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ABSTRACT

Epileptic seizures pose a significant health challenge, impacting millions of individuals worldwide and
necessitating effective systems for timely detection and intervention. This study presents an innovative loT-
based system for detecting epileptic seizures using fuzzy logic techniques. The system leverages an
STM32F103C8T6 microcontroller connected to various sensors, including a 3-axis accelerometer, a heart
rate sensor, and a temperature sensor, to gather real-time physiological data. These data are processed using
MATLAB, where fuzzy logic algorithms analyse the input to identify potential seizure events. When a
seizure is detected, the system promptly sends notifications via GSM, accompanied by the patient’s precise
GPS location, ensuring rapid medical response. The system achieved an accuracy of 94% in detecting
seizures, demonstrating its potential to provide continuous and automated patient monitoring. This research
highlights the transformative power of integrating IoT with wearable devices to enhance patient safety and
deliver innovative, personalized healthcare solutions.

Keywords: Internet of Things (1oT), Epilepsy, Epileptic seizure detection, Fuzzy logic inference,

Wearable device.

1. Introduction

Today the combination of the Internet of Things (IoT) and machine learning is becoming a trend in
healthcare communication [1]. IoT improves healthcare by enabling applications; for instance, tiny computers
gather sensor data. Send it through networks so that healthcare providers can monitor health indicators in real
time [2]. Wearable technologies do more than sense things [3]. They help with communication, record data,
and display information. Play a key role in healthcare. This blending of technologies shows potential for
enhancing how we deliver healthcare and improving patient outcomes [4]. Epilepsy is particularly risky due to
its nature and possible life-threatening consequences. In several Middle Eastern nations, societal stigma linked
to epilepsy induces a fear of community exposure among patients [5]. Consequently, it is essential to utilize
modern technology, particularly wearable devices, to proactively identify cases of epilepsy before they
manifest [6]. This thesis aims to design and implement an [oT system based on artificial intelligence techniques
to detect epileptic seizures [7]. The project is based on an IoT monitoring system that integrates three
monitoring units: 3-Axis Accelerometer sensor, heartbeat sensor, Temperature sensor and a microcontroller
(STM32F103C8T6) as control modules with GSM and GPS [8].

2. Literature Review

Several studies were conducted to detect an epileptic seizure Lamrani et al. [9] In Canada, research
was similarly conducted in a small patient cohort of sixteen on efficacy and reliability measures associated with
seizure detection devices. Here we tested three devices, the Embrace2 from Empatica, the Inspyre smartphone
software by Smart Monitor and a prototype of The Movement Monitor (EmfitMM) by us. They can include

This work is licensed under a Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/) that allows others @ ®
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puzzles along with tasks around the house that monitor more than one type of seizure using accelerometery,
electrodermal activity and pressure sensors. Subjects used these devices continuously during their stay at an
Epilepsy Monitoring Unit [EMU]. Embrace2 evaluated skin conductance and wrist movement, while the
Inspyre software paired with a smartwatch to specifically assess tremor activity. The EmfitMM on hand used a
sensor that was under the mattress, to pick up movements of the sleeping body. Prior surveys were done to test
how comfortable these devices are as well as their user friendliness and their efficiency. The Inspyre app
demonstrated a sensitivity of 92% for tonic clonic seizures (GTCS) with an alarm rate of 1.8, per day. On the
hand EmfitMM displayed an 89% sensitivity in identifying tonic clonic seizures (GTCS) with a false alarm rate
of 0.13, per day. While some users reported discomfort, most found these devices user friendly.

Leon et al. 2023 [10] performed a research study to determine whether the skin sensor worn on top
of clothing would detect seizures. Researchers tracked seizure activity in thirty subjects using sensors that
measure heart rate and skin capacitance. As a wearable device, it monitored the heart rate and skin capacitance,
which said something about seizures. Wearers used the device often, connecting it with a smartphone app via
Bluetooth. The app was specifically designed to send a rapid alert to family members or emergency contact
when it detects signs of an oncoming seizure. Subjects completed surveys preceding the intervention. They
levelled with the device they were using to provide feedback on how well it detected seizures any discomfort
or pain; Skin Sensor Results They appreciated the app for its helpful alerts when detecting a seizure.

