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ﬁ black box system in vehicles acts as an important tool that records important

NOISIAI

information to make vehicles safer, investigate accidents, and even improve the overall

performance of the vehicles. This study will present the Black Box System that has
been developed using ESP32 microcontrollers for cars to enhance data collection and analysis
in automotive fields using technology. The Black Box System or Event Data Recorder (EDR)
is an important tool in the enhancement of road safety, investigation of accidents, and
evaluation of the performance of a vehicle. The system utilizes ESP32 as the main
microcontroller since it is cost-effective, efficient, and can be programmed in multiple ways.
It comprises several sensors and data acquisition modules to collect key parameters including
speed, acceleration, geographical location, engine, and various diagnostic information about
the vehicle. This paper also presents a detailed overview and integration of the system into
Hardware and software parts of the automobile. A user-friendly interface facilitates data
retrieval and analysis, supporting applications in fleet management, driver behavior
monitoring, and accident investigations. The study focuses on the responsibility and
protection of personal data, as well as ways of protecting personal data from misuse and
violation of the law. Therefore, using ESP32 technology in the vehicle’s Black Box System is
a great improvement towards road safety and vehicle monitoring. By ensuring data security
and privacy, this system provides the users with a complete data set to support a decision-
making process for self-employed drivers and other organizations.
Keywords: Black Box System, ESP32, Sensors, Microcontroller, Automobile, Event Data
Recorder, Vehicle Safety, IoT Integration
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Introduction:

Black boxes are devices originally developed for the aviation industry to enhance flight
safety by recording data on aircraft operations and pilot performance. These are known as
Flight Data Recorders (FDRs) and Cockpit Voice Recorders (CVRs) and became
indispensable in the investigation of accidents and enhancement of operations’ safety.
Considering the success of the black box technology in the aviation industry, its applicability
in automobiles was considered to reduce the rate of accidents and analyze them.

The growth in the technology of vehicles led to the increased use of Event Data
Recorders (EDRs), the other name for the black box. These are gadgets that are meant to
record various parameters of the car including speed, acceleration, braking pattern, and
geographic position of the car which can be crucial in analyzing the events of an accident,
monitoring the driver’s behavior, and improving the efficiency of the automobile. According
to the World Health Organization (WHO) globally, every year over 1.3 million people die, and
millions of others are injured in road traffic accidents making it the biggest source of casualties,
especially to the group of people of ages between fifteen and twenty-nine years [1]. The data
indicates a growing demand for technological features like black box systems to enhance road
safety. This work presents an automobile Black Box System designed using ESP32
microcontrollers. In contrast to using platforms such as Arduino, the ESP32 provides the
advantage of higher computing power, inbuilt Wi-Fi, as well as Bluetooth capabilities, all in a
cost-effective solution for real-time data acquisition. The system also requires several sensors
that allow measuring vital values including speed, acceleration, GPS coordinates, engine status,
and driver’s actions and behavior.

The following research questions have been developed for the paper:

. In what ways do the black box systems enhance the safety of the roads and assist
in case of an accident?

o What technological, legal, and privacy challenges hinder the widespread adoption
of black box systems in automobiles?

o How can ESP32-based systems offer a more efficient, scalable, and secure solution
compared to traditional microcontroller platforms?

In addressing these questions, this paper aims to demonstrate how modern black box
technology can revolutionize traffic safety by enhancing driver accountability, reducing traffic
fatalities, optimizing vehicle system efficiency, ensuring compliance with legal requirements,
and upholding individuals’ privacy rights.

Literature Review:

The automotive black boxes are named so because their origins are linked to the
aircraft industry, using such systems to record data and analyze accidents. Thus, the application
of this technology to automobiles is still in its development stage due to the developments in
microcontroller technology, integration of sensors, and data communication.

