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Abstract

Drowsiness-related accidents pose a significant safety risk in transportation, shift work,
and other fatigue-prone environments. This design suggests a wearable EEG-based drowsi-
ness detector as a tool to provide real-time monitoring and rapid alerting preventing mi-
crosleeps. The device integrates reusable forehead electrodes, an ADS1299 biopotential
ADC, and STM32F412RGT6 microcontroller to acquire and process brainwave signals
continuously. Our firmware implements on-board digital signal processing, including
windowing, power-ratio analysis of theta and alpha bands, and a dynamic thresholding
algorithm tailored to each user. When drowsiness is detected, a low-power piezoelectric
buzzer provides an immediate warning. The system is powered by a compact Li-Po bat-
tery with an integrated BMS and dual-stage voltage regulation to ensure safe and stable
operation for extended wear. Despite practical constraints in cost, time, and component
availability, the final prototype demonstrates reliable EEG acquisition, effective drowsi-
ness detection across multiple users, and prompt alert activation, validating the feasibility
of an accessible, portable neurotechnology-based safety tool.
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1 Introduction

1.1 Problem

Drowsiness is an extensive safety risk in shift-work, transportation occupations, or night-
time operations (eg, nurses, night-shift operators, and drivers). An estimate from the
NHTSA says in 2017 reported 91,000 police-reported crashes, 50,000 injuries, and approx-
imately 800 deaths involving drowsy drivers[1]. They also acknowledged these statistics
are an underestimate of the impact of drowsy driving [1]. More recently, NHTSA reports
on their website a total of 633 drowsy-driving-related deaths[1]. Surveys cited by the Na-
tional Safety Commission show about 1 in 25 adults report of having falling asleep while
driving in the past month [2], suggesting a much larger problem than factual surveys and
reports can estimate.

In these situations where people may be subject to moments of fatigue or loss of focus,
the consequences can result in catastrophic accidents. What if there is a device that can
make sure we are alert at late hours or extreme exhaustion?

1.2 Solution

An electroencephalogram (EEG)-based drowsiness detector could be an assistive solution
to these problems by continuously monitoring brain activity and alerting users at the
onset of sleepiness. EEGs are a non-invasive medical device that measures brainwaves
rather than relying on visual proxies such as blink rates, head positions or body posture.
Our design integrates real-time EEG acquisition into a compact, wearable device capable
of functioning with minimal obstruction to daily routines.

This technology is designed to constantly monitor the brain waves of the user and alert
them back into consciousness when a change in pattern is detected. This bridges the gap
between neuroscience and practical safety applications, offering a potentially life-saving
tool in environments where attention is necessary.

1.3 High Level Requirements

• EEG acquisition: The device must capture EEG signals with sufficient accuracy
to reliably register events associated with drowsiness and microsleep. This can be
tested through eye blinks which provide a detectable and significant voltage spike
above baseline noise.

• Real-time drowsiness detection: The system must detect micro-sleeps or drowsi-
ness with at least 90% accuracy and a low false positive rate when tested during
user trials.

• Prompt alerting: The alert mechanism (buzzer) must activate within a timely man-
ner <= 2 seconds) from the onset of detected drowsiness, measured by comparing
EEG event timestamp with the output signal.
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• Wearability and safety: The device must remain safe and comfortable for at least
8 continuous hours. We will verify this through randomly selected volunteers and
quantify comfort through a number scale (1-5). For the product to pass, the average
comfort level should be a 4/5.

1.4 Visual Representation

Our design for our device can be found in Figure 9 of the appendix. It shows a fabric cap
with 3 electrodes mounted by the forehead. The box of the our device sits at the top, with
a buzzer on the side by the ear.
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2 Design

2.1 Block Diagram

Figure 1: Block diagram of the system highlighting the subsystems and their interconnec-
tions