Habtamu et al. 2022 [11] In a research study: How well does the Seizure Detecting device work?
Sixteen people volunteered for the study. Performing using a set of accelerometers, pulse oximeters and
vibration sensors to watch for seizures. This is intended to be worn throughout the day and track body
movements and even variations in heart rate and oxygen levels for seizure detection. Sensors were attached to
the participants during the trial to monitor their heart rates and oxygen levels as they wore the arousal tracker.
The criteria used for detection such as an increase in heart rate by 10 beat per minute oxygen saturation falling
below a threshold to 90% acceleration exceeding value range of (23.4 meters/square.) and vibrations above the
range provided 317 Hertz. Before and after the monitoring period, participants also completed surveys to assess
the findings that the wearable device achieved a level of accuracy. The heart rate sensor had a 98% accuracy
rate while the accelerometer/vibration sensors reached a 90.2% accuracy rate. Despite some discomfort, users
generally found it easy to use the gadget. The trial results indicated that the device provided seizure notifications
thereby enhancing safety and care.

Balster et al. 2022 [12]The study was conducted to determine the sensitivity of an engineered
detector fitted onto a patient for detecting seizures. Sixteen people with forms of epilepsy took part in the
research. Sensors built into the device (which included an accelerometer vibration sensor, a pulse oximeter and
a thermistor) were used to detect signs of seizure activity. Those devices were then worn by participants while
collecting/monitoring data. During the tonic phase of seizures, falls were detected by the accelerometer; during
the convulsion phases vibrations on hip identified these events. The pulse oximeter measured heart rate and
oxygen saturation, and the thermistor recorded body temperature. Following device usage participants were
asked to complete surveys regarding their seizure episodes, satisfaction level, with the device and any
discomfort experienced while wearing it. Results showed that the wearable gadget accurately detected seizures
with sensitivity and accuracy. While some participants mentioned discomfort, they generally found it tolerable
despite being somewhat unpleasant. Moreover, they found it relatively easy to incorporate the device into their
routine.

Yamakawa et al. 2020 [13], In this study, we evaluated the performance of a system that predicts
epileptic seizures based on three types of signals including an electrocardiogram (ECG), photoplethysmograph
signal (PPT) and Electroencephalography (EEG). This study evaluated 10 patients with epileptic seizures. The
device collected ear data at 250 Hz for 40 minutes. Subjects undertook a variety of activities to provoke seizures
opening and closing their eyes, exposure to high-intensity light, deliberate hyperventilation or rest periods
including sleep. The data was clear over the course of the next several hours there were rising HRV values. The
patients found the device to be easy and comfortable for use. The efficiency of the system was 91.5% for
predicting seizures, with a sensitivity value of 85.4%.

Regalia et al. 2019 [14] aimed to assess the performance of wrist-worn devices (bracelets, watches),
such as the Embrace and E4 watch from Empatica, for GTCS detection. Six subjects who wore an accelerometer
(ACC) and submitted to electrodermal activity (EDA), served as the test group for a prediction of fit plus
detection study. This was done in an epilepsy monitoring unit (EMU) where the patients were being monitored.
Most reported that the devices were comfortable for them, but some experienced pain. In the results,
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approximately 92.2% of hemorrhages were detected with a false alarm rate per day over an interval between
0.2 and device component proof from 1% and sorted by physiological constants.

3. Materials and method
3.1. Materials
3.1.1. Accelerometer

The ADXL345, a 3-axis accelerometer created by Analog Devices, is well known for its precision and
energy efficiency [15]. This sensor can detect acceleration on the X, Y and Z axes, making it suitable for uses
like motion sensing, tilt detection and shock or vibration measurement. With a measurement range from £2g to
+16g and a resolution of up to 13 bits the ADXL345 offers versatility [16]. It supports both I12C and SPI
interfaces for integration with different microcontrollers and digital systems. Moreover, this accelerometer
includes features like tap detection, free fall detection and activity/inactivity monitoring to enhance its
functionality, for applications. Because of its adaptability and reliability, the ADXL345 is used in consumer
electronics, industrial machinery, medical devices and automotive systems [17].

3.1.2. ECG

The ECG Heartbeat Sensor HW 827 is a device designed to measure the hearts activity by providing
important information, on heart rate and rhythm [18]. It is utilized to track functions by detecting the signals
produced by the heart’s actions. Equipped with electrodes that capture these signals, HW 827 processes them
to create an ECG waveform. This waveform can be examined to identify heart conditions and irregularities [19].
The sensor is commonly used in settings, health monitors and fitness devices. Its capability to provide real time
data makes it an asset, for both clinical monitoring and personal health tracking purposes [20].

