No No No Yes No

Symbols: © (unspecified); Wireless interface: ANT+ (ANT), Bluetooth Low Energy (BLE), 27/432 MHz OOK/FSK (DBC),
13.56 MHz NFC (NFC), ISO-IEC 14443 RFID (RFID); Sensor types: Accelerometer (A), light (L), magnetic (M), sodium (S), pH
(P), temperature (T); Attachments: HPR (Hawley palatal retainer), LJA (lower jaw aligner), OOA (on-aligner attachment), TWS
(teeth whitening strips) VFS (vacuum-formed [palatal] splint); Readers: smartphone (SP), RFID reader (RD), custom reader (CM)
¥ w/o aligner/retainer ¥ with battery ~ *atidle  © with a sampling rate of 1 Hz, which was the highest sampling frequency
our app (Section 6.2.2) can support (note: power consumption reduces with larger sampling interval)

! Similar platforms: [73] (transmitter circuit only), [30, 97] 2 Related work: [29, 78]; Similar platforms: [43], [16] (battery
outside mouth), [105] 3 Similar platforms [8, 10] (glucose measurement), [94] (bruxism detection), [33] (food intake), [85]
(tongue pressure measurement), [68] (uric adic detection)  * Related work: [82, 128]  ° Other commercial platforms: [13]
(teleoperation), [80] (pH level), [3, 25, 26, 86, 113] (bruxism), [23] (retainer use)

2.2 State of the Art in Autonomous Intraoral Sensing Platforms

A summary of all relevant platforms presented in recent years is given in Table 1. To the best of our knowledge,
this is the most comprehensive summary of all autonomous’ intraoral sensing systems, which are demonstrated
by in vivo experiments with human subjects.

We observe that there are already plenty of existing intraoral sensing platforms built around popular low-power
communication protocols. Moreover, the set of commercial intraoral sensing platforms is also growing (see last
column of Table 1). On the other hand, all platforms are either battery-based or passive systems. Not only are
batteries less acceptable for wearing in-mouth (see Section 7.3.3), but also recharging them is hard [47, 76]. Some
systems have non-replaceable batteries [52], or a protruded battery on a dental brace causing wear discomfort in
the long term [49, 50]. Platforms that allow harvesting ambient energy to power the intraoral system are passive
and only work in the presence of an external reader [114]. Function-wise, all summarized works measure up to
two sensing modalities. Some of them are large and bulky [98], or require dedicated (non-smartphone based)
readers and chargers.

We conclude that the work on a functional intraoral sensor is far from over—not only because of the technical
challenges of size, energy provision and convenience of use, but also from the unexplored domain of signals

originating from the mouth.

3 Autonomous in the sense of being fully embedded in the mouth without cabled attachments to external devices.
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3 The Oral Cavity: A Potent Signal Source for Body State Inference

Beyond biological research, the intraoral cavity is a source of signals that have a much better signal quality than
measurements from traditional on-body sensors. While Densor has many potential applications, we focus on the
sleep-study related measurements—a core application for intraoral sensors.

3.1 Mouth Opening State

Determining the state of mouth opening while asleep is a powerful diagnostic tool in sleep quality studies [66].
Importantly, sleeping with the mouth open is deemed to be a risk for Obstructive Sleep Apnea (OSA)—a disorder
where the upper airway is partially or completely obstructed during sleep [66]. At present, OSA studies rely on
video [134] or external transducers attached to the face [129] to determine the mouth position. We postulate that
these methods are unappealing and cumbersome. Reasons being—participants have to be recorded (breaching
privacy) or wear extra external sensors attached to the head that can detach while sleeping. To overcome this
limitation, an Inertial Measurement Unit (IMU) can be embedded in the aligners worn by the patients for treating
sleep disorders (examples include [102, 117]), to collect data about the mouth opening state, and monitoring the
status of treatment in parallel.

3.2 Head Position During Sleep

The severity of OSA also depends on the position of the head while asleep. By measuring the head position
using intraoral sensors, practitioners of positional therapy can receive feedback on the effectiveness of efforts
in mitigating the severity of OSA [116]. Sleep posture data helps preventing bedsores in post-surgery recovery,
and in warning patients suffering from epilepsy [136]. Monitoring the head position during sleep may also be
important for studies measuring tooth decay, as saliva accumulates on the side one sleeps on. This information
could also be indicative of overall sleep quality, and may help diagnose causes of body aches and sores after sleep.

Prior studies have measured body posture during sleep using on-body sensors [56], or even non contact
methods using radio frequency [136] or vision [116]. However, all of these methods require either dedicated
hardware, i.e. external signal sources, or the user to wear an extra device to sleep. We posit that since many people
already wear aligners for orthodontic treatment to sleep—they can be repurposed with additional electronics
such as an accelerometer to measure these signals without additional discomfort. We can infer the position of the
head during sleep by obtaining the roll and pitch angle from the raw values of the accelerometer [119, Equation 6
and 7]. This can be done even with sparse sampling as only a single measurement is required to infer the head
orientation.

3.3 Jaw Movement Classification

There is a large body of work on the inference of jaw movements from wearables, such as ear-worn sensors.
These ear-worn devices use various sensors for jaw movement detection, such as microphones [6], barometers [7],
IMUs [20], or proximity sensors [18].° Other methods include sensing reflections of smartphone-induced audio
signals projected to the ear canal [27]. However, head-, or ear-worn sensors in particular, have two main
limitations: (i) they can have negative health consequences when worn during sleep (like wax buildup and
bacterial infections) [34], and (ii) they are positioned away from the jaw which causes low measurement precision.

3.4 Sensor Fusion

The ability to measure all of these parameters simultaneously allows us to understand their relations, which
itself provides new insights. By time synchronising them to other external sources (such as heart rate and audio

SFor in-depth discussion on these and other techniques of jaw (and tongue) movement detection see [27, Sec. II].
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recordings), they can also be fused to offer a deeper understanding of sleep quality. The multi-modal input also
helps simplify activity detection as signals from some sensors can be used to activate other sensors.

4 Intraoral Sensor Requirements

Based on the current state-of-the-art outlined in Table 1 and potential capabilities of intraoral sensors, we identify
the following set of requirements that must be met by intraoral sensors.

Requirement @: Contactless transmission. To protect the user from contact with the electronics and
mitigating the risk of electrical shock, the system must be completely sealed. This necessitates a contactless
transmission interface for interaction. The key challenge is that wireless transmission techniques require some
space on the Printed Circuit Board (PCB) for energy storage and an antenna, while the space in the mouth is very
limited.

Requirement @: Energy harvesting-based. For user convenience, an ideal intraoral sensor should utilize
energy harvesting for power. While prior studies have used NFC for energy harvesting, they do not store the
energy for later use. The key challenge is to sustain continuous operation without the presence of an external
charger.