The block diagram highlights 4 main subsystems. The power subsystem, the signal acqui-
sition subsystem(also labeled as the analog system), the control subsystem and the action
subsystem. The power subsystem provides power to the system as whole, with a bat-
tery, battery management system(BMS), and a voltage regulator. The signal acquisition
subsystem is comprised of electrodes and an analog-to-digital converter(ADS1299). The
electrodes picks up the signal from the person and the ADC chip (ADS1299) processes the
signal, making it suitable for the next step, the digital processing. The digital processing
is mainly done by the STM32F412RGT6. It uses digital signal processing and hysteresis to
carry out the decision-making process, finalizing whether the buzzer needs to be sounded
or not. Eventually, the buzzer will be activated to make noise by the STM32F412RGT6
when it detects microsleeps or drowsiness.
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2.2 Power System

The power system consists of a Lithium-Polymer (Li-Po) battery integrated with a Bat-
tery Management System (BMS), a boost converter, and a buck converter. Li-Po batteries
were chosen for their high energy density, light weight, and compact form factor, allow-
ing the battery (34.5 × 51 × 6.3 mm, W×L×H) to fit seamlessly into the headband design.
The nominal voltage of 3.7 V (operating range: 3.2–4.2 V) is compatible with most com-
ponents, and the initial minimum capacity of 3600mAh provides a battery life exceeding
8 hours. However, due to cost and availability, the battery capacity finally chosen was
3000mAh bringing expected battery life to decrease a little. The battery is rechargeable
and designed for easy replacement. While Li-Po batteries offer many advantages, they are
sensitive to high temperatures and can be damaged by overcharging or over-discharging.
This is where the BMS comes into play.

The BMS ensures safe operation by keeping the battery within its rated operating region,
limiting both charging and discharging currents. The cascaded LM317 regulator restricts
the current flowing into and out of the battery, while the BD140 transistor functions as a
switch that disconnects the supply once the battery reaches its rated peak voltage of 4.2
V. At this point, the excess power is diverted to the diodes, lighting up an LED to signal
that the battery is fully charged. A USB-A module is included to provide users with a
convenient charging interface. A 1 A fuse and a capacitor are added near the input to
suppress large current spikes and protect the circuit and power supply.

Additionally, a voltage regulation stage is implemented to provide the necessary voltages
for the STM32F412RGT6 and ADS1299. The ADS1299 requires a 5 V analog rail and a 3.3
V digital rail, while the STM32F412RGT6 and the buzzer are both powered at 3.3 V. To
achieve this, a boost converter steps up the nominal 3.7 V battery voltage to a stable 5 V,
followed by a buck converter that steps it down to 3.3 V. This configuration ensures both
required voltages are supplied with improved efficiency and stability.

2.3 Analog System

The signal acquisition subsystem is composed of reusable EEG electrodes, snap elec-
trode cables, and a bio-potential-specific analog-to-digital converter (ADC), the ADS1299.
The electrodes chosen are flat snap EEG electrodes (TDE-202), which are inexpensive,
reusable, and widely adopted for non-medical EEG applications. They provide a reason-
able trade-off between cost and signal accuracy. The flat snap lead wires are lightweight,
well-shielded, and can be integrated neatly into the headband design. The acquired EEG
signal is filtered using a first layer of RC filters that filter any frequency above 24Hz cho-
sen using the given equation 2.1 before being supplied to the analog-to-digital converter,
ADS1299.

fcutoff =
1

2πReffCeff

[Hz] (1)

The ADS1299 is designed to accurately measure small bio potential signals such as EEG
by minimizing external interference and common-mode noise. It features high common-
mode rejection through its differential input amplifiers, which effectively cancel out noise
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that appears equally on both inputs, such as power line interference from the 60 Hz
mains supply. Additionally, the ADS1299 includes an internal bias amplifier that com-
putes the average of all electrode voltages, inverts this signal, and drives it back into the
body through the bias electrode. This feedback loop actively stabilizes the body’s poten-
tial and reduces common-mode noise before it even reaches the ADC inputs. Together,
these mechanisms ensure that only the true differential EEG signals—primarily in the
0.5–13Hz range—are preserved, while unwanted high-frequency or common-mode noise
is strongly suppressed, resulting in a cleaner and more accurate neural recording.

