Abstract
We implemented an intuitive, privacy-preserving device that helps users cultivate the habit of brushing
their teeth by tracking their brushing activity. The Habit-Forming Toothbrush (HFT) Stand displays the
user’s brushing score card over the past week, storing the bare minimum data that is required. A
rechargeable Sensor Band that is wrapped around the base of a non-electric toothbrush transforms it
into a smart device that aids habit formation.
While the user is brushing, the HFT Stand Display provides real-time feedback based on a peer-to-peer
connection with the Sensor Band. The Sensor Band utilizes a machine learning approach on time series
data from an accelerometer to determine if the user is actively brushing. The algorithm was successful,
as our Random Forest Binary Classifier identifies if the user is actively brushing with 97.79% accuracy.
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1 Introduction
1.1 Problem
There are few habits as impactful as good dental hygiene. Brushing your teeth in the morning and night
can significantly improve health outcomes. Many struggle with forming and maintaining this habit. At
times, a small nudge is needed to keep kids, teenagers, and adults of all ages aware and mindful about
their brushing habits. Additionally, many tend to zone out while brushing their teeth because they are
half asleep or have no idea how long they are brushing. Parents might have a difficult time getting
children to brush in the morning and before sleep.
For homeless shelter staff, rehab facility staff, patients, or anyone else looking to develop and track this
habit, they may want a non-intrusive, privacy-preserving method [1] to develop and maintain the
practice of brushing their teeth in the morning [2]. Keeping track of this information but not storing it
permanently through a mobile application is something that does not exist on the market.

1.2 Solution
Our solution works by adapting electric toothbrushes to meet user needs. Unlike specific toothbrush
brands that come with mobile applications, our solution can be applied to all electric toothbrushes,
preserves privacy, and reduces screen time. We will implement a habit-forming toothbrush stand with a
microcontroller, sensors, and an LCD display that will work as a central hub for storing our toothbrush. A
band of sensors will be wrapped around the base of the toothbrush, providing data to the central hub.
Lifting the toothbrush from the stand, turning it on, and starting the brushing process will display a timer
that counts in seconds up to ten minutes. Dentists recommend brushing twice a day for at least two
minutes at a time [3], so our device solves the problem of brushing too quickly or losing track of time
and brushing for too long.
Additionally, the display will provide an auto-adjusting calendar for brushing, with 14 graphical values
coming from brushing your teeth in the morning or night during the current 7-day period. This will
augment the user's awareness of any new trends, and potentially help parents, their children, and other
use cases outlined above. We specifically store just one week of data as the goal is habit formation, not
permanent storage of potentially sensitive health information in the cloud. The timer will display red
numbers until the user has brushed for at least two minutes, after which the timer will turn green, and
the current day and time period marker will turn from red to green.

5

1.3 Visual Aid

Figure 1: Device Physical Design

Figure 2: Device Internals

1.4 High-level Requirements
1. The Habit-forming Toothbrush Stand will start tracking time within 2 seconds after brushing
activity has started, stop tracking within 1 second after brushing activity has ceased, and
determine whether a user is underbrushing (less than 2 minutes), over-brushing (more than 4
minutes), or brushing sufficiently (2 to 4 minutes).
2. The display on the toothbrush stand shows, in the specified format, whether the user brushed
their teeth in the morning and in the evening for the past 7 days.
3. The Habit-forming Toothbrush Stand can determine if the user is actively brushing their teeth
with 95% accuracy.
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1.5 Subsystem Overview
The Habit-Forming Toothbrush Stand consists of four subsystems: the Remote Sensor Band Subsystem,
Control Subsystem, Display Subsystem, and Stand Power Subsystem.

Figure 3: Block Diagram

1.5.1 Remote Sensor Band Subsystem
The remote sensor band subsystem is responsible for detecting brushing motion and communicating
wirelessly with the control subsystem. An accelerometer is used to collect motion data, and a
microcontroller processes this information in order to classify the current state as brushing or not
brushing through machine learning.
The remote sensor band subsystem communicates with the control subsystem via Espressif’s ESP-NOW
protocol [4] and can be charged by the 5 VDC power supply from the stand power subsystem.
1.5.2 Control Subsystem
The control subsystem communicates wirelessly with the remote sensor band subsystem and processes
the graphics for the display subsystem.
The control subsystem communicates with the remote sensor band subsystem via Espressif’s ESP-NOW
[4] connection protocol and sends graphics to the display subsystem using the SPI protocol.
7

1.5.3 Display Subsystem
The display subsystem is primarily used to show the brushing timer and a record of the brushing history
for the past seven days.
The display subsystem receives graphical updates from the control subsystem using the SPI protocol and
is powered by a regulated 3.3 V input from the stand power subsystem.
1.5.4 Stand Power Subsystem
The stand power subsystem manages various voltage sources in order to provide a regulated 3.3 VDC
output for the rest of the system. Additionally, a rechargeable battery is used in the event that the power
supply is ever disconnected.
The 3.3 V output is used to power the control subsystem and display subsystem, and the 5 VDC power
supply output is also passed through to the remote sensor band subsystem in order to charge the
remote battery.
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2 Design
2.1 Design Alternatives
There were many limitations and factors during the design process of the Habit Forming Toothbrush
Stand that required modifications to the original design. Three key changes we made are:
1. In order to communicate data signals between the Sensor Band subsystem and the Control
subsystem, the initial design required that the microcontrollers be set up as web servers that
would send HTTP requests to get valid brushing signals. Due to the limitations of IllinoisNet WiFi
network disconnecting our devices, we rectified the issue through the use of Espressif’s
ESP-NOW [4] protocol.
2. The machine learning classifier was initially going to be handled by our Control subsystem in the
HFT Stand; however, the single core microcontroller did not have enough processing power to
manage both the LCD display and the classifier. By moving the machine learning classifier to the
Sensor Band microcontroller we reduced the strain on the Control subsystem and reduced
latency of the prediction by analyzing the acceleration data samples as soon as they were taken.
3. After initial testing of our accelerometer and gyroscope measurement module, it was found that
the rotational acceleration measured by the gyroscope had very little impact on the machine
learning classifier. Therefore, we decided to solely focus on tracking linear acceleration data in
order to accurately predict when valid brushing occurs.

