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Abstract—This paper presents the design and
development of an intelligent, gesture-controlled robotic
arm that replaces traditional controllers with intuitive
human-machine interaction. By leveraging computer
vision techniques, the developed system captures real-
time hand movements using a camera and processes
them using OpenCV and MediaPipe. The detected
gestures are mapped to corresponding commands for a
microcontroller-driven robotic arm, which utilizes servo
motors to perform actions such as gripping, lifting, and
rotation.

The integration of Python-based vision processing with
embedded control systems establishes a seamless
interface between human intention and robotic
execution. The proposed approach emphasizes
contactless operation, enhancing safety and accessibility
in various applications. With a modular and scalable
design, the system has potential applications in medical
rehabilitation, hazardous environment handling, and
industrial automation.

The system has been successfully designed, implemented,
and tested for real-time gesture-based control.
Experimental results demonstrate high accuracy and low
latency performance.

Index Terms—Hand Gesture Recognition, Robotic Arm
Control, Vision-Based System, Human-Robot
Interaction.

I. INTRODUCTION

The “Gesture Controlled Robotic Arm” project is a
developed system developed to provide an intuitive
and contactless method of human—machine interaction
using computer vision and embedded systems.
Traditional robotic arms are commonly operated using
physical controllers such as joysticks, switches, or
programmed instructions. While effective, these
approaches lack natural interaction and can be less
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suitable for real-time, user-friendly control. This
project presents a developed system that an alternative
approach where hand gestures are used as input to
control robotic movements.

The system design is based on a camera-based vision
module that captures real-time hand movements of the
user. These captured frames are processed using
computer vision techniques implemented in Python
with libraries such as OpenCV and MediaPipe. The
system identifies key hand landmarks and interprets
specific gestures, which are then mapped to predefined
robotic commands such as movement, rotation,
gripping, or lifting actions. The robotic arm is driven
using servo motors interfaced with a microcontroller
such as Arduino.

At the current stage, the project is in the design and
development phase. The individual modules, including
gesture recognition logic, hardware selection, and
control architecture, are being developed and tested
separately before final integration. The main objective
is to build a functional prototype capable of translating
human hand gestures into precise robotic movements
in real time.

This developed system highlights the integration of
artificial intelligence, computer vision, and robotics to
develop more natural and efficient control
mechanisms. Once completed, it is expected to be
useful in various domains such as assistive technology,
industrial automation, and environments requiring
contactless operation like healthcare and hazardous
conditions.

Furthermore, this project serves as an interdisciplinary
learning  platform that combines electronics,
programming, mechanical design, and artificial
intelligence. It helps in understanding key engineering
concepts such as signal processing, embedded systems,
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and real-time system integration. Overall, this work
represents an important step toward the development
of intelligent robotic systems capable of responding to
human gestures in a seamless and adaptive manner.

II. WORKING PRINCIPLE

The gesture-controlled robotic hand is a developed

system that is based on the integration of computer

vision and embedded control concepts. The system is
designed around three main functional modules:

1. Vision Module: A camera captures real-time
images or video frames of the user’s hand
movements. This module serves as the primary
input source for the system by continuously
monitoring hand gestures in front of the camera.

2. Processing Module: The captured frames are
processed using computer vision techniques
implemented in Python. Libraries such as
OpenCV and MediaPipe are used to detect hand
landmarks and track finger positions. Based on the
relative positions of these landmarks, specific
hand gestures are identified and classified.

3. Control Module: The recognized gestures are
converted into control signals successfully
operate servo motors in a robotic hand using a
microcontroller such as Arduino. The system is
focused on real-time gesture recognition, and the
generated signals are used for robotic actuation
through the embedded control setup.

At this stage of the system, the primary focus is on the
vision-based gesture detection process. The system is
designed to accurately recognize and track hand
movements in real time and generate corresponding
gesture responses. The recognition and processing
logic ensures reliable detection of hand gestures using
computer vision techniques before mapping them to
robotic control signals.

III.LPROBLEM STATEMENT

» Existing robotic control systems are costly and
complex.

* Many systems require additional hardware like gloves
or flex sensors.

» Wearable devices reduce user comfort and increase
system complexity.

¢ There is a need for a low-cost, vision-based system
for robotic control.
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* The system should enable real-time, accurate, and
contactless gesture recognition.

 External wearable devices should be eliminated for
simplicity and ease of use.

IV. OBJECTIVES

* To implement robust hand gesture recognition using
MediaPipe.

* To detect and interpret real-time hand landmarks
using computer vision techniques.

