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Abstract: Obstructive sleep apnea (OSA) and bruxism are widely recognized as common forms of
sleep obstruction in modern everyday life. The most representative and conventional treatment
method using continuous positive airway pressure has a critical problem owing to its high incon-
venience. A relatively modern alternative solution is the mandibular advancement device, but it
still has no monitoring function for patient compliance. Therefore, this research proposes Sleep
Guard (s-Guard), a multisensor embedded OSA monitoring intraoral appliance device based on
Internet-of-Things technology. Relevant health information monitoring sensors, such as temperature,
gyroscope, accelerometer, and SpO2 sensors, were embedded for real-time health monitoring. Results
showed an average transmission speed of 91,870.19 bytes per second, a successful connection check
rate of 100%, and a wireless data stream error rate of 0.1%. Overall, the actual speed, connection,
and error test results revealed the robust functioning of s-Guard in real monitoring scenarios. This
research is envisioned to greatly enhance patient compliance when treating OSA or bruxism and is
also expected to motivate other sensors to be embedded in our proposed model for the application of
other disease areas.
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1. Introduction

Considered the most common form of sleep obstruction, obstructive sleep apnea
(OSA) is a life-threatening health anomaly that many people suffer from today. It is
characterized by repeated pharyngeal airway collapse during sleep [1], which means that
subjects” breathing frequently pauses while asleep, sometimes for minutes. Bruxism is
another symptom that negatively affects sleep quality by significantly harming teeth and
damaging temporomandibular joints (TM]) [2].

Lack of sleep hinders focus and concentration during the day, causes chest pain
upon waking up [3], causes morning headaches [4], and is a factor in many psychological
symptoms such as depression, anxiety, or excessive irritability [5], and even death [6].

Continuous positive airway pressure (CPAP) treatment is the most commonly used
method to treat OSA. It has proven to be the most effective way to prevent sleep obstruction
because research has shown that subjects with OSA have significantly greater activity
reductions in airway muscles than normal people [7,8]. A facemask is connected to a
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machine via a tube and positive airway pressure is mechanically pushed directly into the
mouth to keep the airways open (Figure 1).

Figure 1. CPAP device for treating OSA.

However, the problem with this universally accepted method is that it is simply
too obstructive. In fact, an in-depth study concerning the effect of CPAP on sleep apnea
syndrome revealed that patients showed discontent regarding CPAP because the device
that was designed to enhance sleep quality paradoxically hindered sleep because it was
too “bothersome” [9]. This naturally led to insufficient compliance rates; Yetkin et al. [10]
proved that after months of compliance test results, only very severely affected patients
adhered to CPAP devices until the end of the study period.

As a result, many alternative devices have been developed, such as the mandibular
advancement device (MAD), which increases the airway diameter with soft tissue displace-
ment achieved by mandibular protrusion [11]. It is a much smaller form of the oral device,
compared to CPAP, which resembles the form of a mouthguard commonly used in sports
(Figure 2). This oral device is also known to prevent bruxism in the absence of a CPAP
device. A critical problem still persists with MAD in that there is still ongoing debate about
the device’s actual effectiveness in treating OSA. Many uncertainties regarding MAD have
prevented comparably comfortable devices from becoming more widespread clinical sleep
treatment services.

Figure 2. MAD [12] for treating OSA.
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Therefore, this research proposes s-Guard: a multisensor embedded OSA monitoring
intraoral appliance device specifically targeted for MAD prototypes. This research presents
the unique design and development of the MAD-based model that enables sensors to be
embedded and presents practical implementation results among institutional review board
(IRB) approved subjects. Since this study targets OSA patients, relevant health information
monitoring sensors such as temperature, gyroscope, accelerometer, and SpO, sensors were
embedded. This research is expected to greatly motivate other sensors to be embedded in
our proposed model for the application of other disease areas.

2. Related Literature

In the healthcare industry and business sectors, many innovations for global well-
being are being developed as biosensor embedded solutions for enhancing health and
wellness. The most commonly applied areas are wristband types, such as smartwatches [13]
and ring types [14]. There are many other variations to monitor the health status of
users/patients, but intraoral appliance-embedded healthcare solutions have rarely been
addressed in previous research.