2.2 Remote Sensor Band Subsystem
Design Procedure: We chose to use motion tracking to detect active brushing. Alternative detection
methods include thermal sensing or proximity detection at the brush end of the toothbrush. We decided
to avoid invasive sensors that would operate inside the mouth to prevent potential sanitary issues. The
motion tracking aspect of our design could have been implemented using image recognition. With image
recognition, it is possible to calculate the position of the toothbrush and the position of the user’s face;
however, our design needed to reduce computational intensity.
On the other hand, using an accelerometer or Inertial Measurement Unit (IMU) allows us to directly
collect acceleration data and put it through a machine learning algorithm. This raw data is much easier to
process while being simple and cost-effective to implement. One drawback regarding this method is the
acceleration data alone is not enough to determine the positioning of the toothbrush so while the active
brushing process must still be done there is room for improvement in component design.
Design Details: See Figure A.6 for the remote sensor band schematic.
The remote sensor band subsystem uses the ESP32-C3-WROOM-02 microcontroller module to process
the accelerometer data and communicate with the control subsystem. This module also has enough flash
memory to run the machine learning classifier on incoming acceleration data and has an extensive
library through Espressif’s ESP-NOW communication protocol [4] on connecting to the identical
microcontroller located in the control subsystem.

9

The accelerometer used for our project was the ADXL343 3-axis accelerometer due to the reputation of
the brand, extensive documentation, and was readily available during our part ordering. We would have
liked to use a 9-axis IMU, such as the IvenSense ICM 20948, in order to collect gyroscopic and rotational
data as well; however, at the time of our project conceptualization the 9-axis modules were out of stock.
The remote sensor band makes use of a 850mAh Li-Poly battery as a portable power source. According
to Equation 1, this battery capacity provides a long 17 hour battery life due to the average current draw
of 50mA while remaining small enough to fit into our design.
Battery Life [h] = Capacity [mAh] × Current [mA]
Battery Life [h] = 850mAh × 50 mA = 17h

(1)

While the user will only be brushing for a few minutes at a time, having the overhead of a larger capacity
battery allows room for error if the user were to forget to connect the sensor band overnight or during
the day after a successful morning brushing.
Lastly, the design for the switching regulator, diode OR circuit, and battery management system is
identical to the stand power subsystem located in Section 2.5.

2.3 Control Subsystem
Design Procedure: Our project requires a microcontroller that can communicate through bluetooth,
WiFi, or other means and manage an accelerometer and display. Flash memory is required to preserve
the brushing track record if power is lost. The ESP32-C3-WROOM microcontroller fits all of our
requirements and most importantly was in stock when we needed it.
Alternatives with multiple cores did exist, but they were either out of stock or much more expensive. We
needed multiple controllers to test the Sensor Band and Display and the ESP32-C3 modules and
development kits were available at low expense. We were not sure if we would use the I2C or SPI
protocol and the ESP32-C3 was compatible with both, making this a clear choice for our project.
Multiple cores could have allowed us to utilize multithreading and opened new possibilities for timer
synchronization, but the millis() [5] function allowed us to manage time proactively with one core.
Additional computing power could have allowed us to integrate a binary classifier on the HFT stand, but
instead of having accelerometer data from the Sensor Band sent to the HFT Stand to be processed, we
were able to perform the classification on the Sensor Band itself. While flash memory alternatives to the
EEPROM library [6] existed, they were designed for preserving large files and were unnecessarily
complex.
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Figure 4: ESP32-C3-WROOM-02 - Stand Microcontroller

Design Details: At a high level, the Control Subsystem manages the Adafruit ILI9341 2.8” Display [6] as a
master through the SPI bus and maintains complex timer and record synchronization while interpreting
inputs from the Sensor Band Subsystem.
The core code that powers the Control Subsystem can be seen in Figure D.19 which shows the workflow.
Everything was programmed in Arduino, and the code is split into setup and a void loop. In setup, which
is run when the program is uploaded, we initialize two arrays to store the morning and evening brushing
record, initialize the display, and set the HFT Stand microcontroller as a receiver.
The void loop is continuously run and manages complex time requirements using the millis() [5]function.
The ESP32-C3 on the HFT Stand is continually polling for a boolean “valid brushing” signal from the
ESP32-C3 on the Sensor Band Subsystem. When the HFT Stand first receives this signal, it begins the
brushing timer. The Control Subsystem manages the display record based on whether the user is
underbrushing, overbrushing, or brushing the dentist recommended two minutes. The Control
Subsystem also maintains the internal clock to distinguish between the morning and evening period of
the day, end of day record shifts, and control the Display to output results in real time.
Espressif's ESP-NOW [4] connection protocol can be used to send data reliably with a lower power
consumption, and the Control Subsystem receives a boolean valid_brushing from the Sensor Band like a
hardware interrupt to manage the display timer and make decisions accordingly.

2.4 Display Subsystem
Design Procedure: The display is an essential aspect of our project; it preserves the brushing track record
and provides real-time feedback when the user is brushing. Confirming our display was a crucial
bottleneck in finalizing PCB design and providing the ECE Machine Shop with final measurements.
At its core, our project requires a display that can display red and green over a black background. As
shown in Figure 15 of Appendix D, a dot matrix display with red and green LEDs would display the
brushing record in a bright and appealing manner. Various displays not used but described below can be
seen in Figure D.15. However, soldering four individual 5x8 dot matrices and integrating them with
software posed unacceptable timer synchronization issues. A 7-segment display could be tailored for
our project needs, but they did not have color functionality and would not have arrived on time. A white
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OLED display which had the benefit of power efficiency [8] and sharpness but would have been more
difficult to program, which is why we chose the Adafruit 2.8” ILI9341 display. This Display has a proven
track record with the ESP32 microcontroller. We disabled touchscreen functionality as it was not needed.
Design Details: The Display Subsystem is powered by the Power Subsystem, which provides power
through a backup battery in case the HFT stand is not plugged in. The display shows the brushing track
record in the morning (top row) and evening (bottom row) over the past week and receives commands
through a series of modular functions from the Control Subsystem. At the end of the day, it receives a
signal from the Control Subsystem and shifts all records to the left, deleting the older record.
When the Control Subsystem receives a “valid brushing” signal from the Sensor Band, it directs the
Display to show a timer in red which is updated each second until the user has brushed the dentist
recommended two minutes. At this point, the display will mark the current period (right-most column)
on the brushing score card green, and the timer will turn green.

Figure 5: Adafruit ILI9341 LCD Display Setup

The Adafruit ILI9341 2.8” TFT LCD Display from Adafruit has a 320 x 240 Pixel resolution over a 2.8”
Diagonal. It is fully integrated with the Adafruit_GFX Library with various display functions and comes
with a custom Adafruit_ILI9341 [6] Library which includes hardcoded colors. It is powered by 3.3V±5%
and can display commands via the SPI bus from the ESP32 board MCU.
The display maintains the weekly brushing record while no commands are being received, and displays
and updates the brushing timer and brushing scorecard. The Reset, Chip Select, MISO, MOSI, Clock, and
D/C pins are connected directly to the ESP32-C3-WROOM Microcontroller on the HFT Stand.