3.1.3. Temperature sensor

The LM35 stands out as a notch temperature sensor crafted by Texas Instruments, known for its
temperature readings [21]. This sensor generates a voltage output that correlates directly with the temperature,
in Celsius following a linear scale factor of 10 mV/°C. With the ability to measure temperatures ranging from
55°Cto 150°C, the LM35 proves versatile for applications such as monitoring, industrial temperature regulation
and consumer electronics [22]. Its low output impedance, consistent linear output and accurate calibration make
it user friendly and dependable, positioning the LM35 as a favored option, for tasks requiring temperature
measurements [23].

3.1.4. STM32F103C8T6 Microcontroller

The STM32F103C8T6 microcontroller, created by STMicroelectronics, belongs to the STM32 family.
It is built on the ARM Cortex M3 architecture [24]. This 32-bit RISC processor is well known for its
performance, power consumption and versatile features making it a favored option for embedded applications
[25]. It runs at speeds of up to 72 MHz. It has 64 KB of flash memory and 20 KB of SRAM for storing programs
and data. An important aspect of this microcontroller is its power management features, which include low
power modes, like Sleep Stop and Standby to optimize energy usage in scenarios [26]. For programming and
debugging tasks the STM32F103C8T6 works seamlessly with integrated development environments (IDEs)
including STM32CubelDE [27].

3.1.5. GSM and GPS

This component is often used in a variety of [oT (Internet of Things) endeavors because of its ability to
connect to GSM networks and pinpoint locations through GPS [28]. The A9G is a module that combines GSM
for communication and GPS (for location tracking) features. It is commonly utilized in projects requiring real
time location monitoring, such as vehicle tracking systems, personal safety gadgets or smart wearable devices
[29]. The integration of both GSM and GPS within a module makes it a versatile option, for applications
necessitating both communication capabilities and accurate location tracking [30]. The GSM module can send
and receive SMS messages, make voice calls, and connect to the internet via a mobile network and GPS can
track and provide precise location information, which can be sent via GSM to a server or another device for
monitoring purposes [31].
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3.2. Method

The process of detecting physiological signals is achieved through sensors strategically placed on the patient's
wrist. Each sensor collects specific data: temperature, heart rate, and movement. The collected signals are amplified and
sent to the STM32F103C8T6 microcontroller. The microcontroller processes the signals and applies the fuzzy logic
algorithm to interpret the patient's physiological state. After processing, the system can activate two main actions. It can
display the patient's data on the IoT platform for real-time monitoring by healthcare providers or caregivers. The system
also utilizes GSM and GPS technologies to send phone notifications and provide the patient's location, alerting the patient
or caregivers about critical changes or potential seizure events, as shown in Figure 1.

Fuzzy logic
system
ACC @

10T platform
|:> display patient

. data

] ECG
1 STM32F103C8T6
Phone notification
|:> message and
location

Figure 1. The Schematic illustration of the proposed ystem.

3.2.1. IoT system architecture

The system algorithm for monitoring epileptic seizures will be as shown in the figure below:

Read from Read fomECG Read from Temperature
Accelerometer sensor
'
Y

Send SMS by GSM Read GPS data Detect seizure

Figure 2. Flowchart of the algorithm system to monitor epileptic
patients.

As shown in the Figure 2 when the wearable device is turned on and is in contact with the patient's wrist, it
will receive data continuously from the sensors in the device. The steps for detecting seizures in a patient with
epileptic seizures can be explained as follows:

e Sensor Data Acquisition
The sensors data is initially captured in analogue format. This data represents the physical quantities measured
by the sensor:

1. Accelerometer (3-axis ADXL345): Monitor movement and vibration.
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2. ECG (HW-827): Measure the electrical activity of the heart.
3. Temperature Sensor (LM35): Measure body temperature.

e Data Conversion
The Analog-to-Digital Conversion (ADC) process in the STM32F103C8T6 microcontroller necessitates
configuring the ADC for the required resolution, sampling rate, and input channel. The analogue signal from
the sensor is converted into a digital format using successive approximation, with the resultant digital data being
stored in a buffer for subsequent processing.

e Data Transmission
The transmission of digital data is facilitated through the utilization of the Protocol (UART). UART is a
connectionless protocol that enables efficient and low-latency communication by sending data packets without
establishing a prior connection, thereby making it suitable for applications requiring rapid data transfer.

e Fuzzy Logic
The data collected from various sensors, reflecting patients' behaviours, are utilized as inputs for the fuzzy logic
system. The system is executed using MATLAB2023 script commands to establish the membership functions
for each input and to conduct the fuzzy input-output inference mapping. The vibration rate, temperature rate,
and heart rate are influenced by various factors. For instance, if the vibration signal satisfies the condition where
its amplitude surpasses the threshold value and persists continuously and repeatedly for a duration of 5 seconds
or longer, as illustrated in the Figure 3 .