Requirement ©: Battery-free. Toxic elements in batteries limit their suitability for intraoral sensing. The
key challenge is that although (super-)capacitors allow for fast charging, they have much lower energy density
than batteries, which results in shorter operation times.

Requirement ©: Long life. Battery-free requirements necessitate an ultra-low power processing and commu-
nication architecture. Further, many signals from intraoral sensors are either transient or continuously changing,
requiring continuous sampling. Because of this, the device must be able to collect periodic samples over a
significant enough period (for example: a full night’s sleep) to draw meaningful conclusions. The key challenge
is that even low power sensors drain small capacitors within hours (or even minutes) when powered continuously.

Requirement ©: Free of dedicated external hardware. The challenge with small and complex low-power
systems is that they are often difficult to use. In order to improve the adoption of intraoral devices, they should
be easy to use without reliance on external hardware or expertise. The key challenge is to harvest and store
energy, as well as communicate with the system using no more than a commodity, NFC-enabled smartphone.

Requirement ®: Acceptable to wear. Intraoral sensors must be worn on teeth without obstructing normal
oral function, ensuring suitability for daily use. We do not expect sensor sizes to become small enough to make
them nearly invisible in the near future. The key challenge is that the intraoral sensor should be lightweight
and fit in a regular dental aligner (not larger than 11.57 mm in height’” and 10.8 cm in length, measured between
left and right second molar [111, Table 1-7]).

Requirement @: Extendable and open source. Many people worldwide have undergone orthodontic treat-
ment involving on-tooth devices such as aligners and retainers. This indicates a significant potential for intraoral
sensors and oral data collection for research purposes.® Intraoral sensing platforms should be available under an
open source license, enabling the democratisation of intraoral sensing. Further, expanding the platform with new
sensors should be easy. The key challenge is that new solutions for intraoral sensing have to be developed from
scratch. The mobile systems community needs an equivalent for intraoral sensing, as OpenEarable [107] and
eSense [63] are for ear-centered sensing.
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Fig. 2. Densor system architecture showing the interaction between the user and system via the smartphone app.

5 Densor Architecture

Addressing the above requirements we propose Densor: a new system architecture for intraoral sensing presented
in Figure 2. Each component of Densor is described below.

5.1 Hardware

5.1.1 Communication and Data Storage. Requirement @ and @, entail the use of a wireless interface that is
compatible with most modern smartphones. We believe that as sleep-related data can be downloaded after waking
up, continuous active transmission is unnecessary. Thus, similar to previous studies [114], we propose using an
NFC interface and also using the on-board Non-Volatile Memory (NVM) of the tag to store measurements. The
tag should be NFC Forum-compatible [93] (i.e. ISO/IEC 15693 [61] and in particular ISO/IEC 14443 [60] standard
for short, centimeter range, distances) and operate at the 13.56 MHz base frequency.

5.1.2  Energy Harvesting. To address Requirement @, we need a reliable source to harvest and store energy.
Existing intraoral platforms that harvest energy from NFC do not store it for later use, preventing both the sensor’s
continuous operation and reader-independent data collection. Alternatively, studies also harvest energy from
bite [41, 59] and mastication [15]. Thermal energy could be harvested from the temperature gradient between
the body and the environment (such as consumed liquids).” When evaluated experimentally (see Appendix B),
we found that the thermal energy harvested is insufficient to power Densor continuously. Instead, similar to
prior studies [114, 137], we harvest energy from the NFC interface used for communication as this is the most
reliable energy source.

5.1.3 Energy Storage. To meet the needs of Requirement @, we propose to use capacitors in place of batteries.
This architecture adds Densor to the set of similar battery-free systems [38, 51, 133].

5.1.4  Power and Timing Control. Addressing requirement @ is challenging. Despite using low-power sensors,
energy would be drained from the storage capacitor(s) rapidly if Densor is kept continuously powered. As the
harvested energy stored on the capacitors is limited, it is imperative that we save and expend this power carefully.
To overcome this, we use a low power Real-Time Clock (RTC) with power switch for power management,
following the architecture presented by Kazdaridis et al. [64], which is used in similar low power systems [133,
Sec. 4.1], [39]. This means that the Microcontroller Unit (MCU) and sensors are completely powered off in the
inter-sample period, with only the RTC powered to determine wake up time. This method achieves better power
saving than deep-sleep or any of the low power run modes of the MCU.

"Estimated as the average height of the second molar of 7.7 mm [111, Table 1-7] plus the smallest vestibular depth of 3.87 mm in the mandible
measured at the youngest (614 years) group age [91].

8In the US, between 1989 and 1994 about 50% of 12-17 year olds were reported to have received orthodontic treatment [101, Fig 1.21].
9Thermal harvesting was used to power non-intraoral embedded sensing platforms, such as [17].
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5.1.5 Computation and Sensing. In this work, we include three sensing modalities: (i) position, (ii) light and
(iii) temperature. For position measurement we exploit a low power three-axis accelerometer, as it is suitable to
measure head position during sleep with sparse sampling, following the insight presented in Section 3.3. For light
measurement from the oral cavity we apply a photodiode, as per the insight presented in Section 3.1. Finally,
for oral temperature measurement we include a temperature sensor, as explained in Section 3.4. To interface
with these sensors and save measurements, we advocate using the most powerful processor that meets our size
(Requirement @) and power constraints (Requirement @). This enables us to keep our system ready for future
expansion as per Requirement @.

5.2 Software Stack

5.2.1 User Control. To satisfy Requirement @, the user must be able to interact and charge the Densor using
only a smartphone. The smartphone app should implement a set of features that makes the Densor configurable
and user-friendly. The following features are implemented as part of the user control.

Data Readout and Densor Reconfiguration. In our architecture, the smartphone interacts with the Densor
by using the NFC interface to read the collected data, and write to the configuration registers in the shared
memory on the Densor’s NFC tag. All these operations are possible without the intervention of the MCU.

Time Synchronisation. In wearable systems, it is crucial to know the time at which specific events were
captured. However, as the Densor is intermittently-powered, the MCU cannot sustain a constant clock source.
To address this issue, we use the app to synchronise the wall clock time to the Densor. This timestamp is used
as a reference with which a timestamp of all subsequent measurements can be determined by counting the
elapsed sampling intervals. Moreover, in Densor’s architecture, the timestamp is the trigger to start running the
measurement process—thus ensuring that all measurements begin from the initial timestamp.

Capacitor Bank Charging Status. As the smartphone is used for charging the Densor capacitors, it is
important that the user receives feedback of the capacitors charging status. However, this is challenging because
we do not wish to add any circuity to monitor the charging status as this results in a larger power consumption.
Instead, we use the MCU to estimate the capacitor voltage by reading its internal voltage reference. This voltage
reference can then be used to calculate the supply voltage of the MCU, which is approximately the charge level
of the capacitors according to [118]. This calculated supply voltage can then be stored on the NFC tag, which can
be read by the smartphone and displayed on the app.