2.5 Stand Power Subsystem
Design Procedure: A major design consideration was whether to use a linear regulator or a switching
regulator to provide the 3.3V output. A linear regulator has a simpler PCB implementation and produces
less noise in the output. On the other hand, a switching regulator is more efficient.
Ultimately, the switching regulator was used because a linear regulator can only accept input voltages
higher than its output voltage. Since rechargeable batteries typically operate between 3.0V and 4.2V, a
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linear regulator would require two batteries in series. This would require a more complicated battery
management system and take more space in our design. On the other hand, a buck-boost switching
regulator can accept input voltages higher or lower than the output voltage, so a single battery can be
used in our design.
Design Details: The stand power subsystem uses the LTC3536 Switching Regulator because it is designed
to output our desired 3.3V voltage when supplied with any input voltage between 1.8V and 5.5V. This
range of input voltages covers all voltages produced by the Li-Poly battery and the 5V power supply.
An 18650 Li-Poly Battery is used because it is a standard size and has a high 2500mAh capacity. A
compatible BMS, the MCP73831T-2ACI/OT, was selected because it is designed to charge batteries with a
4.2V maximum voltage, which matches the specifications of our battery. This BMS also accepts any
charging voltage supply between 3.75V to 6V, which is compatible with our 5V power supply.
The diode OR circuit allows the switching regulator to safely accept voltage input from both the power
supply and the battery at the same time. This circuit is constructed using Schottky diodes in order to
minimize the voltage drop between the voltage sources and regulator input.

2.6 Machine Learning Algorithm
Design Procedure: The brushing detection had one other design implementation that we were
considering using before we came to the consenus to use the Random Forest classifier. We discussed
using a neural network as shown in Figure D.16; however, the neural network had difficulties predicting
features with the time-series data from the accelerometer and exporting the neural net to work on
Arduino was not feasible due to flash memory size on our microcontroller. The Random Forest model
was the final implementation of our machine learning classifier as it allowed us to incorporate a
“window shift” that would filter out old acceleration samples and replace them by pulling in newer
samples being taken. Additionally, the classifier was easily exported from python to C through the help of
the MicroMLGen Library [9] and was well within the size limitation of our microcontroller’s 4 MB flash
memory.
Design Details: In Figure 6 below, the graphs are a visual representation of what the active brushing
process and non-brushing process look like. In each of the graphs the different colored lines represent a
different axis of the accelerometer, and the higher the peak to peak change in acceleration corresponds
to faster toothbrush motion. The general form of active brushing comes from the user oscillating back
and forth as the magnitude changes based on the direction of motion. Likewise, the non-brushing data
has periods that represent resting on the stand, holding the toothbrush without engaging in a brushing
motion, and conducting a brushing motion that would otherwise exceed the boundaries of the user’s
mouth. The confusion matrix shown in Figure C.14 shows the amount of samples predicted for each of
the four cases: true active and predicted active, true active and predicted non-brushing, true
non-brushing and predicted active, true non-brushing and predicted non-brushing. We expected the
upper left and lower right boxes in the matrix to have a higher number of samples predicted as that is
considered “successful classification”, whereas the upper right and lower left were expected to have low
number of samples as this is the “error rate”. The final design achieved a 97.787% classification accuracy
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with a 2.213% error rate, exceeding the initial requirement of 95% set out in our high-level
requirements.

Figure 6: Transition from Underbrushing to Sufficient Brushing
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3 Design Verification
3.1 Remote Sensor Band Subsystem
1. Using a multimeter, we measured the voltage across the regulator to be 3.302V, which is within
the 3.3V±5% requirement. When testing the maximum operating current however, we had
blown our only extra switching regulator. Since the particular regulator was now out of stock, we
decreased our 500mA requirement to 330mA in an effort to minimize the risk of losing another
regulator. The regulator successfully achieved this requirement across all battery voltages. We
observed that the actual circuit consumes less than 100 mA of current, so we believe that the
330mA requirement is sufficient for our design.
2. During unit testing of our ADXL343 3-axis accelerometer, it was found that the sensitivity and
data rate are set by the user during set-up. The sensitivity has a range of ±2g to ±16g, with our
specific design utilizing ±16g. Additionally, the output data rate has a range of 100 Hz to 1 kHz,
with our design using the 100 Hz option to ensure no data samples are lost.
3. We verified that our ESP32-C3 microcontroller is recognized as a peer over the ESP-NOW
protocol [4]; this was done by running an Arduino Sketch that allows the user to input the MAC
address of the receiving device along with the message structure containing our acceleration
data in the X, Y, and Z planes. In this case, the MAC address of the Control subsystem
microcontroller was set as the receiving device and the message delivery success was verified in
the serial monitor at a baud rate of 115200 bps.
4. To verify that the recharging aspect of the design appropriately charged the Li-Poly battery, a
connection between the power supply on the Stand PCB was made to the BMS on our Sensor
Band PCB. The test showed that over a 3 hour time period, the voltage of the Li-Poly battery
increased from a discharged voltage of 3.0 V to the maximum voltage of 4.20 V specified by the
BMS. Once the maximum voltage is reached, the BMS LED will turn off indicating that the BMS
has stopped the charging process.
5. Through the use of our random forest machine learning classification, the model was trained
using two data sets for the “Active Brushing” and “Not Brushing” features. After the model had
been sufficiently trained, multiple testing sets were generated and put through the classifier to
determine the prediction accuracy. Our final results in Figure C.14 showed that the classifier met
the 95% requirement with an accuracy of 97.787% with an error rate of 2.213%.

3.2 Control Subsystem
1. In unison with requirement 3 in our Remote Sensor Band subsystem, the microcontroller’s MAC
address was used as the receiving device and we verified that the messages sent by the remote
microcontroller were received through the serial monitor output.
2. Using the millis library, we are able to verify that the microcontroller will keep track of time as
long as the stand continues to receive power and that the record will be shifted after 24 hours
have passed. Additionally, the test ran to ensure the morning and evening record can be updated
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independently consisted of completing a full two minute brushing process at 7am and
subsequently at 7pm to which the microcontroller properly updated the record.
3. The I2C connections were verified by connecting an Adafruit MPU6050 Accelerometer to the
ESP32-C3 DevKit and running an I2C scanner sketch. The datasheet indicated the hex address for
MPU6050 would be 0x68 and the serial monitor confirmed the I2C device at this address.