2.4 Control Unit

The controller system is a microcontroller that ingests digital EEG samples from the ADS1299,
executes our real-time processing and decision algorithm, and alerts the Alarm system
(buzzer) based on the drowsiness detection. Upstream, it will interface to the ADS1299
via SPI (Serial Peripheral Interface) with data-ready interrupts and control sets. Down-
stream, it outputs a GPIO (General Purpose Input/Output) control signal to the buzzer.
Internally, it will perform digital signal processing such as band-pass filtering, window-
ing and heuristic decision making.

We will be using the STM32F412RGT6 chip for our microcontroller. We chose this chip
as it’s a well-supported Cortex M4 with tons of open-source examples, STM32CubeIDE
libraries, and clear documentation. Its fast and relatively low risk to develop in our short
time frame. It has no WiFi/ Bluetooth (which is good for EEG safety and privacy) and
has plenty of flash and RAM memory (1MB/256KB respectively). These all make it a per-
fect chip for real-time DSP and keep our product isolated from outside sources for better
privacy and safety of users.

The schematic below shows our design. The STM chip connects to the ADS1299 via a
standard link and ’data-ready’ line to make sure data is only read when new samples are
available. It also provides clock signals for the ADS through SCK. For our alarm system,
the chip provides a simple GPIO output to the active buzzer to play a tune when drowsi-
ness is detected. Our breadboard demo demonstrated the high volume and effectiveness
of the buzzer sound through a nucleo board. Through STM32Cube software, we can
produce any type of single-tone tunes and beats which will be tested later in the future.
Power is provided from the battery system with a 3.3V line. Decoupling capacitors will
be placed all around the microchip.

2.5 Action System

The alarm system uses a small and low-power active piezoelectric buzzer to alert the user
when the device detects drowsiness. Since the buzzer can be placed close to the ears,
it does not require large voltages to produce loud noises; instead, a smaller voltage is
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enough for a loud and alerting tune. This design reduces user discomfort and helps con-
serve battery power.

The MCU controls the buzzer through a GPIO pin, sending a signal to the buzzer as soon
as the algorithm detects any drowsiness or micro-sleep. The piezoelectric buzzer is rated
to draw 15 mA of current at 3.3 V . We aim to operate the buzzer at lower voltages, hence
lower power consumption and longer battery life.

2.6 Firmware and Digital Signal Processing

The firmware running on the STM32 microchip implements digital signal processing,
drowsiness detection logic and generating alerts. The software turns EEG samples from
the ADS1299 to monitor the user’s drowsiness state in real time. All processing is per-
formed on-board to minimize response time and maximize user privacy and safety.

2.6.1 Sampling, buffering and windowing

The STM32 microchip communicated over SPI with the ADS1299 to receive signals. The
data ready (DRDY) pin generates an external interrupt which produces a new 24-bit frame
of data infinitely.

Samples are stored in a buffer of length 256 corresponding to around 1.024 seconds. These
form 256 size windows processed by the firmware. This is configured by setting ADS1299
registers to a 250Hz sampling rate. However, to the make the processing even faster,
as individual windows are processed, the buffer updates and processes a new window
every 128 samples. This result in a half second update rate and much faster decision
making.

2.6.2 Power ratios

Our drowsiness metric is based on the power ratings of specific frequency bands theta
(6Hz) and alpha (10Hz). These two waves’ can increase in amplitude during eye closure
and early sleep which we are tracking.

The first step is to remove any DC offset to standardize and improve our ADC range.
The equation below is a calculation of the mean across the whole sample, and subtracting
each sample from that mean to center it at 0:

xcenter[n] = x[n]− 1

N

N−1∑
k=0

x[k] (2)

Next, we calculate the total power of the sample and any RMS amplitude. This allows us
to discard any windows with very large RMS or low power which are normally used due
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to artifact noise or motion:

Ptotal =
N−1∑
n=0

xcenter[n]
2 RMS =

√
Ptotal

N
(3)

To keep computation quick, we don’t run a full fourier transform, but instead use Go-
ertzel’s algorithm to calculate power at our alpha and theta frequencies. We add these
two and compare with our total power from above to create our band ratio. A small ϵ is
added to avoid any division by zero:

Pθα = Pθ(6Hz) + Pα(10Hz) band ratio =
Pθα

Ptotal + ε
(4)

2.6.3 Baseline and dynamic threshold

This band ratio is our main factor in asserting drowsiness. If the ratio increases above
a threshold, we trigger an alert. However, our observations showed a simple number
on the threshold caused too many inconsistencies with multiple users. Therefore, at the
start of each session, the firmware calculates a baseline mean for each user. The first 10
seconds (2500 samples) are used to calculate a dynamic ratio of the user in an alert and
awake state. This baseline gives a user-specific value to compare with when running
tests:

baseline mean =
1

Nb

Nb∑
i=1

band ratioi (5)

In the detection phase, the threshold is computed as follows where ∆ is a small tuned
offset (0.2 - 0.4):

thr = max
(
baseline mean +∆, BAND RATIO THRESHOLD

)
(6)

This results in a dynamic threshold relative to each user and their baseline ’awake’ state.
This has allowed us to accurately detect drowsiness in multiple users across a series of
tests.

2.6.4 Drowsiness decision making

Finally, once all the digital signal processing is complete, each window is classified as
drowsy or not drowsy by comparing its band ratio with the threshold. The firmware main-
tains a drowsiness counter that increments and decrements with every window. To imple-
ment hysteresis and increase alert accuracy, a single drowsy window will not trigger an
alert. The firmware must flag at least 3 consecutive windows as drowsy to trigger an
alert. When this condition is met, the buzzer produces an audible alert and cooldown
logic prevents repeated firing every window.
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2.6.5 Logging and runtime

To support verification and analysis, our firmware prints strucutred debug lines over the
SWV ITM Data console:

Figure 2: Picture showing debug prints in real time from the STM32 microchip
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3 Verification

The verification stage focused on evaluating whether the final system met the primary
performance requirements defined in the design review. All tests were conducted us-
ing available course-level equipment and within the practical constraints of time, budget,
and component availability. While the design performed well overall, some measure-
ments naturally reflected real-world effects such as parasitics, component tolerances, and
aging, leading to small deviations from ideal specifications. Nonetheless, the results were
sufficient to confirm that the system met its intended functionality, with detailed data and
supporting analysis provided in the following sections and appendix A.

3.1 Power subsystem

The requirements for the power subsystem was chosen with regard to the importance of
the functionality of the device. The requirement verification table shows our main goals
for this subsystem and how we intend to verify them.

Figure 3: Requirement and verification table for power subsystem

For the battery life requirement, the earlier suggested verification method was not able to
be conducted due to time constraints. Thus, an estimate was calculated with 2 primary
assumptions: the battery voltage declines linearly when supplying power to the system
in the operational voltage range of 4.2 to 3.3V ; the battery heating does not affect the
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discharge behavior over a small time frame. Both assumptions, although reasonable,
does come with an accuracy drop. To estimate the battery life, the device was operated
for 10 minutes, and a voltage drop of 0.02V was recorded. In terms of power, this will be
equivalent to

Psupplied = 3000mAh ∗ 0.02V

4.2V − 3.3V
= 66.67mAh ; Idrawn =

66.67mAh

10min
= 400.02mA ;

(7)

tbattery life =
3000mAh

400.02mA
= 7.4996hrs (8)

The requirement of 8 hours is not achieved, but the drop in battery life is reasonable as
the initial battery rating of 3600mAh was not used, instead a 3000mAh battery was used
in the final design for cost and sizing reasons.

The battery managed to produce both voltage rails when operating in nominal voltage.
When referring to Figure 17, it can be seen that the battery at 3.8878V supplied power
to both buck and boost converter to produce 3.048V and 5.077V rails for the ADS1299
and STM32F412RGT6. While the 5V requirement is achieved with only 1.6% error, the
3.3V is just outside the range with 7.64% error, but still functional. As for the final re-
quirement, the battery management system maintains a voltage less than 4.2V across the
battery when charging, protecting the battery from over-voltage. The requirement of LED
lighting up was not able to be captured as the battery was never reached 4.2V after a long
time of charging, Due to safety and time constraints, the battery charging was stopped.
However Figure 16 shows that when a supply voltage of 8V was supplied, the battery
charged up to 4.185V .