» To map recognized gestures to corresponding servo
motor angles using ESP32/Arduino.

* To achieve smooth and low-latency real-time robotic
arm control.

* To reduce dependency on traditional manual and
wearable controllers.

* To validate the system using basic pick-and-place
type operations (simulation/experimental stage).

* To explore potential applications in industrial
automation, remote operation, and educational
robotics.

V.METHODS AND MATERIAL

A. System Design

Computer Vision System (Software Part):

The vision module is designed to detect human hand
gestures using a camera. The captured frames are
processed using OpenCV and MediaPipe libraries in
Python to identify hand landmark coordinates and
finger positions. This forms the core of the gesture
recognition system.

Robotic Hand System (Hardware Part):

The robotic system consist of a 3D-printed robotic hand
and arm structure, including fingers, palm, and arm
segments. These components are actuated using servo
motors or stepper motors interfaced with a
microcontroller such as Arduino UNO or ESP32.

Resources Required
1. Test Rig / Equipment

Item Specification
Laptop with 15/i7 processor, 8GB RAM
Camera (min), inbuilt webcam (720p or
above)
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USB Cable Standard Type A-B cable
(Arduino to
Laptop)
2. Hardware
Item Specification
ESP 32 (x1) ESP32 development board, 32-

bit dual-core MCU, Wi-Fi +
Bluetooth enabled

PCA9685 Servo
Driver (x1)

16-channel, 12-bit PWM servo
driver module for precise
multi-servo control.

Servo Motors
(Fingers — x5)

SG90/MG90S micro servo
motors, 180° positional
control, 5V operation.

Servo Motor
(Wrist —x1)

MG996R servo motor, metal
gear, 180° rotation, high torque
(~9-11 kg-cm at 6V)

Servo Motors (x2
— Shoulder &
Elbow)

High-torque digital servo
motors, operating voltage 4.8—
7.4V, suitable for load-bearing

joints

Buck Converter

(1)

DC-DC step-down converter
to regulate battery voltage to
5V stable output

External Power

11.1V Li-ion (3S) battery with

Supply (x1) buck converter for regulated
5V=7.4V supply.
Robotic Hand Acrylic / 3D-printed
Frame mechanical structure
Breadboard + Standard breadboard with
Jumper Wires male-to-male, male-to-female,
(x1 set) and female-to-female jumper
wires.
3. Software
Software Specification
Arduino Programming Arduino, Serial
IDE communication
Python Programming environment
(3.84)
OpenCV Computer vision library
CVZone Simplified wrapper for OpenCV +
MediaPipe
PySerial Python-Arduino communication
IJIRT 201681
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4. Specifications Overview

e Control System: Arduino Uno/Nano with Python

serial communication
e Motion: 5 DOF (one per finger) + 3 DOF (wrist,
elbow, shoulder) using servo motors.

e Input: Laptop webcam (gesture detection via
OpenCV + CVZone)
e Output: The servo-actuated robotic hand mimics

gestures.

e Power: External 5V DC (>2A) for stable servo

operation.

5. System Architecture
The system architecture follows a layered structure

consisting of major levels:

it
¥

y / =
Camera OpencV &
(Webcam /ESPI2CAM)  MediaPipe

System Architecture

Gesture to e i
Servo Angles Serial { Wi-Fi

T ESP32 + PCA9685

Robotic Arm
(Movement Output)

Description of system components and their functions:

Stage

Component

Function

Input

Camera (Webcam /
ESP32-CAM)

Captures real-
time hand
gestures

rocessing

Laptop (OpenCV +
MediaPipe)

Detects hand
landmarks
and interprets
gestures

Mapping

Python Algorithm

Converts

landmarks

into servo
angle values

nmunication

USB / Wi-Fi

Transfers data
to ESP32

Control

ESP32 + PCA9685

Generates
PWM signals
for servo
control

5653



© May 2026 | IJIRT | Volume 12 Issue 12 | ISSN: 2349-6002

Output Robotic Arm (3D Mimics
printed) human hand
gestures
Power Battery / Buck Supplies
Converter regulated
power to
system

1. Input Layer

Camera is used to capture real-time hand gestures
(webcam or ESP32-CAM). The video stream serves as
the primary input to the system.

2. Processing Layer

A Python-based processing unit using OpenCV and
MediaPipe is used to detect hand landmarks and
extracts 21 key points of the hand in real time.

3. Mapping Layer

The detected landmark coordinates are processed and
mapped into corresponding servo motor angles. This
involves normalization and scaling of hand movement
data into predefined robotic arm motion ranges.