Vibration amplitude

Figure 3. The relationship between vibration amplitude and time
e Send notification
By integrating GSM and GPS modules, the system ensures that notifications about seizure events, along with
precise location data, are promptly sent to the patient’s relatives, doctors, and caregivers. This comprehensive
approach enhances the response time and ensures timely medical intervention, leveraging both direct SMS
notifications and loT platforms for real-time monitoring and data visualization.

3.3. Fuzzy Logic Algorithm

The data output from sensors that capture behaviors is used as input for a fuzzy logic system. This system is
created using MATLAB2023 script commands to define the membership functions for each input and carry out input output
inference mapping. The fuzzy inference system follows the Mamdani type inference method, a used approach in logic for
decision making. This method is known for its nature, making it well suited for tasks that require human reasoning.
Operating on a series of IF rules that govern the inference process, each rule, in the system can be represented as:

R;:IF xq is Mj;(x;) AND ... AND x,, is M;,,(x,) THEN (y is N)
Where
®  Xi,Xy, .., X, arethe input variables.

o M;;(x), Mj>(x3), ..., Mj, () are the membership functions corresponding to the input variables.
ey isthe output variable.
e N is the membership function of the output variable.

This system works by matching the input data with membership functions through a set of IF rules making it easier to
establish the fuzzy input output inference mapping.
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3.4. Results
3.4.1. MATLAB simulation results

We used IF- THEN fuzzy rules to implement the fuzzy logic rules inference. linguistic variables are
used to build rules. Fuzzy rules are a collection of linguistic statements that will describe how fuzzy inference

systems should make decisions to classify anything, and these rules are shown in Table 1.

Table 1 Rules of fuzzy inference system

Rule IF Conditions gll;ltlsft
1 Vibration is Normal AND Heart Rate is Low AND Temperature is Low No Seizure
2 | Vibration is Normal AND Heart Rate is Low AND Temperature is Normal | No Seizure
3 Vibration is Normal AND Heart Rate is Low AND Temperature is High No Seizure
4 | Vibration is Normal AND Heart Rate is Normal AND Temperature is Low | No Seizure
5 Vibration is Normal AND Heart Rate is Normal AND Temperature is | No Seizure

Normal

6 | Vibration is Normal AND Heart Rate is Normal AND Temperature is High | No Seizure
7 | Vibration is Normal AND Heart Rate is High AND Temperature is Low No Seizure
8 | Vibration is Normal AND Heart Rate is High AND Temperature is Normal | No Seizure
9 | Vibration is Normal AND Heart Rate is High AND Temperature is High No Seizure
10 | Vibration is High AND Heart Rate is Low AND Temperature is Low Seizure
11 | Vibration is High AND Heart Rate is Low AND Temperature is Normal Seizure
12 | Vibration is High AND Heart Rate is Low AND Temperature is High Seizure
13 | Vibration is High AND Heart Rate is Normal AND Temperature is Low Seizure
14 | Vibration is High AND Heart Rate is Normal AND Temperature is Normal Seizure
15 | Vibration is High AND Heart Rate is Normal AND Temperature is High Seizure
16 | Vibration is High AND Heart Rate is High AND Temperature is Low Seizure
17 | Vibration is High AND Heart Rate is High AND Temperature is Normal Seizure
18 | Vibration is High AND Heart Rate is High AND Temperature is High Seizure

These steps have been programmed practically in MATLAB2023 and the rule viewer editor displays

fuzzy rules graphically to calculate the output as shown in Table 2 and Figure 4.