3.3 Display Subsystem
1. The latency requirement to process commands from the Control subsystem in 250 ms was
accomplished by sending the drawRecord signal to update the morning record for the current
day and confirming that the screen began updating within the specified time frame.
2. To confirm that the display will be properly powered by the backup battery, the power supply
was disconnected from the Stand Power subsystem and the display continued to receive a
regulated 3.307 V. During trial runs of our completed prototype, the stand ran entirely on the
battery and display functionality was not lost or affected.

3.4 Stand Power Subsystem
1. Using a multimeter, we measured the voltage across the regulator to be 3.330 V, which is within
the 3.3 V ± 5% requirement.
2. We were unable to verify that the battery could supply a current of 750 mA, but instead tested a
lower current of 330 mA. The regulator successfully achieved this requirement across all battery
voltages. We observed that the actual circuit consumes about 100 mA of current, so we believe
that the 330 mA requirement is sufficient for our design.
3. When connecting and disconnecting the power supply, we observed that the voltage has
transients of ±5 V to ±7 V, as seen in our oscilloscope measurements in Figures C.12 and C.13.
This does not meet our requirements of remaining between 3.0 V to 3.6 V. This is due to the
design of the switching regulator, which inherently has larger transients than a linear regulator.
When testing our board, we observed that these transients did not impact the operation of the
microcontroller and display.
4. When charging the Li-Poly battery with the BMS, the battery voltage gradually increases until it
reaches the maximum voltage of 4.20 V specified by the BMS. Once the maximum voltage is
achieved, the BMS LED will turn off indicating that the BMS has stopped the charging process,
and the battery voltage will stop increasing.
When discharging the Li-Poly battery, the battery voltage gradually decreases until it reaches the
minimum voltage of 3.0 V. Once the minimum voltage is achieved, the battery will automatically
shut off and the voltage will drop to 0V
5. The stand was disconnected from the power supply, and after 12 hours of operation on battery
power, the device was still operational and the display still showed the brushing record.
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4 Cost and Schedule
4.1 Parts
Table 1: Parts Costs
Type

Part Number

Microcontroller (2) ESP32-C3-WROOM-02-N4
USB Bridge (2) CP2102N-A02-GQFN24R
TFT LCD Display (1) 1770

Manufacturer

Retail
Cost ($)

R. Total
($)

Bulk
Cost ($)

B. Total
($)

Espressif

$1.95

$3.90

$1.950

$3.90

Silicon Labs

$2.16

$4.32

$2.160

$4.32

$29.95

$29.95

$29.950

$29.95

Adafruit

5VDC Power Supply (1) WSU050-1500

Triad Magnetics

$7.25

$7.25

$5.440

$5.44

Switching Regulator (2) LTC3536EMSE#PBF

Analog Devices

$7.60

$15.20

$5.420

$10.84

Microchip Technology

$0.77

$1.54

$0.690

$1.38

2500 mAh Battery (1) ASR00050

TinyCircuits

$4.47

$4.47

$4.470

$4.47

850 mAh Battery (1) ASR00036

TinyCircuits

$4.83

$4.83

$4.830

$4.83

PCBWay

$1.00

$2.00

$0.311

$0.62

Kyocera AVX

$0.38

$1.52

$0.102

$0.41

Wurth Elektronik

$0.19

$0.38

$0.138

$0.28

Rectron

$0.41

$1.64

$0.044

$0.18

Analog Devices

$3.41

$3.41

$2.140

$2.14

470 Resistor (2) TNPW0805470RDEEA

Vishay

$0.36

$0.72

$0.052

$0.10

1k Resistor (2) CHP0805AFX-1001ELF

Bourns

$0.70

$1.40

$0.105

$0.21

2k Resistor (2) ERJ-U6RD2001V

Panasonic

$0.34

$0.68

$0.040

$0.08

6.49k Resistor (2) RP73PF2A6K49BTDF

TE Connectivity

$0.61

$1.22

$0.138

$0.28

10k Resistor (10) SFR10EZPF1002

ROHM Semiconductor

$0.14

$1.39

$0.018

$0.18

22.1k Resistor (2) TNPW080522K1BEEA

Vishay

$0.74

$1.48

$0.167

$0.33

47.5k Resistor (2) TNPW080547K5FEEA

Vishay

$0.41

$0.82

$0.054

$0.11

49.9k Resistor (2) TNPW080549K9DEEA

Vishay

$0.42

$0.84

$0.053

$0.11

220k Resistor (2) MCU08050C2203FP500

Vishay

$0.37

$0.74

$0.042

$0.08

1M Resistor (2) CHV0805AFX-1004ELF

Bourns

$0.71

$1.42

$0.105

$0.21

Vishay

$0.28

$0.56

$0.047

$0.09

Vishay

$0.28

$0.56

$0.051

$0.10

1uF Capacitor (4) VJ0805Y105KXQTW1BC

Vishay

$0.23

$0.92

$0.050

$0.20

4.7uF Capacitor (2) VJ0805G475KXQTW1BC

Vishay

$0.47

$0.94

$0.127

$0.25

10uF Capacitor (6) GRM21BC71E106KE11L

Murata Electronics

$0.58

$3.48

$0.147

$0.88

22uF Capacitor (2) GRM21BD71A226ME44L

Murata Electronics

$0.45

$0.90

$0.119

$0.24

4.7uH Inductor (2) MLF2012A4R7JTD25

TDK

$0.33

$0.66

$0.127

$0.25

BMS (2) MCP73831T-2ACI/OT

PCB (2) Schottky Diode (4) SD0805S020S1R0
LED (2) 150080SS75000
BJT Transistor (4) BC817-T
Accelerometer (1) ADXL343BCCZ

47pF Capacitor (2) VJ0805A470JXAMC
220pF Capacitor (2) VJ0805A221JXBAC

Tot. Retail:
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$99.14 Total Bulk:

$72.47

4.2 Labor
According to data from the 2018-2019 graduating class, the average starting salary of a UIUC graduate is
$96,992 for computer engineers and $79,714 for electrical engineers. Assuming an engineer works 2080
hours per year, a computer engineer earns $46.63 per hour and an electrical engineer earns $38.32 per
hour. Our project is 12 weeks in length, and we expect to spend about 10 hours of time each week. We
will also apply a 2.5 overhead multiplier in order to account for business costs, which encompasses
salaries for other workers in the company. This would result in a total labor cost of:
$96,992
1 𝑦𝑒𝑎𝑟