Previous Studies and Existing Technology:

The research conducted provided detailed information on developing and integrating
a car’s Black Box System with Arduino technology. These include accelerometers, GPS
modules, microphones, and cameras that help in acquiring essential data like speed,
acceleration, performance of the engine, and geographical coordinates. It is important to
monitor data in real-time; interfaces must be friendly and data protection should be possible
using SD cards and external drives for storing data. It is particularly useful in fleet
management, accident reconstruction, and insurance claims to give insight into the vehicle and
its usage by the driver. [1]

In the same study, another system was designed, namely the Automotive Smart Black-
Box Monitoring System, which focuses on real-time detection of accidents and sending
immediate alerts. This system uses a microcontroller to record various vehicle parameters,
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storing the data on a digital memory card and also backing it up to cloud storage. It
incorporates gas detectors, vibration sensors, temperature sensors, Zigbee, GSM, and GPS
modules to trigger alerts to emergency services upon detecting abnormal conditions.
According to author(2023), this proposed system outperformed traditional techniques such as
RFID-based monitoring, Support Vector Machines (SVM), and even deep learning models
like Convolutional Neural Networks (CNN) and Recurrent Neural Networks (RNN) in
enhancing road safety and facilitating accident investigations [2].

Another study developed an IoT-based Vehicle Black Box System equipped with
cameras and various sensors to monitor both vehicle performance and driver behavior. The
system can send alerts to emergency services and relevant stakeholders via SMS and email,
ensuring a quick response in the event of a mishap. Notably, the system emphasizes IoT
connectivity, which enhances data availability and enables real-time telemetry. According to
author(2024), this integration of sensors and IoT technologies improves both accident
response and vehicle diagnostics by maintaining continuous communication with cloud-based
services [3].

One of the subsequent research projects by authors(2020) proposed an Automobile
Black Box System that employs both Raspberry Pi and Arduino controllers to manage multiple
sensors for accident investigation. The system incorporates data encryption mechanisms to
prevent data tampering;an essential consideration in black box technology. By using dual
controllers, the design enhances data accuracy and ensures secure storage, thereby enabling
more reliable and tamper-proof accident analyses [4].

Identified Gaps in Current Research:

Thus, although there has been a considerable improvement in the development of
automotive black box systems there exist some limitations:

o Standardization and Legal Compliance: However, unlike aviation black boxes,
there is no standardized set of procedures or legal requirements for implementing black box
systems in automobiles. Challenges that can be attributed to privacy include the issues of
constant surveillance and sharing of information.

. Data Security and Privacy: While data privacy is addressed in both studies,
implementing enhanced encryption and secure transmission protocols is essential to safeguard
against breaches of data protection regulations.

. Integration with Advanced Driver-Assistance Systems (ADAS): Current
research is largely focused on the post-accident phase, especially during the developmental
stage. There exists an opportunity to incorporate the black box into ADAS to give immediate
feedback to the driver as well as alert him/her to any potential mishap that may happen in the
future.

. Scalability and Cost: Arduino-based systems are inexpensive and very flexible,
though they have limitations in terms of scalability for high-volume automotive applications.
There is a need to conduct further studies that help define other innovative models that can
have lower costs and still offer the essential features.

. Real-Time Data Utilization: While Arduino-based black box prototypes and
commercial vehicle monitoring systems have real-time monitoring capabilities, there is very
little consideration for how such data collected during the drive can be used in real-time to
modify behavior or take correction actions during the drive[5].

In conclusion, the integration of black box systems in automobiles has some potential
to increase safety on roads and proper investigation of accidents, but nevertheless, there are
some concerns regarding privacy issues, legal issues, and technical issues that should be
examined adequately to attain better outcomes.
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Obijectives:
Our main objectives are as follows:
Crash Response/investigation:

e Automatic detection of impact and enhancing the ability to analyze accidents.
e Emergency Response using GPS/GSM modules Vehicle management.
e Logging vehicle data i.e., diagnosing vehicles through error codes, speed,and fuel logging.