3.2 Analog subsystem

The requirements for the analog subsystem (ADS1299) are as follows:
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Figure 4: Requirement and verification table for analog subsystem

Unfortunately, our UART pins on the STM32 were not enabled, therefore we could not
produce full fourier transform or bode plots showing our frequency range from the ADS
1299. However, we were able to accurately calculate power from 6Hz and 10hz frequency
bins.

The plot in Figure 23 shows the sampling rate of all our user tests. As you can see the
frequency stays near constant at 250Hz, which is above our requirement. The small dips
are due to our debugger. Since we logged all data from user trials, the ST-Link connection
to the SWV Data console causes delays and jitters. This resulted in our prints for sampling
rate dropping, however our ADS1299 chip was configured to 250 samples per second at
boot up.

3.3 Controller subsystem

The requirements for the controller subsystem (STM32F412RGT6) are as follows:
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Figure 5: Requirement and verification table for analog subsystem

The voltage requirement was measured during the power system verification and satis-
fied 3.3V tests.

Data overruns were near 0, except for during debugger tests and user trials, where data
ready overrun was viewed at 1. Similar to the sampling frequency drops, this can be
attributed to the debugger delays and jitters.

Finally, the decision making response time was much faster than we expected. Seen here
in Figure 25, the processing of each sample is near 0 (3-8ms). Figure 26 and Figure 27
show the accuracy of our drowsiness detection and threshold calculation. These are sam-
ples from two users and it clearly shows alerts being triggered by our device above the
threshold value. This proves the reliability and accuracy of our signals to detect drowsi-
ness and act in a timely manner.

3.4 Action subsystem

The requirements for the action subsystem are as follows:

For the testing and demos, the buzzr
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Figure 6: Requirement and verification table for action subsystem
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4 Costs and Schedule

4.1 Costs

The table below highlights our total cost calculations for the project. We ordered extra
parts for each component incase of issues with our PCB assembly. Therefore, multiple
parts were left unused and returned by the end of our project.

Figure 7: Project cost table highlighting estimated labor costs and every part

4.2 Schedule

The table below highlights our schedule of tasks for our project.
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Figure 8: Project schedule
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5 Ethics and Safety

5.1 Ethical Guidelines

Our device is meant solely as an assistive aid to prevent loss of focus and microsleep.
It is not a replacement for preparation and safe practices that help prevent loss of fo-
cus during hazardous situations, such as night-time driving conditions. This is in line
with IEEE Code of Ethics 7.8.I.1 and ACM 1.1[3][4]. Our product will clearly list limita-
tions in accuracy and any false negative/positive rates in line with IEEE Code of Ethics
section 8.8.I.5 and ACM 1.3[3][4]. Regarding privacy and confidentiality, any EEG data
used from volunteers during the development of the product is purely for research pur-
poses and enhancement of our decision algorithms. In line with ACM 1.6 and 1.7, any
EEG data received will be kept confidential, provided the person’s consent is obtained[4].
Regarding fairness and non-discrimination, we will validate our product’s performance
across all skin tones, head sizes, hair types, etc., in line with ACM 1.4. We will docu-
ment any disparities in performance and adjust our product accordingly before the final
demo[4].

5.2 Safety Measures

Our device was built with user safety as the foremost priority. As this is a wearable
that involves direct skin contact and battery-powered electronics, the following safety
measures have been taken into consideration:

5.2.1 Battery safety

The lithium polymer battery with a Battery Management System (BMS) that provides
safe battery usage, such as short-circuit, charge, and discharge protection. The device
will never charge while being used to eliminate any direct mains risk.

5.2.2 Electrode safety

Our device uses passive surface electrodes, which are inherently safe and do not apply
current to the skin. To ensure user comfort, we will be testing for any potential skin
irritation or sensitization during extended wear. Clear instructions will be provided on
cleaning practices, recommended maximum wear time, and the use of skin-safe creams
or preparation practices in the rare case such symptoms are found during testing.

