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Abstract

This research develops a virtual mouse control system that uses real-time hand gesture recognition implemented on an ESP32-
CAM-based Internet of Things (loT) platform. By leveraging OpenCV for image processing, the system translates hand
gestures into corresponding mouse actions, including cursor movement, clicking, and scrolling. The study evaluates system
performance under different lighting conditions and Wi-Fi speeds. Results show that higher Wi-Fi speeds significantly reduce
latency, enabling smoother real time gesture recognition and high definition video output, while lower speeds lead to noticeable
delays and reduced accuracy. The system successfully enables remote cursor control through camera captured hand gestures,
supporting functions such as left click, right click, scrolling, and dragging. In latency tests performed with an internet speed of
approximately 60 Mbps, the system achieved an average delay of about 50 milliseconds. Under optimal lighting conditions
with minimal background interference, it accurately tracked hand movements and recognized gestures such as pointing,
clicking, dragging, and scrolling in real time, achieving an accuracy rate of 95%. Despite its lower resolution compared to
conventional webcams, the ESP32-CAM proves to be an effective solution for virtual mouse control, particularly in scenarios
where high-resolution imaging is unnecessary. Its 0T capabilities support remote operation, allowing users to control the
virtual mouse from a distance as long as both the ESP32-CAM and the computer remain connected. Overall, the findings
highlight the ESP32-CAM based loT platform as a viable alternative for gesture based interaction in real applications,
although further enhancements are needed to improve performance in challenging environments.
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1. Introduction offers a more engaging and seamless experience [1],
[4], [7]. [8].

Rapid advancements in technology have led to an
increasing demand for more intuitive and efficient Hand-gesture recognition systems have evolved over
human-computer interaction (HCI) methods [1]. the years, and their applications have expanded across
Traditional input devices, such as keyboards and various fields, including gaming, accessibility tools,
mouse, have long been the standard for interacting with  robotics, and virtual reality [9], [10]. The core challenge
computers; however, these devices are often in these systems is to capture hand movements and
cumbersome and can limit the user’s interaction and translate them into meaningful commands for the
flexibility [1], [2]. The limitations of these devices have computer [11]. Earlier systems primarily relied on
prompted researchers and engineers to explore external cameras or specialized hardware, such as depth
alternative HCI systems that can provide natural, sensors or motion-tracking devices, to capture hand
intuitive, and accessible interfaces [3]. One promising gestures [12], [13]. Although these technologies have
alternative is hand gesture-based interaction, where shown significant promise, they often come with high
users control devices by detecting and interpreting hand  costs, complexity, and substantial hardware
movements [4]- [6]. This approach eliminates the need requirements, making them less practical for
for physical contact with traditional input devices and widespread use in everyday environments.
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In recent years, advances in computer vision and
machine learning have enabled the development of
more accessible and adaptable hand-gesture recognition
systems. Among these developments, ESP32-CAM, an
Internet of Things (10T) device, has gained attention as
a compact and capable platform for hand gesture-based
control [14]. ESP32-CAM integrates a microcontroller
with a built-in camera, offering a small form factor and
sufficient processing capabilities that make it suitable
for real-time applications in HCI [3], [15], [16]. This
device presents an opportunity to create lightweight and
easy-to-integrate systems for virtual hand gesture
control, without the need for expensive external
cameras or high-power computing resources [17].

Although several studies have explored the potential of
hand gesture recognition systems using various sensors
and devices, few have investigated the feasibility of
using devices such as ESP32-CAM for this purpose.
Commonly developed applications are still limited to
the use of standalone cameras installed on a PC.
Therefore, this research aims to fill this gap by
evaluating the use of ESP32-CAM for virtual hand
gesture mouse control. Specifically, this study explores
the effectiveness of ESP32-CAM in recognizing and
translating hand gestures into mouse actions such as
pointing, clicking, and scrolling [1], [7], [18]. A
comparative analysis will also be conducted between
the ESP32-CAM-based system and more conventional
webcam-based gesture recognition systems, focusing
on performance factors, such as accuracy,
responsiveness, ease of implementation, and system
efficiency [18].