Sampling Rate Control. As Densor is meant to collect data intermittently, the frequency of sample collections
has an effect on the total operation time. Therefore, in our architecture, the user can use the app to set the
sampling interval as desired.

Delayed Start. Some applications require that a frequent sampling occurs at a later time than when the system
was started. For example, a user might want to collect jaw movements in the middle of the night while asleep.
Therefore, we provide the ability to begin measurements after an offset period has elapsed. This offset can be set
by the user through the app.

5.2.2 Densor Firmware. The Densor adopts a wake-measure-sleep cycle which is controlled by the RTC. As
a consequence, in our architecture the MCU is switched off in the inter-sample period. Each time the MCU is
switched on, it reads the settings from the NVM to determine the system state. A state diagram describing the
wake-measure-sleep cycle is given in Figure 3.

The Densor firmware maps the user control features (see Section 5.2.1) as follows.

Measurements Saving. As the Densor is turned off in between samples, all measurements must be saved
to NVM. Generally speaking, a memory pointer is used to keep track of the last save address that has not been
written to, and is incremented each time a measurement is saved.
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Fig. 3. Densor firmware: state transition diagram.

Time Synchronization. As described in Section 5.2.1, time synchronization on the Densor is enabled by the
user writing a timestamp to the Densor’s shared memory via the smartphone app. Each time the system wakes
up, it checks for the presence of a valid timestamp. If found, it performs a measurement and configures the wake
up alarm for the next measurement based on the sampling interval.

Charging Indication. If a timestamp has not been set, it is assumed the user is charging the device. In this
case, the MCU calculates the voltage on the capacitors. First an internal voltage reference channel of the Analog
to Digital Converter (ADC) is measured. This reference voltage is used to derive the supply voltage as described
in [118]. The supply voltage is then stored on the shared memory to be displayed on the app. The MCU then
configures the RTC to wake up frequently so that the measurement process can begin shortly after the timestamp
is set.

Wake Up Configuration. It is imperative that the MCU must configure the next wake up time correctly. To
achieve this, MCU reads the current time from the RTC and increments it by the sampling interval to determine
the next wake up time. This calculated value is written to the RTC and the next wake up is enabled, switching
the MCU and sensors off until then.

5.3 Densor Intraoral Placement

A significant part of the worldwide population will use dental aligners at some point in their life.!” Thus, following
earlier intraoral sensor designs, we aim at embedding all Densor’s electronics into regular orthodontic aligners
or retainers. Densor can be attached to both plastic aligners and retainers, as they are made of the same material
and differ only in function. Aligners are used during orthodontic treatment to move the teeth into the desired
position, while retainers are worn after treatment completion to keep the teeth in position.!! In consultation
with a dentist and a dental technician, we decided to place Densor on the lower jaw, with Densor located on the
labial surface (i.e outward facing towards the lips). The choice of labial surface is dictated by two factors: (i) the
teeth will not obstruct the NFC antenna, and (ii) it is easier to manufacture than on the lingual surface.

19For example, in 2016 4.3 million [55], i.e. about 10% of adolescent population of the US from 2016, were treated with clear aligners.
For the rest of this paper, we will use the term aligners to indicate both plastic aligners and retainers.
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Fig. 4. Densor implementation. Left image—fabricated PCB before insertion into aligner: ® PCB antenna, ® STMi-
croelectronics ST25DV64K NFC tag [123], © Seiko CPH3225A chip capacitor bank [112], ® Abracon AB1805 RTC [2],
®STMicroelectronics LIS2DW12 accelerometer [121] , ® STMicroelectronics STM32L021F4 MCU [120], © Vishay
VEMD1060X01 photodiode [130], @ programming port (which is cut off before embedding in a dental aligner). Right
image—example of a fully assembled Densor, i.e. fitted into a dental aligner.

6 Densor Implementation

With the Densor architecture presented, we proceed with the detailed description of its implementation. We start
with the hardware (Section 6.1), followed by the software implementation (Section 6.2), and the integration of
electronics with a dental aligner (Section 6.3).

6.1 Densor Hardware

6.1.1  NFC Interface. To implement the NFC interface, we use the STMicroelectronics ST25DV64K tag [123] for
its energy harvesting capability and large on-chip NVM of 64 kbit.

6.1.2  Voltage Control. We chose the Fairchild Semiconductor MM3Z3V6C Zener diode [46] as an over-voltage
protection device. An Nexperia 1PS765B40 Schottky diode [92] was used to prevent current backfeed. Our circuit
is kept simple to reduce the footprint and power consumption, as compared to an integrated voltage regulation
circuit.

6.1.3 Energy Storage. The harvested energy from the NFC interface is stored on two parallel Seiko CPX3225A
capacitors [112], 11 mF each, rated for a maximum voltage of 3.3 V. This is below the maximum allowed supply
voltage of the MCU (3.6 V). As we will show in Section 7.1.4, the total capacitance determines the operation time
of the Densor. Increasing the number of capacitors increases the lifetime of Densor, but simultaneously increases
the charging time—reducing usability.

6.1.4 NFC Antenna. Commercially available NFC antennas we found could potentially cause discomfort [103],
or be too fragile to withstand the jaw forces due to their ferrite core [79]. Hence, we designed a custom dual layer
PCB 8 mm X 15 mm antenna using the STMicroelectronics inductance calculator [126]. We tested the antenna
by connecting it to a Vector Network Analyzer (VNA) [115], and matched its impedance to an NFC reference
antenna [122].

6.1.5 PMIC. For power control we use an Abracon AB1805 RTC [2] with integrated power switch, following
the architecture presented in Section 5.1.4. We choose this PMIC as it has the lowest power consumption we
could find, with the ability to switch the sensors off while inactive. The RTC is configured via Inter-Integrated
Circuit (I2C) and is continuously powered by Densor’s storage capacitors. All the sensors and the MCU on board
of Densor are low-side switched (i.e the connection to ground is removed) by the RTC’s power switch. This
switching presents additional challenges as all possible paths between the switched components and ground have
to be isolated. For example, the NFC chip is connected to the MCU via a pulled up I2C bus. The MCU can leak
current to ground via this I2C path even when it is switched off. In order to isolate the NFC interface from the
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power switched components, we use a TS3A44159 [127] switch for its small size and 1 nA supply current. The
switch disconnects the I12C bus from the NFC chip when not in use, removing a potential leakage path. The RTC
is clocked by its internal RC oscillator. However, if the user desires a higher clock frequency, they may use an
external crystal. We note that as the crystal consumes extra energy, all results reported in Section 7 are measured
using the RC oscillator clock source.