Keeping a record of locations the vehicle traveled to.
Anti — Theft Measure:

o Real-Time Car Tracking

. Emergency alert SOS

Data Storage and Communication:

e  Data storage at the time of impact

Novelty Statement:

This study introduces a new black box system for cars that prioritizes improved safety
monitoring, local data storage, and affordability [6]. The suggested architecture makes use of
the ESP32 microcontroller, which provides better processing power and integrated
connectivity at a lower cost than traditional systems based on Arduino or Raspberry Pi. The
integration of gas (MQ-7) and alcohol (MQ-3) sensors is a significant breakthrough that makes
it possible to detect dangerous in-cabin circumstances, which is not often possible in low-cost
implementations. Furthermore, the system offers a dependable solution that functions without
requiring real-time cloud connectivity by prioritizing data privacy through limited data access
and secure SD card storage.

Methodology:

The methodology encompasses both hardware and software components, with a
particular focus on data acquisition, accident detection, and data security. The identified
methodology includes hardware and software elements, in particular, the focus is on data
acquisition, accident identification, and data security.

System Architecture:

The architecture of the Black Box System integrates multiple sensors connected to an
ESP32 microcontroller for real-time data capture. Key components include:

GPS Module for real-time location tracking. The ESP32 microcontroller was selected for this
system due to its combination of high performance and low cost, making it ideal for embedded
automotive applications. It features a dual-core processor that supports real-time data
processing from multiple sensors simultaneously. Additionally, its integrated Wi-Fi and
Bluetooth capabilities simplify wireless data transmission and remote monitoring without
requiring additional modules|7]. The ESP32 also offers a flexible development environment
with wide community support, extensive libraries, and compatibility with popular platforms
such as Arduino IDE and MicroPython, facilitating faster prototyping and system integration.
Gas Sensor (MQ-7) for detecting harmful gas concentrations in the vehicle.

Accelerometers (MPU-6050) for monitoring speed and sudden decelerations.

SD Card Module for data storage.

LCD Display for real-time feedback to the driver.

Buzzer for auditory alerts in case of emergencies.

The hardware connections of the system are illustrated in Figure 1 below:
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Figure 1. Hardware Schematic of the ESP32-based Black Box System
Data Flow and Accident Detection Process:

SEND CAIMCAL EMERGENCY
24T ALERT

Figure 2. Flowchart of Data Collection, Accident Detection, and Emergency Response
The system employs a combination of GPS and GSM modules for data transmission
and emergency notifications. The flowchart in Figure 2 illustrates data acquisition, accident
detection, and alerting process. Key steps include:

1. Data Acquisition: Real-time coordinates and vehicle diagnostics are collected via
OBD-II and GPS modules.
2. Accident Detection: The MPU-6050 accelerometer, which detects acceleration

along multiple axes, is used by the system to continuously check for both abrupt hits and
unexpected decelerations. Impact detection is differentiated by abrupt, high-frequency
acceleration spikes that take place over a very short period of time, whereas deceleration is
recognized when a notable decrease in forward acceleration beyond a predetermined
threshold. The accelerometer is set up to distinguish between usual braking patterns and the
abrupt shocks that occur during crashes. Impact detection is accomplished by carefully
analyzing accelerometer data; no more sensors are needed [8].
3. Data Storage & Transmission: Collected data is stored in an SD card and
transmitted to emergency contacts via GSM.
Process Flow Diagram:

Our system is divided into 2 major parts:
PART 1: Accessing Vehicle Parameter over Bluetooth:

The process flow of the first part starts by checking the Bluetooth connection of the

ESP-32 with the OBD-II. The process stays at this block until the connection is successfully
established. After this, the ESP-32 starts to access data from the external sensors as well as the
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GPS module. All the acquired data is stored in the SD-card module and displayed on an LCD
as well [9].