×

1 𝑦𝑒𝑎𝑟
2080 ℎ𝑜𝑢𝑟𝑠

×

10 ℎ𝑜𝑢𝑟𝑠
1 𝑤𝑒𝑒𝑘

× 12 𝑤𝑒𝑒𝑘𝑠 × 2. 5 = $14, 000 (𝐶𝑜𝑚𝑝𝑢𝑡𝑒𝑟 𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟)

(2)

$79,714
1 𝑦𝑒𝑎𝑟

×

1 𝑦𝑒𝑎𝑟
2080 ℎ𝑜𝑢𝑟𝑠

×

10 ℎ𝑜𝑢𝑟𝑠
1 𝑤𝑒𝑒𝑘

× 12 𝑤𝑒𝑒𝑘𝑠 × 2. 5 = $12, 000 (𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑎𝑙 𝐸𝑛𝑔𝑖𝑛𝑒𝑒𝑟)

(3)

Our team consists of two Computer Engineers and one Electrical Engineer. Combining the cost of parts
and labor, the total cost of our project would be:
$14,000
1 𝐶𝑜𝑚𝑝𝐸

× 2 𝐶𝑜𝑚𝑝𝐸 +

$12,000
1 𝐸𝐸

× 1 𝐸𝐸 + $72. 47 = $40, 072. 47
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(4)

4.3 Schedule
Table 2: Schedule
Week

Rahul Vasanth

Quinn Palanca

John Kim

2/28/22

Work on Machine Shop
design; prepare design
review docs.

Assist with PCB design;
programming the
microcontroller WiFi comm.

Work on PCB Design; order
remaining components

3/7/22

Finalize machine shop
order; Gather
accelerometer/gyrometer
sensor data

Programming the
microcontrollers WiFi
comm. and validate data
transmission

PCB design order (round 1),
gather
accelerometer/gyrometer
sensor data

3/14/22

SPRING BREAK

3/21/22

Development and testing of
toothbrush stand base
display subsystem

Programming
accelerometer data analysis
algorithm and complete
diagnostics

2nd revision for PCB
audit/design; power
subsystem unit testing and
debugging

3/28/22

Assembly of toothbrush
stand subsystems (power,
control, and display)

Programming
accelerometer data analysis
algorithm and complete
diagnostics

PCB assembly, mounting,
and soldering

4/4/22

Finalize accelerometer data
model and algorithm

Finalize accelerometer data
model and algorithm

Sensor Band battery and
backup battery charging
validation

4/11/22

Full system testing and
debugging

Full system testing and
debugging

Full system testing and
debugging

4/18/22

Mock Demo

Mock Demo

Mock Demo

4/25/22

Demonstration; prepare
Presentation materials

Demonstration; start Final
Paper

Demonstration; start Final
Paper

5/2/22

Presentation and Final
Paper

Presentation and Final
Paper

Presentation and Final
Paper
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5 Conclusion
5.1 Accomplishments
We developed a successful project that resulted in a fully functional prototype with minimal changes
from our initial design, and our brushing detection algorithm has a high accuracy of 97.787%.
Additionally, we exceeded our initial goals by allowing users to turn a non-electric toothbrush into a
smart toothbrush that helps them track their brushing activity in a manner that preserves privacy.

5.2 Uncertainties
Our current design is not market ready as our Sensor Band consists of a plastic box that contains the PCB
and battery zip-tied to a toothbrush. This design is especially inconvenient for left-handed users.
Our solution makes use of the millis() [5] function. Since this function will eventually overflow, we may
encounter unexpected behavior after 50 days.

5.3 Ethical considerations
According to sections 1.3, 1.6, and 1.7 of the ACM Code of Ethics and Professional Conduct, “Only the
minimum amount of personal information necessary should be collected in a system” [10]. Our system is
optimized for user privacy, as the bare minimum data is stored for at most one week in a manner that is
transparent to the user and in a manner that cannot be exported or stored.
Additionally, section II of the IEEE Code [11] states that it is essential to “to treat all persons fairly and
with respect, to avoid harassment or discrimination, and to avoid injuring others.” In consideration of
photosensitive users, our design avoids the use of high-frequency animations. We have also explored the
possibility of different colors or unique identifiers in our brushing scorecard so that colorblind users can
utilize our device with minimal disruption. Rainbow Test shown in Figure 11 of Appendix C provides
confirmation that we can implement support for colorblind individuals.
Improper battery or power management could pose safety risks [12] which we will account for through
our project design. In accordance with Section I-5 of the IEEE Code of Ethics [11] we will accept and
implement feedback from teaching, assistants, Professors, and Machine Shop staff.

5.4 Future work
We intend to redesign our Sensor Band PCB to significantly reduce the size and design our Sensor Band
as an actual band that can wrap around toothbrushes of varying size. In order to improve our algorithm’s
accuracy, we will test out alternative machine learning algorithms such as a neural net, and we are
considering the use of a 9-axis IMU.
The use of a faster microcontroller with more IO could improve our graphics responsiveness and also
allow for more intensive algorithms. Additionally, the program can be adjusted to obtain time from the
internet every 12 hours to manage morning, evening, and end of day shifts which would allow us to
preserve time accurately even if our HFT stand experiences a complete loss of power.
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Appendix A: Schematics and PCB Design

Figure 7: Toothbrush Stand Schematic

Figure 8: Toothbrush Stand PCB Design. 86mm x 43mm
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Figure 9: Sensor Band Schematic

Figure 10: Sensor Band PCB Design. 60mm x 40mm
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Appendix B: Requirements and Verification Tables
Table 3: Sensor Band Subsystem Requirements and Verifications
Requirements