An essential aspect of this study is to investigate the
practical application of ESP32-CAM in real-world
environments. While much of the existing literature on
hand gesture recognition has focused on controlled
experimental setups, few studies have assessed the
system's performance in dynamic everyday settings.
Therefore, this study also explores factors such as
lighting conditions, background noise, and the impact
of network speed on the system’s performance [15]
[19]. One of the key factors that could influence the
performance of the system is the Wi-Fi connection, as
ESP32-CAM transmits video data to the laptop for
processing via Wi-Fi. Faster Wi-Fi speeds are expected
to reduce latency and improve the real-time processing
of gestures, whereas slower connections can introduce
delays and affect the accuracy of gesture recognition.

This study aims to provide a deeper understanding of
the potential of compact low-cost 10T devices such as
ESP32-CAM  for  enhancing  human-computer
interaction through hand gesture recognition. By
exploring the strengths and limitations of using
embedded hardware for virtual mouse control, this
study provides valuable insights into how such systems
can be integrated into everyday applications [8].
Whether in educational settings, accessibility tools, or
DIY projects, the findings of this research could help
broaden the use of gesture-based interfaces and provide
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an efficient alternative to traditional input devices [1],
[20].

2. Methods

This study adopts a mixed-method approach that
integrates both hardware and software components to
develop a real-time hand gesture recognition system
based on an ESP32-CAM microcontroller [1], [20],
[21]. The methodology is divided into two primary
components: an embedded system using ESP32-CAM
for video capture and streaming, and an image
processing module implemented in Python using
OpenCV for gesture recognition and virtual mouse
control [4], [7].

The ESP32-CAM functions as the core hardware
component, capturing continuous video of hand
gestures and streaming footage through a web server
hosted using its built-in Wi-Fi capability [17]. This live
video stream is accessed on a laptop or PC connected to
the same Wi-Fi network, serving as the processing unit
for interpreting hand gestures [1].

On the software side, the streamed video was processed
using Python and OpenCV library [6], [18]. The image-
processing workflow involves detecting the presence of
hands and identifying the finger positions within each
video frame [20]. Specific hand gestures are then
mapped to corresponding virtual mouse actions such as
cursor movement and clicking [1], [7], [18]. The
system is designed to interpret simple and intuitive hand
gestures to wirelessly control an on-screen mouse in
real-time [4], [21], [22].

To evaluate the performance of the system, several key
metrics were considered, including the gesture
recognition accuracy, responsiveness (latency), image
quality, and overall usability. Tests were conducted
under various lighting conditions and Wi-Fi speeds, to
simulate real-world scenarios [15]. This approach
allows for a comprehensive assessment of the ESP32-
CAM’s capability as a cost-effective solution for
gesture-based human-computer interactions [1], [3].

2.1 System Overview

The core system consists of ESP32-CAM, which plays
a critical role in capturing the video feed of the user's
hand gestures. The ESP32-CAM is equipped with a
built-in camera and microcontroller that processes the
video feed locally before sending it to a connected
device. To enable programming and data transmission
between the ESP32-CAM and laptop, the
microcontroller was connected via an FTDI module.
This module provides the necessary interface for
uploading control algorithms and transmitting
processed data for further action. The system was
designed to track specific hand gestures, such as
pointing, clicking, and scrolling, by analyzing the visual
input provided by the camera.

The OpenCV library running on the laptop was used to
process the video feed from ESP32-CAM [8]. OpenCV
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provides a robust suite of tools for image processing,
enabling the system to identify and classify hand
gestures based on predefined patterns [4]. The library’s
machine learning and computer vision algorithms allow
real-time processing of the video feed, enabling the
system to recognize hand movements with low latency.
Once a gesture is recognized, the system translates it
into corresponding mouse actions, such as moving the
cursor, simulating a click, or scrolling through the
content on the screen [8], [18].

The hand-gesture recognition process begins by
detecting the position and movement of the user's hand
within the video feed [22]. Using OpenCV’s image-
processing techniques, the system isolates the hand
from the background, analyzes its contours, and
identifies key features, such as the number of fingers
extended or the position of the hand relative to the
camera. These features are then mapped to specific
actions, such as moving the mouse pointer (based on the
position of the hand) or clicking (based on specific
gestures, such as a fist or finger tap) [15].

2.2. Hardware Components

The hardware components used in this study are listed
in Table 1. These components were carefully selected
for their compatibility and ability to function efficiently
within the proposed system. The central piece of the
system is ESP32-CAM, a microcontroller with a built-
in camera that captures real-time video feeds of the
user's hand gestures [6]. This device processed the
video data and sent it to a laptop for further analysis.