6.1.6  On-Board Sensors. We chose the STMicroelectronics LIS2DW12 accelerometer [121], as it has the ability to
measure both temperature and acceleration with very low power consumption and a small physical form factor
(2 mm X 2 mm). We chose the Vishay VEMD1060X01 photodiode [130] to measure light intensity. We use it in
photoconductive mode to ensure linearity with incident light and fast response time. We placed the photodiode
as close to the top edge of the PCB such that, once the Densor is placed inside the dental aligner, ambient light
entering the mouth will not be permanently covered by the lips.

6.1.7 MCU. STMicroelectronics STM32L021F4 [120] was chosen for its small size (3 mm X 3 mm), low power
consumption and versatile capabilities. The chosen MCU controls the I2C bus connected to the NFC tag, Power
Management Integrated Circuit (PMIC) and accelerometer of Densor. The MCU also has the ability to perform
analog measurements (like sampling the photodiode voltage) using the ADC.

6.1.8 PCB Fabrication. The Densor PCB was manufactured using flexible polyamide substrate with a thickness
of 0.1 mm, which allows it to be curved into the shape of the jaw. An Electroless Nickel Immersion Gold (ENIG)
surface finish was used, and the components were soldered on using a lead-free solder paste [88]. All components
are placed on one side of the two-layer PCB, so that the Densor can sit flush against the teeth when enclosed.
The PCB can be expanded to add more sensors (addressing Requirement @ from Section 4). An example of a fully
assembled Densor is presented in Figure 4.

6.2 Densor Software

6.2.1 Densor Firmware. For the Densor firmware we implement the state diagram shown in Section 5.2.2 using
STM32cubeMX [124]. As the MCU and all the on-board Densor sensors are all switched simultaneously, we have
to introduce delays for them to start-up. The duration of these delays was found experimentally and were reduced
to a minimum.

The analog measurements of the photo diode and temperature depend on the source voltage of the capacitors.
This means that the falling source voltage of the draining capacitors affects the measurements. To overcome this,
we find the linear relationship between the source voltage and measured values, and compensate all measurements
to that of a corresponding stable supply voltage as explained in Appendix C.

6.2.2  Smartphone App. We developed a smartphone app based on the architecture in Section 5.2.1 that allows the
user to configure the following Densor properties: (i) which sensors will be sampled (temperature, accelerometer
or photodiode), (ii) which RTC clock source to use (crystal or RC), and (iii) sampling rate. The app can also display
the Densor’s charge level, synchronise the measurement to the wall clock, and read/write/clear memory. The app
(seen on the screen of a smartphone shown in Figure 1) was developed in Java, based on ST25 NFC Tap App [125],
and is compatible with Android 6.0 and higher.

6.3 PCB Integration with a Dental Aligner

First, a dental impression [131] of each test subject was taken using condensation silicone [35] placed on a dental
impression tray. The hardened impression was later used to create a plaster model [24] of the subject’s lower
jaw teeth. Next, the plaster was placed inside an Erkoform-3d+ dental thermoforming unit [44]. Then, a dental
thermoforming plate [45] was heated to 160 degrees Celcius by Erkoform-3d+, placed over the dental plaster and
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vacuum sealed. After vacuum sealing, all redundant and sharp edges of the fabricated aligner were removed by
the cut-off wheel. The remaining imperfections were removed with the same cut-off wheel, and finally disinfected.
Based on previous studies using intraoral sensors, we find that epoxy resin is a suitable protective agent to seal
the electronics from the oral cavity [57, Section 4.2].

With the aligner ready, two methods of attaching Densor to the transparent dental aligner were used.

Attachment using Silicone Layer: The Densor PCB is first attached to the center front side of the aligner
with a silicone based dental putty [42]. Then a thin layer of bio-compatible epoxy resin [100] was applied to seal
the electronics from moisture damage and for the safety of the user. The short curing time (6 min) and stickiness
of the silicone allows us to fixate the PCB in the desired position. After this, the epoxy can be applied. The epoxy
takes a few hours to harden and up to four days to cure completely. On the negative side, the lack of transparency
of the silicone putty reduces the sensitivity of the light sensor.

Attachment Using Epoxy Resin: In this method, the Densor PCB was attached the same way as in the
previous method, except for applying the dental putty first. This method is comparatively challenging as the
PCB has to be held in place manually until the epoxy has sufficiently hardened. On the positive side, it does not
obscure the light sensor.

We note that both integration processes depend on the regular dental aligner fabrication process. In other
words, the Densor aligner fabrication does not require any specialized equipment that would not be already
available to a dental technical.

7 Results

We proceed with the evaluation of Densor with a demonstration of intraoral sensing, as well as usage for
sleep studies with accordance to the strategies described by Ledo et al. [74]. We divide the results into device
benchmarks (Section 7.1), in vivo evaluation (Section 7.2) and the user acceptability study of intraoral sensors
(Section 7.3).

7.1 Densor Benchmarks

7.1.1  Densor Physical Properties. Physical properties and code statistics of Densor are summarized in Table 1 (first
column). The Densor PCB with assembled components (without aligner) weighs 0.26 g, and the fully assembled
device (with aligner) weighs an average of 3.11 g. We conclude that Densor is the lightest of the actively powered
battery-free platforms we have surveyed, and fits seamlessly into regular dental aligners.

7.1.2  Densor Software Characteristics. Densor’s firmware code size was 9.73 kB, using 60.84% of the flash memory
of the MCU [120, Page 1]. The Densor smartphone app code size was 10.55 MB, which is less than average for an
Android app [21, Sec. 3] (data for 2019).

7.1.3  Densor Fabrication Cost. Fabrication of the Densor PCB costs (including the cost of all electronic compo-
nents and shipment) approximately €22. The production cost of the aligners, including the cost of embedding of
Densor into the aligner, was around €150. This price is typical for the country in which the Densor reported in
this paper was fabricated in, and may differ with each country. Needless to say, the reported prices can decrease
with higher production quantities due to economies of scale. For example, when producing 1000 units the cost of
the assembled PCB will reduce to €6.35.