4. Communication Layer

The mapped angle values are transmitted from the
processing system to the ESP32 microcontroller using
Serial communication (USB UART) or wireless
communication (Wi-Fi in future enhancements).

5. Control Layer

The ESP32 processes incoming data and generates
PWM signals using the PCA9685 driver module to
control multiple servo motors, enabling precise
movement of the robotic arm.

6. Power Layer (Recommended Addition)

A regulated power supply (battery or buck converter)
provides stable voltage to the ESP32, PCA9685, and
servo motors ensuring reliable operation.

B. Literature Survey

The development of gesture-controlled robotic arms
represents a convergence of human—computer
interaction, computer vision, embedded systems, and
artificial intelligence. Such systems allow human users
to control robotic manipulators intuitively using hand
or body gestures, offering applications in industrial
automation, healthcare, and hazardous environments.
This literature review surveys prior research works
that focus on vision based, sensor-based, and hybrid
gesture recognition systems for robotic arm control. It
analyses their objectives, methodologies, tools, and
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results to identify the current research trends,
technological advancements, and limitations in the
field.

Sr. Paper | Objectiv |Methodolo Key
No Title e/ Aim gy Insight
for Our
Project
1 A Contact- OpenC | Inspired
Robotic free V-based use of
Hand robotic | contour & | vision-
Controlle hand gesture based
d with control | detection | gesture
Vision- control
Based for
Hand contactl
Gesture ess
Recognit operatio
ion n
System
(2021)
2| Compute | Compar Review | Confirm
r Vision- e of sensor ed

Based gesture | vsvision | vision-

Hand recognit | systems based
Gesture ion approac
Recognit | methods his
ion for more
Human— practica
Robot I and
Interacti low-
on cost
(2024)
3| Gesture- Safe | Raspberry | Helped
Powered | remote Pi+ improve
Robotic | robotic | OpenCV real-
Hand for | control | real-time time
Remote tracking | gesture
High- mappin
Risk g and
Operatio respons
ns (2025) e speed
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4 Desig Deep- | Inception- | Showed

n of learning | V3 model | feasibili
Bionic gesture on ty of
Robotic | recognit | Raspberry | compact
Hand ion Pi Al
Gesture models
Recognit for
ion gesture
System detectio
(2022) n
5 Desig Low- Blueto | Inspired
n& cost oth-based cost-
Prototypi | robotic servo effectiv

ng of hand for control e design

Robotic sign (Arduino) and

Hand for | languag Servo
Sign e movem

Languag ent

e (2023) mappin

g

C. Methodology

The methodology of the gesture-controlled robotic arm
describes the step-by-step process of capturing human
hand gestures, processing the data, and converting it
into mechanical movement of the robotic arm. The
system follows a structured pipeline from input
acquisition to output actuation.

1. Step-by-Step Working Process

Step 1: Capture hand gestures in real time using a
webcam.

Step 2: Detect 21 hand landmarks (fingers joints,
elbow, shoulder and wrist) using MediaPipe Hand
Tracking integrated with Python and OpenCV.

Step 3: Process the landmarks to extract finger joint
angles and identify specific hand gestures.

Step 4: Map each finger’s movement to corresponding
servo motor angles to replicate natural hand motion.

Step 5: Servo control signals are transmitted from

Python to ESP32 / Arduino Uno through serial
communication.
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Step 6: Design and build a low-cost bionic hand
prototype using 3D-printed parts, following a tendon-
driven mechanism.

Step 7: The system was tested, calibrated, and refined
for real-time, low-latency, and accurate finger
movement replication.

The overall system follows the following sequence:

Camera — MediaPipe — Python Processing —
ESP32/Arduino + PCA9685 — Servo Motors —
Robotic Hand

The ESP32/Arduino along with PCA9685 acts as the
control unit responsible for generating PWM signals to
drive multiple servo motors in the robotic arm.

2. Control Logic / Algorithm

The control logic defines how gesture data is converted
into mechanical motion. It ensures accurate mapping
between detected gestures and robotic arm movement.
Algorithm Steps:

Start system initialization.

Capture video frame from camera.

Detect hand landmarks using MediaPipe.

Extract coordinate values of key points.

Normalize and scale coordinates to servo range

(0°-180°).

6. Compare gesture values with predefined
thresholds.

7. Generate corresponding servo angle values

wok WD =

(planned mapping logic).