Verification

1. Li-Poly Battery provides 3.3V± 5% from a
3.7 to 4.2V source at a maximum operating
current of 500mA.

1A. Using a multimeter, ensure that the
output voltage of the linear regulator is 3.3V
by probing Vout with the positive terminal
and probing GND with the negative
terminal.
1B. Connect a 6.6Ω resistor in between the
output of the regulated voltage and ground;
measure the output current using a
multimeter and verify that it is at least
500mA.
2. 3-axis IMU can detect linear acceleration 2A. Connect the IMU to the ESP32 MCU
at ±16g and 0.4 mg/LSB sensitivity at an
through I2C.
output data rate of 100 Hz.
2B. Move the sensor at a fixed speed on the
X, Y, and Z axes over five trials.
2C. Compare the data from each of the five
trials and ensure that the readings are
within 10% of each other.
3. The microcontroller can be recognized
3A. After running the code to set up the
as a peer over ESP-NOW protocol and send MCU, use a separate WiFi enabled device to
sensor data with a maximum latency of 50 test the peer to peer connection.
ms ± 25 ms at baud rate 115200 bps.
3B. Using request URLs for acceleration
data, ensure that our MCU is properly
receiving acceleration and gyroscope data
at the rate of 115200 bps in the Arduino
serial monitor.
3C. In unison with the board MCU, verify
the latency of display requests through the
output in the Arduino serial monitor.
4. Sensor Band Li-Poly battery is recharged 4A. Disconnect the sensor band from the
when placed on the toothbrush stand.
toothbrush stand and allow the battery to
discharge over time.
4B. Once an hour has passed, measure the
current across a 10Ω resistor with a
multimeter until it reads between 0mA and
5mA.
4C. Using a digital supply, apply 5VDC to pin
4 of BMS.
4D. Using a multimeter, measure the
current through the battery once every
25

Verification
status
(Y or N)
N
(verified
that Li-Poly
Battery can
provide
330mA)

Y

Y

Y

5. The Sensor Band can determine if the
user is actively brushing their teeth with
95% accuracy.

minute and use Riemann summation to
calculate the total charge of the battery.
Ensure that this value is less than or equal
to 1500mAh.
5A. Generate Training Data Set with 50
instances of active brushing, and 50
instances of invalid brushing. (Attach sensor
band to tooth
5B. Generate Testing Data Set with 40 data
points.
5C. Tune weights and parameters of model
on Training Data set until achieving 99%
accuracy
5D. Obtain accurate results for 38/40 cases
on Testing Set (95% accuracy)

Y

Table 4: Control Subsystem Requirements and Verifications
Requirement

Verification

1. The board microcontroller can interact
with the ESP32 remote peer over
ESP-NOW protocol and receive brushing
signals at a baud rate of 115200 bps.

1A. Include the libraries Wifi.h and
HTTPclient.h in the software code
1B. Set the SSID and password to the
network credentials of the remote ESP32
server (“ESP32-access-point” and “ece445”
respectively).
1C. Send an HTTP request to the default URL
(192.168.4.1).
1D. Verify through the ESP32 client serial
monitor contains an HTTP response with a
value higher than > 0.

Y

2. The subsystem can actively calculate
time of day, manage the shift from
morning to evening, and shift the
calendar when a twenty-four hour period
has passed.

2A. Successful run of shift program which
simulates morning and evening cycles and
change of day over a week.

Y
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Verification
status
(Y or N)

3. The subsystem must detect and
communicate with any device that is
connected to the I2C addresses
(7bit/10bit addressing modes).

3A. Connect an I2C compatible device to the
ESP32-C3 microcontroller.
3B. Run the I2C Scanner sketch on Arduino
3C. Confirm the serial monitor displays the
hex address of the device matching the
address listed in the datasheet.

Y

Table 5: Display Subsystem Requirements and Verifications
Requirement

Verification

Verification
status
(Y or N)

1. Commands from Control
Subsystem are processed
within 250 ms.

2A. Connect the display over the I2C bus to GND, GPIO
22 and GPIO 21, and Vcc pins on the ESP32 board
microcontroller.
2B. Send Start_Timer signal from ESP32.
Microcontroller within Control Subsystem
2C. Verify through the serial monitor the time taken to
receive the display instruction is under 250ms.

Y

2. When the power cord is
unplugged, the record and
timer will still be displayed.

3A. Connect the display over the I2C bus to GND, GPIO
22 and GPIO 21, and Vcc pins on the ESP32 board
microcontroller.
3B. Send Start_Timer signal from ESP32
Microcontroller within Control Subsystem
3C. Unplug the power supply cord from the wall outlet.
3D. Verify that the timer and calendar are still
displayed with the power supply removed.

Y

Table 6: Stand Power Subsystem Requirements and Verifications
Requirements

1. Provide 3.3V±5% from a 3.0V-5.0V VDC
source determined by the primary power
connection.

2. Regulator can operate between 0mA to
750mA of current

Verification

1A. Using an oscilloscope, measure the
output voltage of the linear regulator by
probing the Vout with the positive terminal
and probing GND pin on the ESP32
microcontroller.
2A. Place a 1kΩ potentiometer and a 4.4Ω
resistor between the regulator output and
ground.
27

Verification
status
(Y or N)
Y

N
(verified
that Li-Poly

3. Voltage spikes that occur when
disconnecting the 5V power supply must
remain within 3.0V to 3.6V

4. BMS charges the Li-ion battery without
allowing the battery to overcharge or
undercharge.

5. Display shows record while device is
unplugged for at least 12 hours.

2B. Sweep the potentiometer between 0Ω
to 1kΩ and measure the output voltage
using an oscilloscope, ensuring that the
output voltage stays within 3.1V to 3.5V.
3A. Ensure that both the power supply and
the battery are connected
3B. Connect an oscilloscope to the regulator
output and set it to trigger on the falling
edge at 4.3V
3C. Disconnect the power supply and
ensure that the voltage remains within 3.0V
to 3.6V
4A. Allow the battery to discharge over
time.
4B. Once an hour, measure the current
across a 10Ω resistor with multimeter until
it reads between 0mA and 5mA
5C. Apply 5VDC to the BMS pin 4.
4D. Using a multimeter, measure the
current through the battery once every
minute and use Riemann summation to
calculate the total charge of the battery.
Ensure that this value is less than or equal
to 2600mAh.
5A. Apply 5VDC to the BMS pin 4 until the
current through the battery is between 0mA
and 1mA, as measured by a multimeter.
5B. Unplug the power supply from the wall
outlet and let HFT Stand remain for 12
hours.
5C. Check that the device still has power by
observing that the display is on.
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Battery can
provide
330mA)
N

Y

Y

Appendix C: Requirements and Verification Figures

Figure 11: Shift Test Which Demonstrates the Ability to Shift the Brushing Record By One Day.
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Figure 12: Transients when plugging in the 5V Power Supply. 2us per division on the horizontal axis, 2 V per division on the
vertical axis. Vertical axis has a -3V offset.