7.1.4  Densor Capacitors Charging Characterization. We proceed with the measurements of Densor’s capacitor
charging characteristics, i.e., charging duration and charging curve, using commercial smartphones. For the
measurements we used three smartphones: iPhone 13, Google Pixel 3A and Google Pixel 6A. We used the Salea
Pro 16 logic analyzer [108] to measure the voltage on the storage capacitors when charging via NFC using
the smartphone, starting from fully discharged capacitors. The result is presented in Figure 5. We observe that
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Fig. 5. Densor charging characterisation when charged with three different smartphones. Densor had two 11 mF on-board
capacitors connected in parallel (refer to Figure 4). We conclude that charging time to 75% of full charging capacity of 3.3V
takes less than 20 s, irrespective of the smartphone used. The experiment was conducted with the assembled Densor PCB, as
shown in Figure 4(left), lying flat on the back of each tested smartphone, close to the location of the NFC antenna with
Densor PCB not moving for the entire duration of the measurement.

all three smartphones charge Densor following a similar charging pattern. It takes less than five seconds to
charge Densor to 1.8V, i.e., the minimum voltage required for Densor to operate. Around 20 s are needed to
charge the Densor capacitor storage bank to ~2.5V, i.e. approximately 75% of the nominal 3.3V capacity of the
storage capacitors used. This result shows that Densor charging is fast and consistent with all tested smartphones.
However, we note that no smartphone used in the experiments was able to charge the capacitors to their full
3.3V value: the maximum voltage value we observed was 2.9 V. Charging requires precise alignment between the
antennas of the smartphone and Densor. For all the in vivo results presented in this study, Densor was charged
while outside the mouth using the feedback of charged capacitor voltage from the smartphone app. While it is
also possible to charge Densor through the skin, i.e. cheeks, we did not evaluate this due to complexity of the
experiment setup. In our subjective assessment based on example experiments, there is no major difference in
charging behavior after the PCB is flexed and sealed into the aligner. However, as it is not possible to attach test
probes after sealing, we were unable to measure voltage traces precisely as presented in Figure 5.

7.1.5  Densor Through-Skin Data Collection. We also tested whether it is possible to extract sensor data once
the Densor is already in the mouth. We found that Densor can indeed interact with a smartphone (receive and
transmit data) even when it is inside the mouth. We took three example measurements and found that it takes an
average of 5.44 s (minimum and maximum of 4.66 s and 6.76 s, respectively) to read the full Densor memory of
64 kbit via NFC using the smartphone app and a Google Pixel 6A. This was measured with Densor worn in the
mouth, and the smartphone touching the cheek at the place where the antenna is located.

7.1.6 Densor Energy Consumption. Using the Keithley 2450 source meter [65] connected to Densor storage
capacitors (after Densor was charged and started regular operation) we characterized Densor current consumption.
The result of this measurement is shown in Figure 6a. This current profile is composed of two states: peak current
during operation I, and power off state I,. The operation state is when the sensor is sensing and storing
measurements, while the off state is when the sensors and the MCU is powered off. The values of I, and I, are
reported in Table 2 in relation to the current consumption of other components of Densor. The length of the
operation stage is 41 ms, measured with Salea Pro 16 logic analyzer [108]. The trace in Figure 6a is generated by
combining the separately measured timing data and individual values of I; and I,.

We find that with measured I, (which is 37 363 times higher than I, assuming RTC is clocked by the RC
oscillator, see Table 2), Densor can conduct approximately up to 500 operations starting from a full capacitor
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Fig. 6. Characterization of current consumption and lifetime of the Densor, as presented in Section 7.1.6. Selected parameters
for the center and right figure: V=33V, C = 11 mF.

charge of 3.3V, regardless of the sensor sampling distribution of inter-sample time, since I, >> I,. The maximum
number of these operations was found experimentally by running Densor not embedded in dental aligner at 1 Hz
sampling frequency, starting from a maximum capacitor storage of 3.3 V charged using an external power supply.

Densor Operation Lifetime Model. To estimate the lifetime of Densor as a function of number of capacitors N
available to Densor, the voltage V to which they are charged and the sampling interval T;, denoted as L(N, V, Ty),
we model it as

LIN.V.T,) = Energy available _ N%C (V2 - V) (1)
727 Average power consumption v (IrTr"'Io(Ts_Tr))’
T.

where C is the total storage capacitance of Densor, Vi, = 1.8V is the minimum operating voltage of the Densor, T,
is the operation time of Densor (time spent on sampling all on-board sensors and storing the measurement on
the on-device memory).

Briefly explaining Equation 1: in the numerator, to compensate for the energy that is unusable by Densor due
to the fixed lower voltage threshold V7, we subtract it from the current voltage V. The denominator represents
the energy spent by the Densor per second, where the system runs for a fixed time T, every sampling interval T;.

Densor Operation Lifetime Model Numerical Examples. Figure 6b presents the total current draw (I, + I,) as a
function of sampling interval T;. This curve plots the denominator of Equation 1 excluding voltage V. Because
I, > I,, the average current consumption of Densor reduces as the sampling interval increases.

Example Densor lifetime values estimated by our model are shown in Figure 6c, for N = {1, 2, 3}, together with
the values from real measurements superimposed on the the lifetime function L(N, V, T;). We see that with T; = 1
sample per 100 s interval and N = 3 capacitors of 11 mF, Densor can sustain almost a whole day of operation
with a single charge.

7.2 In Vivo Measurements with Densor

We now proceed with the functional evaluation of Densor. We show how Densor can classify different events
such as open mouth, speaking or head position during sleep. We also report event classification accuracy.

7.2.1 Measurement Setup and Data Collection.

Human Subjects. Three authors of this work wore Densor attached to a custom-made retainer in various
scenarios to collect labelled data. Use of Densor for experiments was approved by the Human Research Ethics
Committee of the institution to which the authors of this work are associated.
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Table 2. Densor current consumption.

Densor component Value®
Schottky diode leakage [92, Fig. 2] ~7.5nA
NFC chip isolating switch [127, Sec. 6.5] ~0.5nA
MCU [120] ~805 pA
Accelerometer [121, Table 4] ~0.38 pA
RTC [2, Table 8] 14 nA (with RC oscillator); 55 nA (with crystal)
Total system: at idle time (I,)t 22nA (with RTC RC oscillator); 70 nA (with RTC crystal)
Total system: at operation (I)T 822 pA

T I, and I, are measured with Keithley 2450 source meter [65]; other values are taken from respective
technical specifications of the producer.

Table 3. Set of tasks used for classification and training.

Task  Duration of task execution (seconds)

Head up during sleep 30
Head left during sleep 30
Head right during sleep 30

Wear Densor with mouth closed 15730

Wear Densor with mouth open 15730
Speaking with Densor inside the mouth 30
Drink water 5
Densor laying flat* 60
Walk around with Densor in hand 60
Walk around with Densor in bag 60

 Used for Densor comparison with ear-based accelerometer
* No exposure to varying light intensity is expected here

Controlled Experiments. All three users wore the Densor while performing activities listed in Table 3 that
pertain to the following states that we aim to classify: (i) orthodontic compliance (to check whether an aligner
was worn in the mouth), (ii) mouth opening state (open or close), (iii) speaking, (iv) fluid (water) intake, and (v)
head position during sleep. First, the Densor was charged for approximately 1 min with a smartphone until the
storage capacitor voltage reached 2.6V as displayed on the app. Then, a computer script instructed the wearer of
Densor to perform each task in a predefined (randomly shuffled) order—each for a specified duration. Because
Densor is battery-free, the voltage level of the discharging capacitors might potentially affect the accuracy of
the measurements from the sensors, and are compensated in software offline. Nonetheless, to remove any bias
from this effect, the order of the activities were varied for each experiment run. The user remained in the same
state for the entire duration of the task requested by the program. The data collected from the Densor (that
is accelerometer, temperature and analog measurement of the light intensity using the photodiode) were all
sampled at 1 Hz. At this sampling rate, Densor has a lifetime of approximately 8 min. An example of the raw data
from all on-board sensors collected from these experiments, including the power budget, can be seen in Figure 7.