For example, Matsuda et al. demonstrated a sensor-embedded oral appliance to
monitor the airway [1]. They fabricated maxillary and mandibular oral appliances from 2
mm thick resin plates using pressure welding. The activity of the left genioglossus (GG)
was recorded using two silver ball electrodes attached to the lingual edge of the mandibular
oral appliance. Respiratory status and right masseter muscle activity were measured using
an airflow sensor and surface electrodes, respectively. Their attempts to apply sensors to
oral appliances were impressive, although this solution was only designed for experimental
purposes and not for practical purposes.

Jin et al. [15] developed a flexible surface acoustic wave respiration sensor for mon-
itoring obstructive sleep apnea syndrome. They demonstrated the potential for flexible
microsensors for monitoring OSA. Rocher et al. [16] also developed a smart system for
monitoring apnea episodes in domestic environments with a sound sensor. Their proposed
system consisted of a sound sensor, a vibrating element, and a microcontroller to process
the collected data to detect OSA during sleep.

Some wearable-sensor-related researches targeted animal testing also. Zhang et al. [17]
evaluated live mutton sheep during transportation based on a wearable multisensor system.
More up-to-date literature review about the development of sensors are viewable from
a review by Nasiri and Khosravani [18]. They systematically focused on applications of
wearable sensors divided into (a) biophysical tracking, (b) biochemical monitoring, and (c)
detection of real-time data.

Sekita et al. [19] developed a measuring system for 3D movement of the denture
during function. The system for measuring denture movement consisted of an inertial
measurement unit (IMU), a control unit, and a Bluetooth module. The IMU contained a
three-axis gyroscope, a three-axis accelerometer, and a three-axis digital compass. The
IMU was embedded in a self-curing acrylic resin. An important point of their research
was that they successfully embedded several sensors despite the limited space allowed in
dentures. They proposed a prototype that may serve as a future diagnostic appliance, such
as occlusal examination in a denture, but this was also not developed to a practical level.

On the other hand, the current research proposes a multisensor embedded OSA
monitoring intraoral appliance device, specially targeted for MAD prototypes. Compared
to the recent research outlined above, our research was fully designed and tested for
practical use. In addition, our proposed solution holds the highest number of embedded
sensors known in all oral appliance-related studies thus far, which makes this research more
unique considering the fact that MAD devices allow even less space tolerance, compared
to normal dentures.
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3. Overall System
3.1. Overall Service System Application

The overall system description of the proposed solution, s-Guard, is depicted in
Figure 3. First, patients who use s-Guard need to be diagnosed with OSA after polysomnog-
raphy (PSG) testing. Although s-Guard itself provides sleep quality monitoring functions,
it is “treatment-centered” rather than “monitoring-" or “diagnosis-centered”.
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Figure 3. Overall system architecture.

In our proposed sensible intraoral appliance s-Guard, six-axis motion sensors (com-
posed of a three-axis gyroscope and a two-axis accelerometer) [20] are embedded to monitor
the sleep state and bruxism state. In addition, temperature sensors and SpO; sensors were
embedded to monitor compliance status (measurement of properly complying to device
usage) and OSA status, respectively. Finally, Bluetooth low energy (BLE) [21,22] communi-
cation module, microcontroller unit (MCU), and coin cell battery were used for the overall
chip operation.

Healthcare data sensed from s-Guard are then transmitted to the MAD cleaner (named
Clium) via Bluetooth communication. This is because the Bluetooth protocol is a form of
near-field communication (NFC) [23], which basically needs a form of gateway to fully
communicate with a server for full-service launch.

Raw data are then transmitted to the server from the cleaner communication hub
through a Wi-Fi access point (AP). Other forms of fourth- (4G) or fifth-generation (5G)
wireless communication can be applicable.
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In the server, a sleep health data analysis algorithm is loaded to analyze the SpO,
data. A compliance monitoring analysis algorithm was conducted based on temperature
sensing data. The sleep state monitoring algorithm analyzes data obtained from six-axis
motion sensors (accelerometer and gyroscope). The bruxism status can be additionally
analyzed using this function. Servers also manage connected IoT devices and users. The
specific design and development features of the sensible intraoral appliance, s-Guard, are
explained in Section 3.2.

Statistical data analyzed from the server can be viewed by the patients through the mo-
bile application. Only basic statistical data that could be easily perceived by no-professional
patients are provided. More professional diagnosis-, treatment-, and monitoring-related
data are provided to clinical professionals by the web application that is fully accessible
through PC.