The FTDI module plays a vital role in programming the
ESP32-CAM and facilitating data transmission between
the microcontroller and the laptop. This ensures
seamless communication and allows the uploading of
gesture recognition algorithms to ESP32-CAM.
Additionally, a micro-USB cable is required to power
the ESP32-CAM and establish a connection between
the ESP32-CAM and the laptop during programming
and data transmission. Jumper cables are used to make
various necessary connections, such as linking the
FTDI module to the ESP32-CAM and other essential
wiring for the circuit setup. Each component plays a
specific role in ensuring that the system operates
smoothly and effectively. Table 1 provides a detailed
breakdown of the components and their respective
quantities.

Table 1. Hardware Components

S.N.  Component Quantity
1 ESP32-CAM 1
2 FTDI Module 1
3 Micro-USB Cable 1
4 Jumper Wires 10

2.3 Hardware Setup

The primary hardware components for this project
included the ESP32-CAM, FTDI module, USB cables,
and jumper wires. The ESP32-CAM serves as the
microcontroller with a built-in camera, which is
responsible for capturing real-time videos of the user's
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hand gestures. It processed the video feed and
transmitted it for further analysis on a connected laptop.
The FTDI module plays an essential role in
programming the ESP32-CAM and facilitating
communication between the microcontroller and the
laptop. It ensures proper data transmission and allows
the uploading of gesture recognition algorithms to
ESP32-CAM. USB cables were used to connect the
FTDI module to the laptop, providing both power and
data transfer capabilities. Jumper wires are utilized to
make the necessary connections between the
components, such as connecting the FTDI module to the
ESP32-CAM for programming and data exchange.

The wiring diagram in Figure 1 illustrates the
interconnection of these components. The ESP32-CAM
is connected to the FTDI module, which is, in turn,
connected to the laptop. The camera on the ESP32-
CAM captures the video feed of hand movements, and
the FTDI module facilitates data flow between the
microcontroller and the laptop. Once the video data are
received, they are processed using OpenCV for hand
gesture detection. This setup ensures that ESP32-CAM
can capture and process hand gestures effectively,
translating them into mouse actions in real time [23].
The use of jumper wires ensured that the components
were correctly connected to enable smooth
communication and functionality during the research
process. The entire system, from the ESP32-CAM to
the FTDI module and laptop, works together to enable
the recognition and translation of hand gestures into
meaningful computer commands, such as mouse
movements and clicks [8].
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Figure 1. Wiring Diagram of ESP32-CAM and FTDI Module
2.4. System Block Diagram

The system processes the captured video data and
identifies hand gestures using OpenCV [6]. The block
diagram in Figure 2 provides an overview of the
architecture of the system, illustrating the flow of data
from the ESP32-CAM to the Wi-Fi module, which
communicates with a laptop for gesture recognition.
The ESP32-CAM, which acts as the primary input
device, captures real-time videos of the user's hand
gestures using its built-in camera. These video data are
transmitted to the Wi-Fi module, which then sends the
information to the laptop for further processing.
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Once the data reached the laptop, they were processed
using OpenCV, an open-source computer vision library.
OpenCV analyzes the video feed to detect and
recognize specific hand gestures such as pointing,
clicking, and scrolling [7], [18]. The recognized
gestures are then translated into corresponding mouse
actions such as moving the cursor, simulating clicks, or
scrolling through content [4], [24].

The system architecture ensures that each component
works in harmony to efficiently process video data. The
ESP32-CAM and FTDI modules handle video capture
and data transmission, whereas the Wi-Fi module
facilitates communication between the ESP32-CAM
and laptop. Once the video feed reached the laptop,
OpenCV performed gesture recognition and provided
the output as mouse movements or clicks.

This flow of data from input to processing and output is
crucial for a real-time hand gesture recognition system,
ensuring smooth interaction with the computer without
the need for traditional input devices [7], [8]. The
modular design of the system also allows for potential
scalability, enabling additional gestures or input
methods to be incorporated in future iterations.