5.2.3 Performance Safety

In alignment with our product’s intended purpose as an assistive aid and not a medical
device, we clearly state that it is intended to help users maintain focus but should not be
relied upon as the sole measure for preventing drowsiness. All limitations in accuracy,
including false positive (alert without drowsiness) and false negative (drowsiness not
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detected) rates, will be communicated transparently to users. We reiterate that the device
cannot replace proper rest or safe practices.

5.2.4 Lab Safety

During design, development, and testing of our product, we will adhere to the strict
UIUC and ECE445 lab safety policies. All soldering for the PCB was performed in the lab,
with proper eye protection and fume absorbers. All EEG data collection with volunteers
was conducted with informed consent and the right to withdraw from the test at any
time.
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6 Conclusion

This project was designed to build a solution to provide alerts during slips in focus and
concentration. We built a wearable EEG-based drowsiness detection device that could
monitor brain activity in real time, and provide timely alerts when a user begins to drift
into sleep. Over the semester we have designed, fabricated a PCB, integrated analog front
end (ADS1299) with an STM32 microcontroller, and completed a full DSP pipeline from
raw EEG samples, to buzzer alerts. While the system is still a prototype and improve-
ments can be made, our results show a small, battery-powered EEG device can reliably
interpret brain activity for a practical use.

6.1 Accomplishments

• Successful operation of ADS1299 and STM32F412 chips using battery and regulat-
ing voltages to 3.3V and 5V.

• Accurate data acquisition of EEG signals at 250Hz with near zero data overruns.

• Reliable DSP pipeline with Goertzel-based alpha and theta wave detectors, artifact
and noise checks and baseline procedures to create user-specific thresholds.

• Fast processing of drowsiness decisions and timely alerts.

• Multiple subject trials who demonstrated quick drowsiness detection and most par-
ticipants rated the device as reasonably comfortable, with a buzzer sufficiently dis-
tracting.

6.2 Uncertainties

• Unfortunately our drowsy labels are not based on concrete sleep staging classifi-
cations. Tests were done with closing of eyes and slowing breathing to mimic mi-
crosleeps and drowsiness conditions

• Although most RMS and noise rejection showed promising results, not all condi-
tions were tested such as outside noise, sweat or electrode contamination, or strong
tension.

• Our subject pool was relatively small and of similar age groups (20-25). Further
testing is required to determine the system’s behavior on a wider demographic.

6.3 Future Work

Future versions of our device could use multiple electrode channels. Our device only
used 3 electrodes for comfort (2 for electrode differential and 1 for bias). Reading more
frequency bands such as gamma and beta waves with these extra electrodes would prove
easier and may improve the accuracy of our detection.
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Finally, the physical structure of the device could be altered. Our box holding the elec-
tronics proved to be too big for the hat and was hard to balance for some users.

6.4 Ethical considerations

Ethical considerations were presented in Section 5
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Appendix A

Figure 9: Visual representation of the physical device design
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Figure 10: USB-A module schematics
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Figure 11: battery management system schematics

Figure 12: Boost converter schematics
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Figure 13: Buck converter schematics

Figure 14: ADS1299 module schematics
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Figure 15: STM32F412RGT6 module schematics
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Figure 16: Charging with 8V across USB-A Vbus and ground records a 4.14V potential
difference across the battery terminals to allow constant voltage charging
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Figure 17: 3.8878V battery voltage is successfully converted to 5.0776V and 3.048V volt-
age rails
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Figure 18: Probing and testing power subsystem on PCB
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Figure 19: PCB design change for TL431D shunt voltage regulator footprint, old(left) to
new(right)
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Figure 20: PCB design change to prevent connection mismatch, shorting ground to 3.3V
rail, old(above) to new(below)

30



Figure 21: PCB design change to accommodate bigger inductor for power converters,
old(left) to new(right)
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Figure 22: Final PCB design
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Figure 23: Sampling Frequency vs Samples

Figure 24: Window ratio over time
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Figure 25: Window processing against samples

Figure 26: Drowsiness Window VS threshold for Anya
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Figure 27: Drowsiness Window VS threshold for Arushi
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