3.2. Specific Features of s-Guard
3.2.1. Design

A 3D design model prototype of the proposed sensible intraoral appliance s-Guard
is shown in Figure 4. We used the capacity allowed in the inner cheek part of the MAD
to embed sensory parts. The shape of the MAD is subordinate to the designated user.
Figure 4a depicts the slide-on type of the sensory part, and Figure 4b depicts the screw-in
type. A limitation of this model is that this design only supports patients/users older than
19 years old (adults only). This was due to the lack of capacity allowed when applied to
younger ages with smaller inner oral sizes. In this paper, the slide-on type of s-Guard is
shown.

Figure 4. Cover-sliding type (a) and button-sliding type (b) 3D design concept model of s-Guard prototype.

Figure 5 shows the actual slide-on prototype model of the s-Guard. The MAD part
was adjusted to fit the individual patient/user through a dental prescription. The lower jaw
forward movement adjustment part provides the patient/user breathing space. All sensors
and modules were embedded in the slide-on sensory parts. This part can be attached and
detached to replace the power supply battery. SpO; is sensed through our solution by
reflecting the data obtained from the vein and artery in the dermis part of the gums.

3.2.2. MCU, Communication Module, and Power Supply

The printed circuit board (PCB) and circuit schematic of s-Guard are shown in Figure 6.
MCU, communication module, power, and other specifications are listed in Table 1. In
summary, important features such as 64 Megahertz (MHz) 32-bit Advanced RISC Machine
(ARM) Cortex-M4 was used for MCU, Bluetooth 5/ Antenna (ANT)/2.4 Gigahertz (GHz)
proprietary was used for communication module, and voltage (V) supply of 1.7 to 3.6 V
low dropout (LDO) or direct current/direct current (DC/DC) was used for power.
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Figure 5. Actually manufactured slide-on prototype model of s-Guard.
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Figure 6. PCB and circuit schematic of proposed s-Guard.
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Table 1. Core specifications of MCU, communication module, power supply, etc.

Classification Specifics
MCU 64 MHz 32-bit ARM Cortex-M4
Communication Module Bluetooth 5/ ANT/2.4 GHz proprietary
Power supply 1.7 t0 3.6 VLDO or DC/DC
Memory 192 KB Flash + 24 KB RAM
On-air data rate 2 Mbps/1 Mbps
TX Programmable from +4 to —20 dBm in 4 dB
power
steps
Sensitivity Bluetooth 5: 93 dBm at 2 Mbps
Radio current consumption DC/DC at 3 V 7.0 mA at +4 dBm TX power

System current consumption DC/DC at 3 V
Hardware security
Digital interfaces

Analog interfaces
Peripherals

Package options

0.3 pA in System OFF, no RAM retention, 0.5
pA in System OFF, full RAM retention
128-bit AES CCM, ECB, AAR
SPI master/slave, TWI master/slave, UART,
PWM, QDEC, PDM
12-bit 200 ksps ADC, RNG, GP comparator
3 x 32-bit Timer
6 x 6 QFN48 [24] with 32 GPIOs, 5 x 5 QFN32
[25] with 16 GPIOs

3.2.3. Sensors

Core embedded sensors related to temperature, six-axis, and SpO, are presented in

Table 2. On the board, SpO, includes algorithms, quick evaluation and data collection,
stream data to mobile apps, schematics, or Gerbers to download, with components of
MAX30101 (Optical Module) and MAX32664A (Algorithm MCU). The sampling rate per
second (SPS) for the temperature sensor, six-axis sensor, and SpO; sensors were 2 SPS, 10
SPS, and 10 SPS, respectively.

Table 2. Specifications of temperature, six-axis, and SpO, sensors.

Classification Specifics

MAX30101 [26], —40 Celsius to +85 Celsius
operating temperature range
LSM6DSOX [27], iNEMO inertial module:
always-on three dimension (3D) accelerometer
and 3D gyroscope
64 MHz from 32 MHz external crystal or
internal, 32 kHz from crystal [28], RC or
synthesized

Temperature Sensor

six-axis Sensor

SpO; Oscillators

4. Results
4.1. Communication Speed Evaluation

The most important features of s-Guard include stable sensors, wireless communica-
tion, and seamless monitoring. Necessarily, this can be assessed mainly by two categories:
communication speed and communication errors. This section presents the Bluetooth
communication speed function evaluation results. The results will be followed by commu-
nication error rate performances that represent the stability of the fast communication in
the next Section 4.2. The communication experiment was conducted using the experimental
model shown in Figure 7. s-Guard was connected to our custom-developed MAD cleaner
communication gateway (Clium) via Bluetooth. This gateway acts as a communication
hub for server/personal computer (PC) connections and can also be used as a sanitized
intraoral device storage.
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Figure 7. Experiment model of s-Guard Bluetooth communication performance.