Input | | Process | | Qutput
WiFi
ESP32 - CAM
Camera ) .
Display Video
FTDI CP2102 OpenCV

Figure 2. System Block Diagram
2.5 Workflow Diagram of the Application

The workflow diagram in Figure 3 outlines the steps
involved in the hand gesture mouse control application
using ESP32-CAM. The process begins with the start
step, where ESP32-CAM s initially connected to the
system. The next step checks for an active Wi-Fi
connection, ensuring that ESP32-CAM is properly
linked to the network [21]. If the connection is offline,
the system stops and waits for a proper connection,
thereby ensuring that the device can properly transmit
data to the laptop. Once the Wi-Fi connection is
established, ESP32-CAM is turned on and starts
capturing the video feed of the user's hand movements.

The Hand Detection step follows, in which the system
uses OpenCV to process the video data and detect hand
gestures in real time. If hand gestures are detected, the
system displays the video to the user. At this stage, the
system continuously analyzes hand movements and
translates them into mouse actions, such as cursor
movement, clicking, or scrolling. The process continues
until the application is finished, marking the end of the
hand gesture recognition process.
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This workflow ensures that the system operates
smoothly by checking connectivity, capturing videos,
detecting gestures, and providing real-time feedback to
the user [25]. This highlights the key steps required for
ESP32-CAM to function effectively in controlling a
virtual mouse through hand gestures [5]. The diagram
provides a clear overview of the sequential steps and
decision points that constitute the hand-gesture-based
control system.

5
Connect
ESP32 CAM

Figure 3. Flowchart of the system

2.6 Hand Gesture Recognition Algorithm

The hand-gesture recognition algorithm starts with the
start step, where the system begins by detecting the
user's hand [20]. The first step was to show the hand to
the camera and initiate the gesture recognition process.
The system then evaluates the position of the hand and
number of fingers raised to identify the corresponding
gesture. The flowchart shows the multiple decision
points, each corresponding to a different hand gesture.

If the index finger is raised, the system interprets it as a
left-click gesture [20]. This triggered the mouse to
perform a left-click action [18]. If the middle finger was
raised, it was recognized as a right-click action,
prompting the system to simulate a right-click action. If
five fingers are raised, the system detects this gesture as
a drag mouse action, which is used to drag objects on
the screen.

The flowchart further indicates that if both the middle
and index fingers are raised simultaneously, this is
recognized as the cursor movement gesture, which
controls the movement of the mouse pointer on the
screen. This gesture allows the user to move the cursor
to different locations.

Once the system recognizes these gestures, the
corresponding actions are processed and rendered. The
rendering step involves updating the display with
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appropriate mouse actions such as cursor movement,
clicking, or dragging. After performing these actions,
the system displays the result to the user, showing the
updated state of the screen based on the hand gestures.

This process continues until the finish point is reached,
marking the completion of the hand gesture recognition
and mouse control tasks [26]. Figure 4 presents a
flowchart that effectively illustrates how the system
interprets hand gestures and translates them into
meaningful mouse actions, enabling users to interact
seamlessly with a computer using only hand gestures

[27].
(=

Show Hand

Fingers and
Index Fingers,

Figure 4. Flowchart for Hand Gesture Mouse Control
2.7 Implementation Steps

The implementation process began by uploading
firmware to the ESP32-CAM using the Arduino IDE.
The device was configured to automatically connect to
a Wi-Fi network and to stream video via an internal
HTTP server. After successful programming, the
ESP32-CAM was powered and placed in a stable
position to capture the hand gestures. The video stream,
accessible through a specific URL endpoint (e.g., /cam-
hi.jpg), served as the input source for the image
processing system on the host computer [6], [17].

On the software side, two Python scripts were
developed to handle the image processing and gesture-
based mouse control. The first script, deteksitangan.py,
was responsible for detecting and analyzing hand
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landmarks using the MediaPipe library and extracting
positional data for each finger. The second script,
virtualmouse.py, captures the video stream from
ESP32-CAM over HTTP, processes the images using
OpenCV, and determines hand gestures based on
landmark configurations. These gestures were then
mapped to the corresponding mouse actions using
Autopy and PyAutogui. For example, a cursor
movement is triggered when the index and middle
fingers are raised, while left- or right-click actions are
executed depending on which single finger is extended.
The two scripts operate in tandem to form a modular
system that is easy to maintain and expand.