Table 2 Membership function input/output variables with fuzzy system

Inputs/Outputs

Membership functions

Graphical representation
of Membership functions
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It should be clarified that two vibration inputs were designed, and the reason for this is that the
vibration sensor available in the market is either unidirectional or 3D-vibration, and therefore we had to choose
a three-dimensional vibration sensor. However, after many experiments, we concluded that it is possible to
delete the Z axis and suffice with the X and Y axes, since the vibrations of an epilepsy patient are limited to
these two axes. Therefore, when the final design of the inputs in the (fuzzy logic algorithm) was done, we
specified vibration 1 and vibration 2, which means vibration on the X axis and vibration on the Y axis.
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Figure 4. The rules of fuzzy logic system according to Mamdani type
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3.4.2. Result from hardware device

In this section, we described the process of conducting initial tests on healthy individuals. After the
designed device demonstrated its efficiency, it was subsequently tested on individuals experiencing epileptic
seizures. In this chapter, we will discuss the results obtained from the tests conducted on healthy individuals
who met the conditions necessary to trigger an epileptic seizure alert, as illustrated in Fig. 5.

. ADXL345 Frequency Domain ADXL345 data
sl
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(A) The relationship between normalized amplitude
and frequency represents frequency domain
analysis of data collected from the ADXL345

(B) Time-domain analysis of the random data
collected from the ADXL345
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Figure 5 Results from hardware device.

Regarding the evaluation of the device's accuracy specifically on individuals with the condition, it was
applied to those experiencing epileptic seizures as shown in Fig. 6.

The device successfully generated a notification of a seizure occurrence in the form of a message, along
with identifying the location of the affected individual, as depicted in the images in Fig. 7.
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Figure 6 An epilepsy patient wearing the device that was designed.

The device successfully generated a notification of a seizure occurrence in the form of a message, along
with identifying the location of the affected individual, as depicted in the images in Fig. 7.
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Figure 7 The device successfully generated a notification of a seizure.

The Table 3 provides a comparative analysis of various seizure detection methods, highlighting the
adjustments between sensitivity and accuracy. This information is crucial for developing and selecting
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appropriate technologies for epilepsy management. It should also be noted that the accuracy of our proposed
device was based mainly on the results of the simulation method.

Table 3 Comparison of the proposed model with other model

Article Method Of Detection Connection Results
accelerometer Sensitivity 90%,
Becq et al. [32] ’ Connect to wrist FDR (False Detection
magnetometer :
rate)0.7/night
photoplethysmography, e o
Cogan et al. [33] blood oxygenation, |Watch, finger cuff Sensitivity 58%,
.. FDRO.01/hour
electrodermal activity
Sensitivity 88-89%,
. |PPV (Positive Predictive Value)
Jallon [34] accelerometer Connect to wrist 55-75%, FDR
0.5-0.7/night
Massé et al., van . Neqklace or ati HR changes in 48% of
electrocardiography device and chest . .
Elmpt et al. [35] 8 patients, Sensitivity
electrodes
accelerometer Best ACM result:
Milosevic et al.[36] electromyoora il Connect to limbs Sensitivity 86.36%,
yograpy FDR 1.94/12h
. Sensitivity 89.7%,
Beniczky et al.[37] accelerometer Bracelet FDR 0.2/day
Carlson et al.[38] Audio Betwgen be.d and Sensitivity 63%, PPV
Sleeping pillow N
3.3%
Sensitivity 57%,
Conradsen et al.[39] electromyography Electrodes on leg Latency 25s, FDR
0.003/h
Sensitivity 87.5%,
Lockman et al. [40] accelerometer Watch PPV >50%
Narechania et al.[41] accelerometer Sleeping pillow Sensitivity 89%
Sensitivity 16-34% for
Patterson et al.[42] accelerometer Watch all seizures, High FDR
proposed heaﬁgggeigﬁgéi;}ure Watch Sensitivity 94%

3.5. Conclusions

The proposed IoT-based system for epileptic seizure detection represents a significant advancement in
healthcare through the integration of modern technologies. This system effectively combines multiple sensors,
such as accelerometers, heart rate, and temperature sensors, with fuzzy logic algorithms to accurately identify
potential seizure events. Beyond mere detection, the system is designed to send instant notifications via GSM,
including the patient’s precise GPS location, enabling swift and efficient responses during emergencies.

The achieved accuracy of 94% underscores the reliability and effectiveness of the system in healthcare
applications. Moreover, the system facilitates continuous and automated monitoring of patients, reducing the
need for manual oversight and significantly enhancing patient safety. By leveraging the capabilities of IoT and
wearable devices, this research highlights the transformative potential of advanced technologies in delivering
innovative and integrated healthcare solutions. This work sets the foundation for further exploration and
development of intelligent health monitoring systems that can be extended to address other medical conditions
in the future.
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