The MAD cleaner communication gateway was then connected to the test PC via a
serial connection. Bluetooth communication speed performance was shown in a basic disk
operating system (DOS) interface, which was shown in the console command in bits per
second (bps). The specifications of the mad cleaner communication gateway and test PC
are listed in Table 3.

Table 3. MAD cleaner communication gateway and test PC specifications.

Device Specifications
Producer Curaum Inc.
Model Name Clium
Clium MCU ESP-WROOM-32D
Bluetooth Version Bluetooth v4.2
Software Clium v1.0
Operating System Windows 10 Home (64 bit)
CPU Intel® Core™ i7-8550U CPU 1.80 GHz
RAM 16 GB
Test PC SSD 256 GB
Intel® Dual Band Wireless AC 8265 243.0
NIC
Mbps
VGA NVIDIA Geforce GTX 1050
SW Putty Release 0.68 [29], iperf-2.0.8b

The transmission speed results obtained from volunteer test patients are shown in
Figure 8. The test environment was conducted according to the specifications mentioned
in Section 3.2. All test procedures were approved by the Institutional Review Board (IRB)
of Yonsei Severance Hospital (IRB approval number 2-2019-0060). Starting from a set
time (time stamp = 0), the transmission speed was measured 26 times (n = 26) with a time
interval of 2 s. All results were rounded up to the second decimal place. The results showed
an average transmission speed of 91,870.19 bytes per second (standard deviation 136.3),
with a population size of 25. The minimum value was 91,745, and the maximum value was
92,010, with a median of 91,869. The first quartile was 91,779.5, and the third quartile was
91,901, with the interquartile range of 121.5.

Median 91,869

Minimum: 91,745 Maximum: 92,010
First Quartile: 91,779.5 Third Quartile: 91,901
< o *Population Size: 25
Interquartile Range 121.5 *Average: 91,870.19

*Standard Deviation: 136.3

Figure 8. Transmission speed testing box and whisker plot results.
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4.2. Wireless Connection Success Ratio Evaluation

A wireless Bluetooth connection success ratio evaluation was conducted to measure
the seamless transmission of the proposed solution in a real-time usage scenario. The test
scheme shown in Figure 9 was conducted under the conditions specified in Section 4.1.
The test cycle was repeated 10 times (n = 10).

Step, Step,

Confirm
connection
statement

Turn on

s-Guard

Step,

Turn off

Confirm 6-axis Tilt s-Guard

movement

s-Guard

Figure 9. Connection success check test scenario cycle.

First, s-Guard was set to a default state (Stepg). It was switched from off to on (Step;),
which was the start of the first cycle. When pairing is complete, confirm the fixed connection
statement “Now connected to the BLE Server” from the screen shown on the test computer
(Stepy). Then, the tilt s-Guard is used to check the sensing connection (Step3) and then
check the screen that shows the six-axis values from the test computer again (Step4). Here,
six-axis values refer to combinations of values (2 x 3) calculated from the accelerometer
(two-dimensional data) multiplied with gyroscope (x, y, z three-dimensional data). Finally,
the s-Guard (Steps) completes one cycle, and the next cycle begins. When the final Steps is
completed, complete C,, and start another cycle. The final results indicated a success rate
of 100%, as shown in Table 4.

Table 4. Connection success check test results.

Connection
(F:l;f cslte Six-Axis Value (Accelerometer and Gyroscope) 3:::;1::::;
Positive Negative
G —96 152.4 914.7 —31,640.0 —1680.0 —12,670.0 (@)
(@) —194.3 141.2 913.2 2380.0 —210.0 0.0 (@)
Cs —184.3 149.9 980.3 2240.0 840.0 —280.0 (@)
Cy —194.9 114.6 982.2 2100.0 700.0 —1540.0 (@)
Cs —-197.2 125.7 977.4 2170.0 210.0 3920.0 (@)
Cs —235.0 126.8 968.4 2800.0 —420.0 1470.0 (@)
Cy —218.2 144.8 971.0 350.0 —420.0 1470.0 (@)
Cs —307.4 2471 926.6 2660.0 1540.0 —630.0 (@)
Gy —286.9 2241 938.9 —2100.0 —280.0  3500.0 (@)
Cio —246.3 233.8 880.7 2170.0  —2170.0 420.0 (@)
Total Success Rate 100%