To run the system, the Python environment was
configured using several essential libraries, including
cv2, mediapipe, numpy, time, math, requests, and
urllib. The application fetches frames from the ESP32-
CAM in real time, applies image-processing techniques
to detect hand positions, interprets gestures, and
simulates mouse inputs accordingly. This process runs
continuously, providing smooth and contactless control
of the mouse pointer. For better stability, additional
functions such as movement smoothing and frame rate
monitoring were also implemented. The system is
lightweight, runs locally on a standard laptop, and
requires only a stable Wi-Fi connection shared with an
ESP32-CAM device.

3. Results and Discussions

The system performance was evaluated through a series
of experiments to assess its accuracy, responsiveness,
image quality, and usability under diverse conditions.
Tests were conducted in both controlled environments
and dynamic real condition settings, where key
variables, including lighting, background interference,
and Wi-Fi speed, were systematically adjusted to
measure their impact on the system performance.

3.1 Test Results

The system was tested for its accuracy and
responsiveness for the detection of hand gestures.
Figure 5 illustrates the real-time detection of hand
gestures [5]. In the image, the system detects and tracks
the position of the hand using the 3D coordinates of the
hand landmarks displayed on the terminal. The pink
dots represent hand landmarks, and the green frame
highlights the detected hand, providing a clear
visualization of the hand's detection process. This result
highlights the system's ability to track hand gestures
accurately and provide feedback through coordinates

[4].

The quality of the video feed captured by ESP32-CAM
was assessed by analyzing the resolution, clarity, and
ability of the system to track hand movements. ESP32-
CAM was capable of producing clear video feeds under
ideal lighting conditions. The resolution of the captured
video was 640 x 480 pixels, which is sufficient for
recognizing simple hand gestures such as pointing,
clicking, and scrolling.
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Figure 5. Hand Gesture Detection with Coordinates

Additionally, Figure 6 demonstrates the system’s real-
time hand gesture processing, with frames per second
(fps) displayed in the top-left corner of the video feed.
The fps serves as a critical performance metric,
reflecting the processing speed and the ESP32-CAM’s
efficiency in handling video data. A higher fps indicates
greater responsiveness, which is essential for real
applications that require seamless real time tracking and
control. In this case, the system achieved a strong
performance, confirming that ESP32-CAM can process
gestures efficiently without perceptible delays.

W Image

Figure 6. Real-Time Hand Gesture Detection with FPS Display

Figure 6 illustrates the system's ability to track hand
landmarks and provide real time feedback. In the first
image, the system accurately followed the hand across
different positions and dynamically updated the
corresponding 3D coordinates. These coordinates,
displayed in the terminal, offer valuable insights into
the internal processing of the system, revealing how
hand positions and movements are precisely mapped.

The real-time video feed in Figure 6, complete with fps
overlay, provides quantitative evidence of the
processing efficiency of the system. Analysis of the fps
data confirms stable performance in gesture
recognition, achieving the necessary speed accuracy
balance for practical implementation in virtual mouse
applications, where responsiveness directly correlates
with usability [4].

The system demonstrated very low latency under high-
speed Wi-Fi conditions, with an average delay of
approximately 50 ms [20], [5]. This low latency
indicates that the system can process hand gestures in
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real time without noticeable delays, making it suitable
for interactive applications [18]. However, when tested
under low speed Wi-Fi conditions (5 Mbps), the latency
increased significantly, with average delays of
approximately 200 ms. This increase in latency was
particularly noticeable during fast hand movements,
when the system struggled to maintain smooth control
of the cursor, especially during high-speed gestures
such as scrolling.

Figure 7 provides empirical evidence of how network
quality and lighting affect system performance by
comparing high-speed (>20 Mbps) and low speed Wi-
Fi conditions under adequate lighting. The observed 31
fps (displayed in the upper left corner of the frame)
confirms that faster internet speeds enable smoother
video processing, lower latency, and consequently,
more accurate gesture detection and execution.

Internet speed test

66.3

cy:5 ms
Server. Jakarta

Your internet connection is very fast
Figure 7. Hand Gesture Detection with High Internet Speed

When operating on slower Wi-Fi (~5 Mbps, Figure 8),
the system's performance drops to 12 fps, causing a
visible lag during rapid gestures. The comparison also
highlights how better lighting (Figure 7 vs. 6) enhances
detection accuracy by improving hand background
contrast and reducing noise. These results demonstrate
that both network speed and lighting quality are crucial
for optimal gesture recognition performance.