Figure 13: Transients when unplugging the 5V Power Supply. 200ns per division on the horizontal axis, 2 V per division on the
vertical axis. Vertical axis has a -3V offset.
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Figure 14: Confusion Matrix of the Random Forest Classifier with Accuracy and Error Rate
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Appendix D: Design Figures

Figure 15: Display Alternatives

Figure 16: Neural Network Machine Learning Design
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Figure 17: Physical PCB Components

Figure 18: Transition from Underbrushing to Sufficient Brushing
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Figure 19: Algorithm Workflow
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Appendix E: Microcontroller Programming
Code Repository:
Full software code can be found at:
https://github.com/qpalanca/ECE445_Team40_HabitFormingToothbrush.git

Toothbrush Stand Code:
// **************** LIBRARIES ****************
//// Flash Memory ////
#include "EEPROM.h"
//// WiFi Communication ////
#include <esp_now.h>
#include <WiFi.h>
//// Display ////
#include "SPI.h"
#include "Adafruit_GFX.h"
#include "Adafruit_ILI9341.h"
//// Timing ////
#include "millisDelay.h"

// **************** VARIABLES ****************
//// Pins ////
#define TFT_CS 4
#define TFT_DC 5
#define TFT_CLK 6
#define TFT_MOSI 7
#define TFT_MISO 10
#define TFT_RST 18
//// Timing Constants ////
#define DELAY_1S 1000
#define DELAY_5S 5000
#define
#define
#define
#define

DELAY_10S 10000
DELAY_60S 60000
DELAY_120S 120000
DELAY_1DAY DELAY_60S * 60 * 24

//// Timing Variables ////
//initialize array to store morning and evening records
uint16_t morning_record[7];
uint16_t evening_record[7];
int minutes;
int seconds;
int day_period; // Morning/Evening
bool
bool
bool
bool

delayRunning = false;
delayRunning2 = false;
timerRunning = false;
delayRunning3 = false;

int drawing = 0;
unsigned long delayStart, delay_half_day, diff, pauseTime, delay_full_day, dts,
del_to_subtract;
bool valid_brushing = false;
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//////// Communication Setup ////////
// Structure example to receive data
// Must match the sender structure
typedef struct struct_message {
bool validBrushing;
} struct_message;
// Create a struct_message called myData
struct_message myData;
//////// Display Setup ////////
Adafruit_ILI9341 tft = Adafruit_ILI9341(TFT_CS, TFT_DC, TFT_MOSI, TFT_CLK, TFT_RST, TFT_MISO);

// **************** SETUP ****************
void setup() {
//////// WiFi Setup ////////
// Set device as a Wi-Fi Station
WiFi.mode(WIFI_STA);
// Init ESP-NOW
if (esp_now_init() != ESP_OK) {
Serial.println("Error initializing ESP-NOW");
return;
}
esp_now_register_recv_cb(OnDataRecv);
//////// Timing Setup ////////
delayStart = millis();
delay_full_day = millis();
delay_half_day = millis();
delayRunning = true;
delayRunning2 = true;
minutes = 0;
seconds = 0;
day_period = 0;
//////// Display Setup ////////
tft.begin();
tft.setRotation(3);
//////// Serial Setup ////////
Serial.begin(115200);
Serial.print(F("Init Display"));
Serial.println(initHFTdisplay());
}
// **************** LOOP ****************
void loop(void) {
// this can be removed, it's just a way to show how you can have a delay of 1000ms without
using delay
if (delayRunning && ((millis() - delayStart) >= 1000)) {
drawRecord(morning_record, evening_record);
//testTextRed();
delayRunning = false; // // prevent this code being run more then once
delayStart = millis();
}

if(!timerRunning && valid_brushing){
testTextRed();
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}
else if(!timerRunning){
delayStart = millis();
}

//////// SHIFT ////////
//change day period every 12 hours
/*if ( (millis() - delay_half_day) >= (DELAY_1DAY / 2)) {
delay_half_day += (DELAY_1DAY / 2);
day_period = (day_period + 1) % 2;
}*/
//shift at end of day
/*if ( (millis() - delay_full_day) >= DELAY_1DAY) {
delayStart += DELAY_1DAY;
shiftRecord();
}*/
//////// TIMER ////////
//if timer is active, increment seconds and keep re-running everything inside
if (timerRunning && valid_brushing && ((millis() - delayStart) >= DELAY_1S)) {
//this is essential to enter this block of code every second
//delayStart -= (millis() - del_to_subtract);
dts = 0;
delayRunning3 = true;
delayStart += DELAY_1S;
del_to_subtract = 0;
seconds++;
//this if case can be commented out, it is purely showing we can draw and increment time
/*
if (drawing <= 7) {
shiftRecord();
drawing++;
}*/
//increment minutes when reaching 60 seconds this can be optimized around millis
if (seconds >= 60) {
seconds = 0;

}

//shiftRecord();
minutes++;

//call appropriate draw timer
if (minutes < 2 || minutes >= 4) { //underbrushing or overbrushing
testTextRed();
//uncomment below line for actual project
//drawRed(day_period);

}
else { //valid brushing for correct amount of time
testTextGreen();

}

//uncomment below line for actual project
//drawGreen(day_period);

if ( minutes == 2 && seconds == 0) {
drawGreen(day_period);
} else if (minutes == 4 && seconds == 0) {
drawRed(day_period);
}
}
else if(timerRunning && !valid_brushing){
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if (delayRunning3 && ((millis() - delayStart) >= 1)) {
delayRunning3 = false;
dts = millis();
}

}

while(!valid_brushing){
diff = millis();
pauseTime = diff - dts;
if (pauseTime > DELAY_10S){
timerRunning = false;
clearTimer();
break;
}
}
delayStart += pauseTime;

}

// **************** HELPER FUNCTIONS ****************
unsigned long testTextGreen() {
// Timer Control
timerRunning = true;
/*
if(minutes <= 2){
timerRunning = true;
}
else{
timerRunning = false;
}
*/
if (minutes == 9 && seconds == 59) {
timerRunning = false;
}

}

// Write Text
tft.setRotation(3);
tft.setTextColor(ILI9341_GREEN, ILI9341_BLACK);
tft.setCursor(60, 60);
tft.setTextSize(7);
if (seconds < 10) {
tft.printf("0%d:0%d", minutes, seconds);
}
else {
tft.printf("0%d:%d", minutes, seconds);
}
return micros() - micros();

unsigned long clearTimer(){
timerRunning = false;
minutes = 0;
seconds = 0;
tft.fillRect(60, 60, 210, 70, ILI9341_BLACK);
return micros() - micros();
}
unsigned long testTextRed() {
// Timer Control
timerRunning = true;
if (minutes == 9 && seconds == 59) {
timerRunning = false;
}
/*
if(minutes <= 2){
timerRunning = true;
}
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else{
timerRunning = false;
}*/
// Write Text
tft.setRotation(3);
tft.setTextColor(ILI9341_RED, ILI9341_BLACK);
tft.setCursor(60, 60);
tft.setTextSize(7);
if (seconds < 10) {
tft.printf("0%d:0%d", minutes, seconds);
}
else {
tft.printf("0%d:%d", minutes, seconds);
}
}
/*

return micros() - micros();

This function shifts the records on the display by first shifting the morning
and evening record arrays one to the left, where the new record is RED, RED in
morning_record[6]. Then it calls drawRecord and passes in the updated morning
and evening record matrices. This function can be called for the sake of tests
but is invoked at the start of a new day for the HFT Stand.