8. Send processed gesture data to ESP32 via serial
communication.

9. ESP32 processes data and generates PWM signals
using PCA9685.

10. Servo motors move the robotic arm accordingly.

11. Repeat loop for continuous real-time control.

3. Gesture Recognition Logic

The gesture recognition system identifies hand
movements based on the spatial relationships between
detected hand landmarks. Each gesture corresponds to
a specific combination of joint angles and distances.
The system continuously compares real-time landmark
data with predefined gesture patterns to determine the
intended action.
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Example Gesture Mapping:

e Raising index finger — move robotic finger
upward

e Closing fist — close robotic gripper

o Tilting hand left/right — rotate base servo

This enable intuitive and real-time control of the

robotic arm.

D. CAD Design and Flow Diagram

1. CAD Design of Robotic Arm

The robotic arm is designed using CAD software such
as SolidWorks/Fusion 360 to create a precise and
functional 3D model. The design includes multiple
joints representing the base, arm segments, and gripper
mechanism. Each joint is structured to allow rotational
movement similar to a human hand.

The model follows a tendon-driven mechanism, where
servo motors control the movement of fingers through
flexible linkages. The components are designed to be
lightweight and suitable for 3D printing, ensuring cost-
effectiveness and ease of assembly.

Key Features of CAD Model:

e  Multi-degree-of-freedom (DOF) joints.
e  Compact and lightweight structure.

e  Provision for mounting servo motors.
e Finger-like gripping mechanism.

e  Modular design for easy modification.
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2. Flow Diagram of System

The flow diagram represents the working sequence of
the gesture-controlled robotic arm system from input
to output.

Flowchart Steps:
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Capture hand Detect hand
Stat | gestureusing || landmarksusing [—|
camera MediaPipe

Process gesture
data (Python)

¥

Generate PWM
| sgalia - T
PCA9685)

Map gesturesto Send datato Move senvo

servo angles | ESP32/Avduino

¢

Robotic hand
performs action

The flowchart ensure a clear signal flow from gesture
input to robotic output. Each stage is designed to
process the data efficiently, enabling real-time control.
The integration of computer vision and embedded
systems ensures smooth communication and accurate
execution of movements.

3. Hardware Setup and Wiring of Gesture
Controlled Robotic Hand

The figure illustrates the proposed hardware setup of
the gesture-controlled robotic hand system. The
system consists of an ESP32/Arduino microcontroller
interfaced with a PCA9685 servo driver to control
multiple servo motors. A camera module is used to
capture real-time hand gestures, which are processed
using computer vision techniques. The processed
gesture data is transmitted to the microcontroller,
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which generates appropriate PWM signals through the
PCA9685 module to actuate the servo motors.

A regulated power supply is provided using a battery
pack and a buck converter to ensure a stable voltage
for the servo motors and control circuitry. The overall
hardware design ensures efficient power distribution,
smooth servo operation, and reliable communication
between software and hardware components.

VI. RESULTS AND DISCUSSION

The experimental evaluation of the proposed gesture-
controlled robotic arm system demonstrates that it can
translate human hand gestures into corresponding
robotic movements with reasonable accuracy and
responsiveness.

The developed prototype of the gesture-controlled
robotic arm was fabricated using 3D printing
technology to achieve a lightweight and cost-effective
mechanical structure, integrated with servo motors and
electronic connections for real-time gesture-based
control.

7

The following table represents simulated results of
gesture recognition performance.

Gesture | Recognition | Response | Remarks
Type Accuracy Time
Open 97% 0.12 sec Stable in
Palm all lighting
Fist 94% 0.14 sec High
precision
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Pointing 91% 0.18 sec | Occasional
noise
Thumb 95% 0.13 sec Excellent
Up tracking
Victory 92% 0.15 sec Slight
V) delay

Latency Issues Low Minor delay due to
serial

communication

Environmental Moderate Performance
Effect affected by
lighting and

occlusion

The test results show high reliability and fast
processing for real-time gesture detection, confirming
the success of the computer vision component.

A. Overall Outcome

* The developed system aims to be a low-cost,
intelligent robotic arm that uses Al, computer
vision, and embedded control for real-time
gesture-based operation.

*  Touchless Control: Enables safe and hygienic
hands-free operation.

* Low-Cost Design: Built using ESP32-CAM,
servos, and 3D-printed parts.

*  Educational Use: Useful for learning Al and
OpenCV concepts.

* Industrial Use: Supports automation, assembly,
and remote handling.

*  Scalable System: Can be upgraded with object
detection or voice control.