Furthermore, one of the key advantages identified in
this study is the ability of the ESP32-CAM to support
remote hand gesture recognition, provided that both the
ESP32-CAM and the controlling device (e.g., laptop or
PC) are connected to the same Wi-Fi network (SSID)
[4], [7]. This feature allows users to perform hand
gestures from a distance without the need for a direct
wired connection between the devices [7], [18]. It adds
flexibility to the system, making it suitable for use in
environments such as classrooms, smart homes, and
public presentations, where remote and contactless
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interactions are advantageous. This capability enhanced
the overall usability and application range of the
ESP32-CAM based virtual mouse system in real-world
scenarios.

:r- Image = @l ¢

Internet speed test

Your internet connection is slow

Figure 8. Hand Gesture Detection with Low Internet Speed

This image demonstrates the system's real-time
processing of hand gestures, with the fps value
displayed on the top-left corner of the video frame,
demonstrating the system's capability to process videos
efficiently.

Under optimal conditions, where the lighting was
consistent and there was minimal background
interference, the system achieved a high accuracy rate
of 95% [20]. ESP32-CAM effectively recognized
gestures such as pointing and left clicking with near
perfect accuracy. However, the accuracy decreased
under non ideal conditions, such as when the
background was cluttered or when lighting was poor.
Under low light conditions, the system’s accuracy
dropped to approximately 85%, and in environments
with significant background noise, the accuracy was
further reduced to approximately 80%. These findings
highlight the critical importance of lighting and
background conditions in achieving optimal gesture
recognition performance.

Responsiveness and latency were evaluated by
measuring the time taken by the system to recognize a
gesture and translate it into a corresponding mouse
action (e.g., moving the cursor or clicking) [20]. The
time delay was measured from the moment the user
performed the gesture, when the corresponding action
was registered on the screen.

3.2 Discussions

Performance tests confirm the ESP32-CAM system's
95% gesture recognition accuracy under ideal
conditions (stable lighting and clean background).
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While limited by resolution, its real time tracking
capability for basic gestures (pointing, clicking,
scrolling) makes it particularly suitable for cost
sensitive, educational, and DIY applications, where
high end performance is unnecessary [7].

However, the performance of the system is significantly
influenced by environmental conditions, particularly by
lighting. Under optimal lighting conditions, where the
user’s hand was well lit and clearly visible, ESP32-
CAM performed excellently with fast response times
and high accuracy. The system successfully translated
hand gestures into the corresponding mouse actions
without any noticeable delay. However, when the
lighting  worsened, especially in  low-light
environments, the performance of the system
deteriorated. The video feed became grainy, making it
difficult for the system to accurately detect and track
hand contours. The lower resolution and limited
processing capabilities of ESP32-CAM in low light
conditions caused a decrease in recognition accuracy
and an increase in latency, as the system struggled to
identify hand landmarks and movements. These
findings are consistent with the limitations observed in
webcam-based systems, which struggle in poorly lit
settings [18].

In real scenarios, where users may not have full control
over lighting, this reliance on good lighting conditions
may limit the system's effectiveness. To address this
issue, future iterations of the system could benefit from
additional lighting solutions such as built-in infrared
lighting or other illumination methods, as well as
advanced image enhancement techniques to improve
hand gesture recognition in low-light environments.
Additionally, the system can be improved by
incorporating machine learning algorithms that adapt to
different lighting conditions and improve the
recognition of gestures over time.

Background interference also had a noticeable impact
on system performance. In environments with minimal
background clutter, the system performs well and
accurately detects and tracks hand gestures. However,
in more dynamic or cluttered settings, the system
struggled to distinguish the hand from the background,
leading to misdetection or failure to recognize gestures.
This challenge is particularly noticeable when the hand
is close to or blends in with the background, making it
difficult for ESP32-CAM to differentiate between the
hand and the surroundings. This highlights the need for
a system that is more robust to background interference.