ESP-32 CHECKING
CONNECTION OF
GSM AND 10T
wiel
Y CONNECTION i
— SUCCESSFULL
WITH IOT l
CONNECTION
OF
PERIPHERALS
WITH ESP-32
MESSAGE MESSAGE
PROCESSING PROCESSING
OVER 10T OVER GSM l
CRASH
DETECTION
SYSTEM
PROCCESSING

{ GENCY .
RESPONSE /
s ¢

Figure 3. Process Flow Diagram Part 1
PART 2: Generating Emergency Response over Wi-Fi/GSM:

The process flow of the first part starts by checking the connection of the ESP-32
with the Wi-Fi. If a Wi-Fi connection is established, then all the emergency alert generation
process is done over the WhatsApp APL If the Wi-Fi connection isn’t available, then the
system shifts to a GSM module for generating emergency alerts over SMS. The Crash
detection block shows how MPU-6050 is utilized to detect the impact of the vehicle[10].
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Figure 4. Process Flow Diagram Part2

Working Principle:

The Black Box which we have designed for automobiles is based upon three basic principles
that govern its working and purpose of use. These principles are as follows:
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e Data Collection from the ECU of the vehicle using an OBD-II connector that was
interfaced with our microcontrollet.

e Installing External sensors in the wvehicle and interfacing them with the
microcontroller.

e Utilizing the GPS module and WhatsApp API or GSM modules that are interfaced
with the Microcontroller for generating Emergency Response for the vehicle by using
its Tracking and Data Transmission abilities.

The Black Box starts its process execution from the Engine of the vehicle. ECU
behaves as the brain of a vehicle. Now to access the data of the ECU, we linked the OBD-II
connecter to the DLC port provided in the vehicle. To do processing on the data accessed
from the ECU. We need to transfer the ECU’s data to our microcontroller. For that, we used
the built-in Bluetooth module of our microcontroller and transferred our ECU’s data from
the OBDII connector to our microcontroller using Bluetooth protocol.

We also needed a few external sensors for creating a completely functional black box
therefore we included sensors like MPU-6050, MQ3 & MQ7, etc in our system as well. All the
sensors were interfaced with the microcontroller and their data along with the data of the
ECU’s sensors is stored inside a micro-SD card mounted on the SD card module which is also
interfaced with the microcontroller.

The Black Box would process all these data variables and then generate an Emergency
Response, which includes using WhatsApp API and GPS module interfaced with the
microcontroller to access the positional coordinates of the vehicle and then utilizing the API
to send an SMS alert if WIFI connection is present else using GSM module to send that data
along with the emergency alert via SMS to the designated numbers.

Engine Control Unit

MicroSD-Card
Adapter

o 3y oing |
ik B : ..7 H
ipan o {
Clunie T ¢ "
Neo-6m GSM
MQ3
Alcobol Seasor GPS module module

Figure 5. Methodology figure

Figure 6. PCB layout PCB fabrication involved the following steps:
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Proteus Schematic:

We used Proteus for drawing the schematic layout of our project. Some components
that we used were not present in the proteus software libraries, so we used the dimensions to
create the desired components.
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PCB Layout:

PCB design refers to the process of creating a printed circuit board (PCB) layout that
serves as the foundation for electronic circuits. It involves converting a schematic diagram
into a physical design that incorporates all the necessary components, traces, and connections
required for the circuit to function propetly.

. Creating schematic diagrams on software (we used Fritzing for this purpose).

. Creating a PIN-to-PIN diagram on Proteus.

. Designing custom components in Proteus for our PCB.

. Placement of all the components in the specified board space and connecting them
by routing.

. Print the PCB layout

J Drilling the PCB layout on the Copper sheet and using FeCl,

o Soldering and connecting all components

For our system, we designed a PCB that was a singledayer PCB having 4 jumper wires.
Results & discussion:

System Performance and Data Accuracy:

The ESP32-based Black Box System was successfully developed and tested under
various driving conditions. The system demonstrated high reliability in capturing real-time data
and accurately detecting accident scenarios. The assembled hardware prototype is shown in
Figure 8 below.