To synchronise the task labels from a Personal Computer (PC) to the collected measurements, Densor and the
instructing script were started at the same time. The data points collected during transitions between activities
were removed to account for any synchronisation inaccuracy. This is because it can take up to five seconds for the
Densor to actually start after being enabled, and to account for reaction time of the user when activities change.
A total of 57 experiments were performed by three users over multiple days with varying ambient conditions.
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Fig. 7. Example data from an actual in vivo measurements collected at 1 Hz using Densor while performing various tasks. The
measured temperature rises when Densor is inserted in the mouth, and dips when cold water is consumed. Light intensity
rises when the mouth is open. Measured accelerations can determine the orientation of the jaw. The supply voltage is seen

falling as the storage capacitors discharge during use.

Real-Life Experiments. In addition to the controlled experiments, one of the human subject participating in the
experiments wore Densor during overnight sleep. The purpose of this data collection was to evaluate Densor in
collecting sleep-related data. Nine datasets were collected from an overnight sleep between 19 March 2024 and
26 April 2024. For all sleep measurements Densor sampled data once every two minutes. At the beginning of
each night measurement, right before placing Densor in the mouth, the user charged the Densor to at least 2.6 V
using our developed Densor application installed on a smartphone (see Section 6.2.2).'

Reference System: In-Ear Accelerometer. To assess the effectiveness of Densor in performing mouth-related
state classification, we built a simple hardware reference setup. That is, we developed a small rigid PCB with
only a STMicroelectronics LIS2DW12 [121] (the same as the one used by Densor), which was then mounted
inside a commodity, reusable music earplug from which the sound filter was removed and replaced with the PCB,
see Figure 8. The ear-mounted accelerometer is connected to an external Arduino Leonardo [11] through an 12C
bus, and samples the accelerometer output at 25 Hz with a 16 bit resolution. The data is saved to a file with a
Unix time based timestamp. Later, the data is synchronised with that from the Densor based on the start time and
activity list performed by the user.

7.2.2  Feature Extraction. We perform feature extraction to transform the raw sensor values into a set of relevant
features, reducing dimensionality, noise, and complexity. To classify speaking from time series data, we calculate
the variance of the light intensity signal. This is because when speaking, the measured light intensity changes
rapidly as seen in Figure 7. For this controlled experiment, we assume the entire time series signal is purely
speaking for 30 s (i.e without any transition in activity). To classify drinking, we extract the largest dip in the
measured in the series of temperatures values, f(x) as miny, f’(x). Finally, to make accelerations invariant to the
orientation of the sensor while classifying movements, we extract the resultant acceleration as the magnitude of
all three values from the accelerometer.

2During the experiments one of the following smartphones was used: Google Pixel 3A, Google Pixel 6A and Samsung Galaxy S8.
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Fig. 9. Classified states by Densor mapped into sensor inputs and extracted signal features.

7.2.3  Classification. To classify the activities from these experiments, we used the labelled data collected, and
trained a decision tree model offline using the scikit-learn software suite [99]. We choose a decision tree
classifier for its low memory footprint and potential to be implemented on the on-board MCU of Densor, if
necessary. The classification algorithm uses the multi-modal sensor inputs for step-by-step detection as seen in
Figure 9. For instance, once we establish that the user is wearing Densor based on temperature readings, we can
then use the light sensor to detect speaking as the next step. While some activities can be detected using a single
data point, others such as speaking or drinking require features from time series data. As decision trees are prone
to over-fitting the training data, we regularise the models by controlling the maximum depth of the tree and the
minimum number of samples required in each leaf. 66% of all collected tasks were used for training the model,
and the remaining 33% for evaluation.

7.2.4  State Classification. We proceed with the evaluation of the performance of state classification by Densor,
refer again to all classified states which are listed in Figure 9.

Overall Classification Performance. Table 4 shows the results of all machine learning models. To ensure the
predictions did not take place by chance, we verify that the p-value is < 0.01. As the fluid intake detection for
participant P3 fails to meet this criteria, we exclude it from further analysis. Below we discuss some of the
classification tasks in detail.

Orthodontic Compliance When embedded in an orthodontic aligner, Densor can help in collecting data
on if the aligner is being worn. As seen in Figure 7, the temperature measured by Densor rises to human body
temperature when Densor is worn by the user. With this insight, compliance can be determined by checking if the
temperature is within range of oral temperature of the human body. As an illustration, a box plot of temperature
recordings is seen in Figure 10a, alongside temperature measurements when Densor was not being worn. The
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Table 4. Accuracy (in %) of four states classification (as described in Section 7.2.4) from decision tree classifications per user
and fabrication method.

Participant ~ Densor attachment Notes’ Measured range  Compliance Mouth opening  Speaking  Fluid intake
P1 Silicone putty L: Sealed L: [511, 640] 100 79 - -
T: Level T: [32.8, 34.9]
P2 Epoxy resin L: Exposed — L:[504, 1581] 100 91 100 100
T: Protruding  T: [27.7, 36.7]
P3 Epoxy resin L: Exposed L: {504, 2357] 100 92 80 70
T: Level T: [32.0, 35.3]
All
.. — - - 100 90 91 100
participants

Color scheme: [ p < 0.01;  p > 0.01; " insufficient data TNotes on Densor characteristics: Sealed: photodiode was partially covered
by the silicone; Exposed: photodiode was covered with clear epoxy only; Level: temperature sensor was sitting flush against the
aligner; Protruding: a gap between temperature sensor and aligner; L: light, T: Temperature.
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(a) In-mouth temperature depending on if Densor is in use. (b) Light intensity depending on if user’s mouth is open.

Fig. 10. Distribution of temperature and light intensity measured by Densor. Temperature data was collected from all three
participants. Light intensity data was collected from participants wearing Densor attached using the epoxy resin only.

temperature measurements of Densor being worn include those of when the mouth was opened and closed,
and during speaking and while drinking water. In our case, because the experiment was performed where the
ambient temperature was a median of 24 °C, the detection accuracy was 100%. Thus, temperature measurement
confirms actual usage of the device, providing feedback to the dental practitioner. We note that although this
method is generally effective, it may fail if Densor is used in places where the ambient temperature is the same as
human body temperature.