Accordingly, actual physiological signals of six-axis sensors (accelerometer and gy-
roscope) are shown in Figure 10. Figure 10a,b shows the accelerometer raw data and
gyroscope data acquired by time. Each of the three colors of red, yellow, and blue in
Figure 10a indicate x3, y, and z, three-dimensional axes, respectively. On the other hand,
each of the two colors of yellow and blue indicate x; and y, two-dimensional axes, respec-
tively. Figure 10c shows the temperature data acquired by s-Guard. The blue line indicates
raw data, the red line indicates linear average, and the green line indicates temperature
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critical level threshold. Lastly, Figure 10d shows raw data acquired from the SpO, sensor
from s-Guard. The green, red, and blue lines refer to SpO, raw data, heart rate, and infrared
raw data, respectively.

Value
1500 0., | AR | PP frevrasy
poes bosgay
a ,# T | e —— =~ Iy G —
Ot ,," "fﬁr Ay ane i-,u»t* | { r ¥ \ —
Accelerometer | ‘ ’ ‘ ‘ r "
"~y e | "'; -
| - T
1500 Time
0 4500
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2x102
|
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0 4500
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Temperature
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Spo, T —] e

0 Time
0 4500

Figure 10. (a) Accelerometer signals; (b) gyroscope signals; (c) temperature signals; and (d) SpO; related signals.

4.3. Wireless Data Stream Error Ratio Evaluation

This section presents a wireless data stream error ratio evaluation. The target sample
patient’s aggregate sensor data signal was monitored up to a maximum length of 8 h. Data
transmission status was measured at several set time intervals—first at 10 s, then at 100 s,
10 min, 1 h, 4 h, and finally, at 8 h. Eight hours was set because it is the most commonly
known average suggested sleep time for adults.

According to theoretical calculations, the number of data transmission samples per
second should be 250. This theoretical calculation was compared with the actual trans-
mission sample calculation to assess the actual error rate. The measurement results are
presented in Table 5. The results showed the highest error rate of 18.24% at 10 s elapsed
time. However, the error rate greatly decreased as time passed. Eventually, the error rate
decreased to a minimum of 0.1% when 8 h had fully elapsed.
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Table 5. Wireless data stream error ratio evaluation results.

Transmitted Data (Samples)

Elapsed Time . . Transmission
Theoretical Actual Difference Error Rate (%)
Calculation Calculation Error Samples

10s 2500 2044 456 18.24

100s 25,000 24,284 716 2.86

10 min 150,000 149,178 822 0.55

1h 900,000 898,510 1490 0.17

4h 3,600,000 3,595,042 4958 0.14

8h 7,200,000 7,192,854 7146 0.10

5. Discussion and Conclusions

This research proposed a multisensor embedded sleep quality health monitoring
intraoral appliance device with innovative design and development features. Sleep qual-
ity could be improved by preventing bruxism and OSA via real-time monitoring and
biofeedback.

s-Guard is fundamentally a wearable sensor. Therefore, assessing sensor stability in
terms of wireless communication and seamless monitoring is most important. Necessarily,
this can be assessed mainly by two categories: communication speed and communication
erTorS.

The results revealed a wireless data transmission monitoring speed of 91,870.19 bytes
per second, a connection success rate of 100%, and a minimum transmission error rate of
0.1%. Considering that previous research mentioned the problems regarding limited band-
width in wireless health monitoring situations [30,31], this performance can be considered
highly suitable.

Actual monitoring results showed successful sleep posture monitoring data calcu-
lated by the s-Guard algorithm based on sensed six-axis data. s-Guard was capable of
monitoring a total of five sleep statuses: unidentified posture (null), prone position, supine
position, leftward position, and rightward position. In addition, bruxism anomaly was also
successfully detected by s-Guard, specifically monitored according to severity.

The solution proposed herein could contribute significantly to enhancing the sleep
quality of modern lives, in which many people suffer from early age OSA and bruxism.
OSA patients who have to use CPAP for intensive care may now use a much more compact
and convenient method for treatment and management. In addition, this research opened
the possibility of embedding sensors other than temperature, six-axis, and SpO,. This is
envisioned to be applied in various other fields of information communication technology
(ICT) and IoT. In addition, s-Guard can be used in both medicine and everyday healthcare
management.

A limitation of this research was that this solution was not suitable for short-term
monitoring situations due to the high error rate in short-term sensing. Future research
should investigate the reason for this and solve the issue of error rate so that this solution
can also be used in short-term diagnosis situations.
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