The prototype includes the following components:

ESP32 microcontroller for processing data.

. GPS module for real-time location tracking.

. Gas sensors to detect harmful gases inside the vehicle.
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. SD card module for storing logged data. Once the ESP32 accessed all the parameters
from the black box, the next step was to begin logging that data. To log data onto a storage
device we utilized a Micro SD card module. The Micro SD-card module was interfaced with
the ESP-32 microcontroller following our need for accident detection and vehicle parameter
monitoring. The Micro SD-card module operates on two types of protocols for
communication: 1) SD mode and 2) SPI mode (Serial Peripheral Interface)

Figure 8. Prottype of the ESP32-based Black Box System
. LCD: The 12C LCD component is used in applications that require a visual or
textual display.
fea

Fig

Impact on Accident Analysis and Insurance Claims:

The deployment of black box systems in automobiles has significantly improved the
accuracy and speed of accident investigations:
Accident Reconstruction: Data from the black box provides clear insights into the vehicle’s
behavior before, during, and after a collision. Information such as speed, braking force, and
steering input allowed for precise reconstruction of accident scenarios, which proves
invaluable in determining the causes of accidents and assigning liability.
Insurance Claims Processing: Black box data has become a critical factor in streamlining
insurance claims. Insurance companies can access objective, time-stamped data to verify
claims, reducing the risk of fraud. This has resulted in faster claims processing and, in some
cases, lower premiums for drivers who demonstrate safe driving habits.
Legal and Ethical Implications:

While black box systems offer clear benefits in terms of road safety and accident
analysis, they also raise significant legal and ethical concerns:
Data Privacy: The continuous collection of sensitive data, including location and driving
habits, raises questions about data ownership and privacy rights. Thus, the ownership of the
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data must be spelled out, whether it belongs to the driver, the manufacturer, or the insurer,
and under what circumstances the data can be transferred or sold.

Privacy: This is an issue of ethical concern when drivers do not know how much data is being
collected or what the data will be used for. This means that there should be clear policies and
the consent to be given by the drivers should be well understood and unambiguous.

Legal Aspect: The system was made to meet certain legal requirements including the General
Data Protection Regulation (GDPR) in the European Union. Proper measures of data
protection, such as encryption and storage, as well as limiting access to this data were put in
place.

Legal concerns: In most cases, black box data can be useful to determine who was at fault
in an accident, however, the meaning of the data can be open to debate. Issues such as the
validity of the data or the relevance of certain driving maneuvers may be raised, thus, the need
to develop common guidelines for the use of data in legal cases.

Comparison with Existing Systems:

When comparing this system with the traditional black box system (that is, a system
that does not use any control algorithms and is based on Arduino or OBD-II data logger), the
following advantages of the ESP32-based system can be noted:

. Enhanced Processing Power: It is also important to note that ESP32 has a dual-
core processor, which enables fast data processing and reaction to occurrences of an accident.
. Wireless Interfaces: The inclusion of Wi-Fi and Bluetooth connections ensures that
there is no need for additional communication interfaces for data transfer to the cloud storage.
. Cost-Effectiveness and Scalability: It was found that the proposed system is cost-
effective compared to other systems, with better flexibility for vehicular applications ranging
from personal use to commercial use of vehicles.

Future Implications and Technological Advancements:

These black box systems could be improved by implementing IoT as well as machine
learning algorithms into them. For instance:

. Predictive Analytics: The data on past driving could be used to predict when an
accident might occur due to; behavior or conditions that have been associated with accidents.
. Integration with Autonomous Vehicles: In the context of the development of the

automotive industry towards autonomous cars, black box systems will become indispensable
tools to assess the performance of the algorithms for self-driving and to explain the reasons
for failures.

Opverall, the development of the Black Box System which is based on ESP32, is one
of the most important innovations in automotive safety systems. Aside from its application in
the analysis of accidents, insurance claims, and monitoring of driver behavior, the system also
raises concerns regarding the proper and legal ways of dealing with vehicular data.