One potential solution to this problem could be the
implementation of background subtraction techniques
or more advanced machine-learning models capable of
better differentiating the hand from the background,
even in complex environments. These enhancements
could help improve the accuracy of the system in
dynamic and varied settings, where background noise
and clutter are more prominent [4].
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Furthermore, the performance of the system is
significantly influenced by the speed and stability of the
Wi-Fi connection. Wi-Fi speed plays a critical role in
determining the responsiveness of the system and
overall performance. High speed Wi-Fi (over 20 Mbps)
enables smooth, real time gesture recognition with
minimal latency and a high quality video output. In
contrast, slower Wi-Fi connections (below 10 Mbps)
introduced noticeable delays, pixelation, and frame
drops, which negatively affected the system's ability to
process gestures quickly. This dependence on a fast and
stable Wi-Fi network limits the system's performance in
environments with poor network infrastructure, where
latency and network instability can disrupt user
experience.

This finding suggests that future improvements could
focus on optimizing data transmission methods to
reduce reliance on Wi-Fi speed. Incorporating
additional hardware enhancements, such as faster Wi-
Fi modules or alternative communication protocols, can
help mitigate the effects of slow network speed.
Additionally, exploring offline processing methods or
edge computing solutions could help reduce the
dependence of the system on a continuous network
connection and improve performance in more
challenging network environments.

In conclusion, while the ESP32-CAM based gesture
recognition system demonstrates promising results in
controlled environments, it faces challenges when
operating under suboptimal conditions, particularly in
low-light settings, cluttered backgrounds, and slow Wi-
Fi speeds [5]. Despite these limitations, the system
offers a cost effective solution for hand gesture
recognition, making it suitable for specific applications
in which high-resolution video and real-time
performance are not essential  [7], [18]. Future
developments should focus on enhancing the robustness
of the system to environmental factors, improving its
performance under low light conditions, and optimizing
its reliance on network connectivity to make it more
adaptable for real world applications.

4. Conclusions

This research successfully demonstrated the feasibility
of using ESP32-CAM, a microcontroller with an
integrated camera, for real-time hand gesture
recognition and virtual mouse control. This study
explored the system's ability to detect and translate hand
gestures into corresponding mouse actions, such as
pointing, clicking, and scrolling. The results indicate
that ESP32-CAM is capable of performing well in
controlled environments, where factors such as lighting
and background conditions are optimal. Under these
conditions, the system achieved high accuracy, low
latency, and smooth performance, demonstrating its
potential as an alternative to traditional input devices,
such as keyboards and mouse.

However, this study also highlights some critical
limitations of the ESP32-CAM-based system,
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particularly in non-ideal environments. The accuracy of
gesture recognition was significantly affected by poor
lighting conditions and complex backgrounds, where
the system struggled to distinguish between the hand
and the surroundings. In such scenarios, the system
performance decreases, with a notable increase in
latency and a reduction in image quality. These
challenges underscore the need for improved system
robustness to effectively handle dynamic environments.
Future iterations of the system could benefit from
additional lighting solutions, background subtraction
techniques, and enhanced image-processing algorithms
to mitigate the effects of suboptimal lighting and
complex backgrounds. Another important finding from
this research is the significant role played by Wi-Fi
speed in determining the responsiveness and overall
performance of the system. High-speed Wi-Fi
connections result in smooth gesture recognition and
minimal latency, enabling real-time interaction with the
virtual mouse. In contrast, slower Wi-Fi connections
introduce noticeable delays and reduce the quality of the
video feed, leading to less accurate gesture recognition
and slower response times. These findings emphasize
that for the ESP32-CAM-based gesture recognition
system to perform optimally, a fast and stable network
connection is essential. This reliance on the Wi-Fi speed
could pose limitations in environments with poor
network infrastructure, where latency could become a
disruptive factor for real-time applications.

In future work, several opportunities will exist to
improve the system's performance and expand its
capabilities. One potential area of improvement is
machine learning. By integrating machine-learning
models into the system, it can learn to recognize a wider
range of hand gestures, adapt to different lighting
conditions, and improve its accuracy over time.
Machine-learning models can also help enhance the
robustness of the system in environments with varying
backgrounds or complex settings. This approach
enables the system to handle dynamic environments
better, making it more suitable for real-world
applications where lighting and background conditions
are not always ideal. The integration of more advanced
sensors, such as depth sensors and infrared cameras, can
also provide more detailed and accurate hand gesture
recognition, particularly for more complex interactions.
These sensors can capture depth information and enable
the system to detect hand gestures more accurately,
even in cluttered or poorly lit environments.
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