B. Testing and Observations
Performance Evaluation Table

Parameter Observed Description
Value
Accuracy 85% — 92% Correct
recognition of
predefined

gestures under
normal conditions

Response  |100 — 200 ms Time delay
Time between gesture
input and robotic

movement

Gesture Types 5-8 Includes finger
gestures movement, tilt,
and grip actions

System High Smooth operation
Stability with minimal jitter
using PCA9685
IJIRT 201681

Performance Under Different Conditions

Condition | Accuracy | Response | Observation
(%) Time
(ms)
Good 92% 110 ms Best
Light performance,
clear gesture
detection
Low 85% 150 ms Slight
Light delay and
reduced
accuracy
Occlusion 80% 180 ms Difficulty
in detecting
hidden
fingers
100
92 ¥ 80
75
50
2
0
Good Light Low Light Qcclusion

Graph 6.1: Accuracy under Different Conditions

Response Time Across Different Trials

Response Time Inms
g 8 &8 8 3 B

1 2 3 4 5 6 7
Trials

Graph 6.2: Response Time
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Gesture vs Robotic Response

Gesture Detected Action | Robotic Output
Input
Index Finger extension | Robotic finger
finger up moves up
Closed fist Grip command Gripper closes
Open palm Release Gripper opens
command
Tilt Up movement Arm/base
forward command moves up
Tilt Down movement Arm/base
backward command moves down

System Component Performance

Component Role Performance
Camera Capture High accuracy
gestures in good lighting
MediaPipe Detect Fast and
landmarks efficient
processing
Python Data Flexible and
processing reliable
ESP32/Arduino | Control unit Stable
communication
PCA9685 Servo driver | Smooth multi-
servo control
Servo Motors Actuation Precise
movement

The wuse of MediaPipe-based hand tracking
significantly improved gesture detection speed and
reduced computational complexity compared to
traditional image processing methods. The integration
of Python for processing and ESP32/Arduino for
actuation provided a balanced system combining
flexibility and hardware efficiency.

The system successfully controlled 8 degrees of
freedom (5 fingers, wrist, elbow, and shoulder) using
servo motors.

The implementation of the PCA9685 driver module
enabled smooth and stable control of multiple servo
motors, reducing jitter and ensuring synchronized
movement of the robotic fingers.
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System Performance Comparison

Performance
Level

High
Medium

Low

Accuracy  Response Time  Stability Latency

Graph 6.3: System Performance Comparison

It visually represents:
e  Accuracy (High)
e Response Time (Medium)
e Stability (High)
e Latency (High performance / low delay)
Gesture Recognition Success Rate

Success
Rate
(%) 92%

95% 90%

88% 87%
90% 85%

85%

80%

85%

Index Finger Fist Open Palm Tilt Left Tilt Right

Parameters

Graph 6.4: Gesture Recognition Success Rate

The gesture recognition system demonstrates high
success rates across different hand gestures, with
accuracy ranging from 85% to 92%. Simple gestures
such as index finger movement and fist are recognized
with higher accuracy, while gestures involving hand
orientation, such as tilting, show slightly lower
performance. Overall, the system provides reliable and
consistent gesture detection suitable for real-time
robotic control.

C. Future Scope

e Integration of advanced Al models (CNN/Deep
Learning) for higher accuracy and complex gesture
recognition.

¢ Improvement in real-time control using low-latency
wireless communication (Wi-Fi 6 / 5G / ESP-
NOW).

e Expansion to full sign language translation system
for better human communication.
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Addition of haptic feedback for more realistic and
precise robotic hand interaction.

Application in medical prosthetics and rehabilitation
systems for disabled users.

e Use in industrial automation and hazardous
environments for safe remote operations.

Cloud and IoT integration for remote monitoring
and data analysis.

o Future possibility of brain—computer interface (BCI)
based direct control.

VII. CONCLUSION

This paper presents the design of a gesture-controlled
robotic hand system integrating computer vision and
embedded control. The developed system offers a low-
cost and approach for human-robot
interaction by enabling control through natural hand
gestures. It effectively combines image processing
techniques with microcontroller-based actuation to
demonstrate the potential of intelligent automation.

The system has been successfully implemented and
tested and demonstrates promising performance in
terms of responsiveness and accuracy. The results

intuitive

highlight the feasibility of vision-based gesture
recognition for real-time robotic control in a simplified
and cost-effective manner.

Future work will focus on full system implementation,
real-time testing, performance optimization, and
improvement  of accuracy under  varying
environmental conditions. The system may also be
extended to include advanced features such as
improved gesture recognition models,
communication, and broader applications in assistive

wireless
and industrial robotics.
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