System Testing and Validation:

The system was thoroughly tested under various real-world and simulated conditions
to validate its functionality, data accuracy, and emergency response capabilities. Testing
focused on OBD-II parameter retrieval, sensor responsiveness, GPS/GSM communication,
and system integration for event detection. The ESP32 platform's flexibility and performance
enabled seamless interaction with all modules and ensured reliable data acquisition and
transmission.

This system’s novelty lies not only in its affordability and integrated design but also in
its ability to detect hazardous in-cabin conditions. The addition of gas (MQ-7) and alcohol
(MQ-3) sensors enables proactive safety interventions, rarely found in other low-cost
implementations. Furthermore, the emphasis on local data storage via secure SD card logging
provides a privacy-focused alternative to always-online systems, making it suitable even in
connectivity-challenged areas.
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OBD-II Parameters:
Intetfacing OBD-II with ESP32:

The system establishes a connection between the OBD-II module and ESP32 using
the ATZ command, which resets the module. The ESP32 receives raw hexadecimal values
which are parsed (typically from byte positions 1 to 3) to extract and validate meaningful
diagnostic data.

Figure 10. Bluetooth connected

Output  Serial Monitor x

Figure 11. When OBDII is not connected to ESP32
Engine RPM:
The command for RPM uses PID 0C. Raw values are extracted from byte positions
9—11 and 11-13. These are then converted from hexadecimal to decimal and processed using
the standard RPM formula:
(A+256)+ B

RPM =

Where A and B are the parsed byte values. Units are appended to finalize the result.

it Serial Monitor x

Figure 12. Engine RPM
Coolant Temperature:
Using PID 05, the coolant temperature is derived by parsing bytes 9—-11, converting
from hex to decimal, and applying the formula:
Coolant (°C) = A- 40

Output  Serial Monitor x

- Figure 13. Coolant
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Vehicle Speed:
PID 0D provides vehicle speed. The relevant bytes are extracted (typically 1-11),

converted from hex to decimal, and reported in km/h.
Output  Serial Monitor x

Figure 14. Vehicle Speed in Km/ht
Throttle Position:

PID 11 is used to extract throttle position data. Parsed values are converted from
hexadecimal to percentage using the formula:

(A = 100)
255

Throttle (%) =

Output  Serial Monitor >

WoR R R

-2

.28

-2
306

-2

-2
z

0o oo oo m

External Parameters:
GPS and GSM.:

. GPS: Connected to ESP32 pin 13 (TX), the GPS provides real-time longitude and
latitude.
. GSM (SIMS8O0L): Connected via TX2 and RX2 with the SoftwareSerial library to

enable communication on Serial2. GSM is configured to text mode using AT+CMGF=1.
Coordinates received from the GPS are sent via SMS to a predefined emergency contact.
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Qutput  Serial Monitor x

3.7442%3 Longitude= 7 71155

Figure 16. GPS Ou
Gas Sensors and Emergency Response:

Sensors were calibrated and tested with threshold triggers. If any gas concentration
exceeds safety limits, the following occurs:

tput

o A buzzer is activated for 5 seconds.

. The GPS location is sent to the emergency contact via GSM.

o A welcome message confirms GSM module activation on vehicle start.
1. Smoke Detection (MQ-7):

ency SMS alerts.