Mouth Opening State Detection. The Densor is able to detect if the user’s mouth is open by measuring
acceleration and light intensity from inside the mouth. To compare Densor’s detection ability to an existing
measurement benchmark, we use the reference setup described in Section 7.2.1 as a baseline. An example
comparing a mouth closing event measured both from the ear and the mouth is seen in Figure 11. The example
presented in Figure 11a and Figure 11b is of an exaggerated opening event, as the ear-mounted accelerometer is
not sensitive enough to gentle movements. Additionally, the light intensity measured from inside the mouth
using Densor can be seen in Figure 11c. Assuming the user is in a well lit environment, this is a more reliable
source of mouth opening detection as it is independent of the opening or closing motion itself. Figure 12 shows
the Receiver Operating Characteristic (ROC) curves for the decision trees trained on the signal outputs of both
the ear-mounted accelerometer and the Densor. In Case 1 for the ear-mounted system, the in-ear accelerations
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Fig. 11. Example traces (simultaneously collected) from in-ear accelerometer and Densor during mouth opening. When the
mouth is opened (at the five second mark) the in-ear accelerometer only records a change during the transition. The in-mouth
accelerometer on Densor can recover the jaw orientation (pitch) directly—note the permanent change of the z direction once
the mouth is open (center figure) compared to flat z direction for in-ear accelerometer (left figure). Additionally, Densor can
measure intraoral light intensity to help the decision, which makes determining mouth opening state easier with Densor.
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Fig. 12. ROC curve for detecting mouth opening state, i.e. open or close. Case 1: ear-mounted accelerometer, Case 2: Densor
(accelerometer use only), Case 3: Densor (accelerometer and photodiode use). We conclude that Densor outperforms an
ear-mounted system, while using a lower sampling frequency; AUC: area under the ROC curve.

are used as features. To make a fair comparison between the systems, two different models are trained on the
Densor-generated data. Case 2 uses only Densor-generated accelerations and its resultant as features, to make
it a comparable model to that of the the ear-mounted accelerometer. Case 3 includes all previous features and
additionally light intensity, to showcase the capabilities of Densor. As can be seen, Densor outperforms the
ear-mounted accelerometer significantly. From this we can conclude that Densor is better at detecting mouth
states from a single measurement than a comparable system mounted inside the ear.

We note that, unfortunately, mouth opening state detection using photodiodes is limited to well-illuminated
environments. This limitation can be overcome by using external infrared illumination which is invisible to
the human eye. While the selected photodiode is also sensitive to infrared wavelengths, we do not explore this
approach as it requires an external infrared light source, contrary to requirement ©.

Fluid Intake. Densor measures a drop in temperature when the user consumes a cool liquid, such as tap
water.!> As we show in Table 4 classification accuracy depends on the Densor fabrication technique and physical
characteristics of the fabricated Densor. On devices with a silicone-coated temperature sensor no temperature
change was detected, presumably because the sensor was shielded from the flowing water. However, when
attached to the aligner using only epoxy, Densor experienced temperature drops depending on the sensor’s level
of physical exposure to water. The temperature drop was more prominent when a gap was present in between the
sensor and the teeth. Thus, we find a trade-off between accurate body temperature measurement, and sensitivity

13Note that only water is allowed to be consumed while wearing any aligner.
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Fig. 13. Data from an actual in vivo measurements using Densor during sleep, with a measurement every 2 min over a
period of 6 h 40 min. The head position (pitch and roll) are recovered from the acceleration measurements. Densor is able to
sustain measurements for a full night’s sleep on a single charge. Note: the step-wise function of supply voltage is due to a
finite four bit precision to store voltage values.

to external factors like fluid intake. To overcome this limitation, multiple temperature sensors should be added in
future revisions of Densor—one sensor for each purpose.

Sleep Studies. As most people with prescribed retainers wear them while asleep, it is an excellent signal
source of the head position while sleeping. Using the accelerometer onboard Densor, we can recover the roll and
pitch of the head, measured directly from the jaw. The head position measurements collected over one night’s
sleep can be seen in Figure 13. Since these measurements come directly from the sensor, we believe that machine
learning is unnecessary. Still, to ensure the validity and accuracy of this measuring technique, we collected
labelled data while laying in the supine and lateral positions (i.e facing upwards, and left and right side). We
were able to identify that the user was lying down (sleeping position) with an accuracy of 100% and classify each
position with a 99.8% accuracy. We note that as the position of the accelerometer varies with each user after
attachment of the PCB to retainer—the roll and pitch need to be calibrated to zero when centered. This offset
correction is done for each device specifically.

7.2.5 Endurance. We find that Densor sustained its functionality during the entire duration of the data collection—
requiring no repairs, and no new fabrications. It performed reliably for the entire duration of all experiments
spanning 48 days, even after multiple uses for overnight sleep monitoring.

7.2.6  Subjective Assessment of Wearing Comfort. Two out of three users wore Densor while asleep and found
it comfortable, similar to wearing retainers. One participant used orthodontic wax to smooth sharp points for
safety. Both users were able to wear the device while asleep without any difficulties, allowing its use in sleep
studies and other long-duration applications.

7.3 Acceptability of Multimodal Intraoral Sensors

Each body area sensor will experience a different level of acceptability by the general population. Intraoral
sensors are easily removable, eliminating the fear of surgery associated with implantable sensors [110, Figure
14a]. Yet, they are still located inside the human body. Widespread adoption of intraoral sensors depends not only
on them being less invasive than implantable sensors, but also on their acceptability and the potential benefit
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Table 5. Acceptability study demographics.

Parameter Values
Sample size 116
Age [years] (mean, standard deviation o) 28.8,11.1

Gender (female, male, other) 47%, 52%, 1%
Education (BSc, MSc or professional degree, other) 68%, 25% ,7%
Background (dentistry, CS!EE! other) 66%, 9%, 7%, 18%

Active student (BSc, MSc, or PhD) 77%
Used dental aligners/retainers 59%
Heard of intraoral sensors 22%

1 CS: Computer Science, EE: Electrical Engineering.

of wearing them. Some general studies on the perception of implantable medical technologies exist [110], but
lack focus on oral cavity sensors. Studies of intraoral device acceptability exist [28], however, pertaining to a
specific form factor (CR1220 coin cell battery size edible object). We are not aware of any study regarding generic
intraoral sensors. Addressing this void, we performed the following experiment.

7.3.1 Methodology. An online survey was performed using Qualtrix XM [104] from the population sample
chosen to represent individuals with sufficient technical knowledge in the fields of interest. The sample was
selected out of convenience from the master-level courses for dentistry and engineering students (including
computer science and biomedical engineering) from two different higher education institutions. Additionally,
general dentists were approached during a study session of the local dentists” association.

The study was submitted for review to the medical ethical review commission of one of the centers involved in
this study and was exempted from extensive ethical review. The protocol was registered a priori [106].