*/
unsigned long shiftRecord() {
int i;
//shift records THIS CAN BE IMPROVED, WHAT IF POWER LOST OR INTERRUPT OCCURS?
//backup array/restoration if process completed, locks, etc
for (i = 0; i < 6; i++) {
morning_record[i] = morning_record[i + 1];
evening_record[i] = evening_record[i + 1];
}
//last two records are red.
morning_record[6] = ILI9341_RED;
evening_record[6] = ILI9341_RED;

}
/*

//display results
drawRecord(morning_record, evening_record);
return micros() - micros();

This function is called when invalid brushing has been detected
by the sensor band subsystem and a signal is sent to the
HFT-Stand Subsystem that valid brushing has NOT occurred. Based on time
of day, 0 = morning, 1 = evening, the correct record matrix is updated
and the record is set to Red (either it is unchanged or the user has overbrushed and the record changes from Green to red) on the display by calling
the drawRecord function

*/
unsigned long drawRed(uint8_t time_of_day) {
unsigned long start;
int
i, i2,

rect_width = tft.width() / 7 - 7,
rect_height = tft.height() / 5 - 2,
x = 1,
y = 0,
y_morn = 3 * (tft.height() / 5 - 1),
y_eve = 4 * (tft.height() / 5 - 1);
start = micros();
if (time_of_day == 0) { //morning
morning_record[6] = ILI9341_RED;
}
else {
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}

evening_record[6] = ILI9341_RED;

drawRecord(morning_record, evening_record);
}

/*

return micros() - start;

This function is called when valid brushing has been detected for
2 minutes by the sensor band subsystem and a signal is sent to the
HFT-Stand Subsystem that valid brushing has occurred. Based on time
of day, 0 = morning, 1 = evening, the correct record matrix is updated
and the record is changed from red to green on the display by calling
the drawRecord function

*/
unsigned long drawGreen(uint8_t time_of_day) {
unsigned long start;
int
i, i2,

rect_width = tft.width() / 7 - 7,
rect_height = tft.height() / 5 - 2,
x = 1,
y = 0,
y_morn = 3 * (tft.height() / 5 - 1),
y_eve = 4 * (tft.height() / 5 - 1);
start = micros();
if (time_of_day == 0) { //morning
morning_record[6] = ILI9341_GREEN;
}
else {
evening_record[6] = ILI9341_GREEN;
}
drawRecord(morning_record, evening_record);
}
/*

return micros() - start;

This function draws the record for morning and evening on the display based
on two array inputs. (while morning_array and evening_array are global this function
allows flexibility to test other values without overwriting the record.

*/
unsigned long drawRecord(uint16_t morn[], uint16_t eve[]) {
unsigned long start;
int
i, i2, j,
rect_width = tft.width() / 7,
rect_height = tft.height() / 5,
x = 1, alt = 1,
y = rect_height = (4 * tft.height()) / 5 - 2;
start = micros();
/*
0
1
morning
A
B
evening
H
I
*/
tft.fillRect( 1,
tft.fillRect( 1,
tft.fillRect( 47,
tft.fillRect( 47,
tft.fillRect( 93,
tft.fillRect( 93,
tft.fillRect(140,

2
C
J

tft.height()
tft.height()
tft.height()
tft.height()
tft.height()
tft.height()
tft.height()

3
D
K

4
E
L
*
*
*
*
*
*
*

(3
(4
(3
(4
(3
(4
(3

/
/
/
/
/
/
/

5
F
M
5.0)
5.0)
5.0)
5.0)
5.0)
5.0)
5.0)

6
G
N
+
+
+
-

1,
1,
1,
1,
1,
1,
1,

40

44,
44,
44,
44,
44,
44,
44,

(1
(1
(1
(1
(1
(1
(1

*
*
*
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tft.height()

/
/
/
/
/
/
/

5),
5),
5),
5),
5),
5),
5),

morn[0]);
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//A
//H
//B
//I
//C
//J
//D

tft.fillRect(140,
tft.fillRect(187,
tft.fillRect(187,
tft.fillRect(234,
tft.fillRect(234,
tft.fillRect(281,
tft.fillRect(281,
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5), eve[3]); //K
5), morn[4]); //E
5), eve[4]); //L
5), morn[5]); //F
5), eve[5]); //M
5), morn[6]); //G
5), eve[6]); //N

return micros() - micros();
}

/*

This function sets the morning and evening array records to 0, then
draws the display with all 14 records marked red

*/
unsigned long initHFTdisplay() {
int
i, i2, j,
rect_width = tft.width() / 7,
rect_height = tft.height() / 5,
x = 1, alt = 1,
y = rect_height = (4 * tft.height()) / 5 - 2;
for (i = 0; i < 7; i++) {
if (i % 2 == 0) {
morning_record[i] = ILI9341_RED;
evening_record[i] = ILI9341_GREEN;
} else if (i % 2 == 0) {
morning_record[i] = ILI9341_GREEN;
evening_record[i] = ILI9341_RED;
}
morning_record[i] = ILI9341_RED;
evening_record[i] = ILI9341_RED;
}
tft.fillScreen(ILI9341_BLACK);
drawRecord(morning_record, evening_record);
}

return micros() - micros();

// WiFi Communication Setup
void OnDataRecv(const uint8_t * mac, const uint8_t *incomingData, int len) {
memcpy(&myData, incomingData, sizeof(myData));
Serial.print("Valid Brushing?: ");
Serial.println(myData.validBrushing);
}

valid_brushing = myData.validBrushing;
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Sensor Band Code - Combined_SensorBandCode.ino

Figure 20: Sensor Band Code Snippet

Sensor Band Code - WindowQuinn.h:

Figure 21: Window Code Snippet
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Sensor Band Code - ClassifierQuinn.h:

Figure 22: Classifier.h Code Snippet
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