Welcome To Black Box

Smoke presence triggers emerg

LPG Gas Detected:
Lattitde=33.61Longitude=73.0
6

OPDD -+ @
Figure 17. Smoke Detected Using GSM

2. Carbon Monoxide Detection (MQ-7):
CO levels are monitored and transmitted via a Wi-Fi-based alert system.
4:10 > =@ a2 > =
< [E) slackBox (AN < [E slackBox (N
Safety Level of CarbonMonoxide Alcohol Detected:

Alcohol Level is above Safety
Level:109.93 mg/L
Driver is Drunk

Breached:
CO gas Level: 57.82 PPM

Coordinates of Vehicle:

Coordinates of Vehicle: Latitude: 33.71
Latitude: 33.66 Longitude: 73.02
Longitude: 72.85
Figure 18. Carbon Figure 19. Alcohol
Monoxide Detected Using Detected
Wi-Fi
3. Alcohol Detection (MQ-3):

If alcohol concentration exceeds 100 mg/L, an alert is sent via GSM including the driver’s
condition and real-time location.
Conclusion:

In this research, an ESP32-based Black Box System for automobiles was proposed for
the purpose of increasing road safety, facilitating better analysis of accidents, and improving
the performance monitoring of vehicles. The system was also highly accurate in recording
important parameters like speed, acceleration, GPS location, and the status of the vehicle’s
engine as well as being able to detect accidents and send out alerts.

Key findings include:

e Accurate Data Capture and Analysis: It also ensured the documentation and
transmission of important information previous, during, and even after accidents occurred
which helped in reconstructing the accident scene and was useful in insurance claims.
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e Enhanced Road Safety and Driver Monitoring: Through constant monitoring of the
drivers and the performance of the car, the system is useful in ensuring that the drivers are
more accountable and kept off the road, hence reducing the rate of accidents.

. Legal and Ethical Considerations: On the positive side, the need for the system
cannot be dismissed, but the studies revealed a couple of concerns that are related to data
protection, ownership, and legal concerns.

In this case, the ESP32 microcontroller was found to be economical, efficient, fast,
connected, and scalable compared to the other systems. The use of SD cards and cloud storage
was beneficial in the case of accidents as the data could be accessed easily and had a backup
in case of damage.

Future Work:

Despite such a solid environment for vehicular data recording and analysis, there are still
several directions that need to be researched to improve the system:

1. Integration with Al for Predictive Analytics:

It may also be useful in future studies to continue this research by analyzing driving
data and machine learning to predict possible accident causes due to risky driver behavior or
unfavorable conditions. Predictive analytics could help send signals to the drivers about the
possible dangers of an incident and thus eliminate it.

2. Advanced IoT Integration:

Extension of the System’s IoT integration is the possibility of effective Vehicle to
Infrastructure (V2I) and Vehicle to Vehicle (V2V) communications. This can help in
increasing traffic management, better implementation of anti-collision gadgets, and evolution
of intelligent transportation systems.

3. Autonomous Vehicle Monitoring:

Future studies may examine how the black boxes could track and analyze the
functioning of algorithms in autonomous vehicles that the automotive industry is currently
developing. This would ensure that there is the ability to answer for some of the decisions
made by the system in case of an accident as well as be able to detect some of the failures in
the system.

4. Enhanced Data Privacy and Legal Frameworks:

It is recommended that future research should pay attention to the creation of clear
legal norms and ethical standards for using vehicular data. This involves understanding how
data can be made anonymous, how the encryption standards can be enhanced, and how the
company can meet data protection standards of the world such as the GDPR.

5. Integration with Health Monitoring Systems:

The next possible features of the black box could be biometric indicators of the state
of the driver: heart rate, fatigue, and alcohol levels. This data could also be used to identify
instances of impaired driving and possibly prevent such incidences or respond to them as
appropriate.

6. Wireless Data Transmission and 5G Integration:

The enhancement of the 5G network for better and faster data transmission could
improve the system's capability to transmit and send a large amount of data in real time,
especially in high-speed or remote driving environments.

Thus, based on the current ESP32-based Black Box System, it can be stated that there
is a good foundation for monitoring vehicles and analyzing accidents; further development of
Al IoT, and autonomous technologies will create vast opportunities to enhance road safety
and vehicles’ performance. They will not only improve specific drivers’ safety but will also
promote the general welfare of society by minimizing the cases of traffic accidents and
encouraging the use of efficient and safe roads.
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