A desirable sample size of 100 was calculated a priori, assuming a default large source population of 1000 000,
an error of 10%, a confidence interval of 95%, a significance level of p = 0.05, and an expected proportion of
0.5, using OpenEpi [40]. The questionnaire used in this study was made in English and was pre-tested: eight
staff members from the two institutions involved in the study were asked to respond to the questionnaire and
give their opinion on each of the questions in open text fields. The researchers used the comments given by the
participants to adapt the survey instrument and make a final version. The instrument had two types of questions,
general questions to which all participants responded and specific questions to which participants with special
backgrounds, (i.e., dentistry or students in any engineering field) responded.

At each of the survey sessions, first a presentation was given to potential respondents in which the desirable
features of the device (e.g., wireless communications) and the potential health-related outcomes (e.g., jaw
movements to detect tooth grinding or temperature to detect fever) were explained. Hereafter, a QR code was
displayed for participants to start the questionnaire. The respondents were instructed to respond from the
perspective of an end user. Participation was completely voluntary. The final structure of the survey, including
the presentation, is available at [106].

7.3.2  Data Analysis. Demographic data was analysed descriptively. The survey answers were analyzed regarding
the proposed hypothesis for each question, i.e., that the majority of individuals agreed or strongly agreed with
the statement of the posed question. One proportion Z-tests were used to assess statistical significance of the
survey proportions against 0.5. The script utilised for the analysis, along with the survey data, are available at [1].

7.3.3  Results. Demographic information of the participants is summarized in Table 5 and the results are presented
in Figure 14. We conclude that the majority of the participants chose either "Agree" or "Strongly agree" for most

Proc. ACM Interact. Mob. Wearable Ubiquitous Technol., Vol. 8, No. 4, Article 191. Publication date: December 2024.



191:22 « Dsouza et al.

I Strongly disagree Disagree Neither agree nor disagree Agree I Strongly agree

ok K

The device will allow to collect health-related data

The device will be useful for sport performance and tracking

Kk

The device will be useful for scientific research

The device will be useful for dental purposes™* *

The device will be useful for lifestyle management”
It will be easy for me to learn how to operate the device and
manage my health information without extensive training™* *

The dg*vice will be safe to use when it would fit in a dental
brace

I would feel comfortable wearing the device in public when it
would fit in a dental brace™™ *

The device will be safe to use when it would fit on the surface
of a tooth

| would feel comfortable wearing the device in public when it
would fit on the surface of a tooth”

*

The device should be at least as small as a dental brace™”

The device should be at least as small as a tooth

*

| think the device should be battery free™*
Collecting at least one sample per minute is sufficient

Collecting at least one sample per second is sufficient

Meastil;ing different kinds of information simultaneously is
useful™™*

Fig. 14. Distribution of answers for each question stated in the acceptability study of intraoral sensors. Statistical tests
performed based on the proportion of participants who chose “Agree” or “Strongly agree” on each question, against a default
of 0.5. Symbols *, ** and *** denote p < 0.05, p < 0.01, and p < 0.001, respectively.

questions. The statements lacking a majority agreement were about the comfort of wearing the device in public.
Regarding the specific questions for individuals in dentistry (see [1]), the majority of individuals agreed or
strongly agreed with the usefulness of an intraoral sensor for tracking jaw movements, position of the tongue,
and air passing through the mouth. For other uses, only a minority of individuals agreed. Other items in this
section of the survey, such as whether intraoral sensing should be more common, or whether the participants
had thought about intraoral sensing before, had low levels of agreement.

Discussion. We remark that, as noted in [28, Sec. 7], social acceptability is dependent on “context, individual,
preferences, and culture”, so the acceptability study we performed should be extended considering these factors.

8 Discussion

Densor requires further development and improvements. Here we discuss the most important ones.
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Miniaturization. We desire that Densor is smaller than a tooth in its final form, and is invisible to others.
Even if visible, it can be integrated with teeth jewelry [22, 87].

Towards continuous operation. Due to limited energy storage, Densor is unable to operate for a long period
with high sampling rates, and therefore cannot record all intraoral events. However, sustaining continuous
operation on an intermittently-powered device is an open research problem [75, 81]. Densor is yet another
example of a battery-free device, and may contribute to understanding challenges associated with the battery-free
devices [4].

Use of active transmission. Many prior intraoral sensing platforms used active wireless transmitters (often
Bluetooth Low Energy (BLE)) to transmit live data from the intraoral sensor to the outside of the user’s body.
While we believe that live transmission is mostly unnecessary, it is appealing to equip Densor with a BLE
transmitter from an engineering perspective. However, this is particularly challenging given the limited energy
available.

Advancements in sensing. In this work we include three sensing modalities. The mouth offers the unique
ability to measure many signals like tongue position, breathing, macro-nutrients and other bio-markers in saliva
which can also be explored in future studies. The sensors enabling such measurements may require a power
budget greater than that available with this battery-free design.

9 Conclusions

This paper presented Densor: a novel battery-free sensing platform for autonomous prolonged measurements
of multiple signals originating from the human mouth. Densor is lightweight and easy to embed in regular
dental aligners. Beyond the seamless detection of head position during sleep, Densor allows for a more accurate
classification of jaw state compared to an in-ear accelerometer: all this done using fewer samples and on a
battery-free power budget. An accompanying large-scale user study hints at potential wide scale acceptability of
intraoral sensors for various applications, including healthcare.
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A Methodological Transparency and Reproducibility Appendix

To aide the reproducibility of this work, the design and all data collected will be released at the time of publication
via a public repository [1]. This includes the files for hardware design, firmware, source code for the smartphone
app, data collected, machine learning implementation and a description on how to reproduce the results presented
in this work.

B Thermal Energy Harvesting

We performed a set of experiments to evaluate the amount of thermal energy generated from drinking cold
water. We used two CP076581 Thermoelectric Generator (TEG) [36] in series, along with the MCRY12-125Q-42DI
harvester [83] enclosed in retainers on a dental cast in the center of the lower jaw, with cables extending out of the
TEG to measure the harvested energy. We found the maximum amount of energy harvested (from temperature
differential between water and the human body) to be 7 mJ when 200 mL of water was consumed at 5 °C.
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C Compensation of Falling Source Voltage

In a controlled experiment, we found that the temperature measurement drops by 1.4 °C per volt as the supply

voltage of Densor falls. This experiment was performed using an external power supply at a consistent temperature.

As Densor operates between 1.8 V and 3.3V, we assume the measurement at the center value,Veenter, of 2.5V to

be correct. Thus, when measuring temperature, t,,, the Densor app calculates the compensated reading, t., as
te =1tm — Vdrop(Vsupply - Vcenter); (2)

where Vgupply is the measured supply voltage, and Vyyop is 1.4 V. Similarly, the photodiode measurements also need

to be compensated for the falling supply voltage Viupply. As the measurements, py,, are proportional to source
voltage at runtime, we calculate the compensated photodiode value, p., as

pc = Vsupply(pm/zlz): (3)

where py, is normalised by its maximum value of 2% .
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