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Abstract: Bomb disposal zones, disaster areas, hazardous chemical facilities and military
operations endanger human life by exposing them to significant risks. To mitigate the risks
involved in high-danger situations where human beings could be harmed or killed during an
operation, rescue robotics has emerged as an effective solution for minimizing the number of
people exposed to danger while performing rescue operations. This paper describes the design
and construction of TITAN-LINK, a Dual Armed-Teleoperated Rescue Robot that enables dual-
arm manipulation of objects from a safe distance and with the capability to teleoperate the
robot from a remote location via wireless connectivity, thereby reducing the risk of human
exposure during an operation. The system is composed of two robotic manipulators that use a
Jjoystick to control the arms from a distance by means of ESP32 microcontrollers, allowing the
operator to manipulate the arms and, consequently, the object being gripped. The robot's arms
are articulated by using servo and planetary gear motors, which provide a high degree of
accuracy for manipulators as well as stable locomotive capabilities when moving to a desired
location. The dual-arm configuration of TITAN-LINK improves gripping efficiency and

coordination than traditional single-arm rescue robots, as each arm can work together in a
coordinated manner. The effectiveness of the proposed robotic design was validated through
experimental testing and robotic design will be discussed through experimental testing on
various remote operational tasks. The TITAN-LINK provides a low-cost, modular design that
can be utilized in various settings, including educational, commercial and military.

Key Words: Rescue Robot, Dual Arm Robot, ESP32, Communication using nRF24L01, Servo
Motor Control, PCA9685 for Servos, Remote-Controlled Robot, Robotics and Automation,
Human-Robot Interaction.

LINTRODUCTION

The advent of robotics technology has significantly transformed in the way that today’s industries operate and has
allowed operations to be automated, completed with greater precision, and performed far more safely, particularly where
hazardous operations are concerned. Robotic systems are increasingly being utilized, particularly within the following areas:
bomb disposal; military surveillance; disaster rescue; industrial inspection; and the handling of hazardous materials. People
who are working in dangerous conditions have high-risk exposure to dangerous situations such as: explosives; toxic gas;
radiation burns; structural collapses; and fire-related accidents. Rescue robotics is one of the effective solutions that can help
eliminate the requirement for people to work in close proximity to these types of dangerous conditions.

Teleoperations, or tele-operated robotic systems, are remotely controlled and when operated by a human operator,
they can complete their task without them being present in a dangerous or hazardous environment. Teleoperated robotic
systems also allow operators to remotely control their vehicles and perform operations in dangerous surroundings without
putting themselves at risk. A typical rescue robot is designed with a single robotic manipulator, which limits gripping
efficiency and task flexibility. However, dual-arm robotic systems have increased capabilities when it comes to versatility
and the ability to distribute the overall weight of an object along with the ability to manipulate objects in a manner similar to
humans.

In this paper, the authors introduce the TITAN-LINK, which is a Dual Armed Teleoperated Rescue Robot that is
meant to be remotely operated in hazardous environments. The system integrates all of the functions of embedded control,
wireless communication, dual-arm manipulation and mobile navigation into one robotic platform. The robot has embedded
ESP32 microcontrollers that are used for wireless communication and for real-time motion control. The use of joystick
modules makes it easier for the user to teleoperate the robot, while the use of standard servo and planetary gear motors
provide the movement and manipulation capability of the robot.

The main objective of the project is to create a low-cost, efficient, modular rescue robot capable of enhancing
operational safety and improving the remote manipulation capabilities of the robot.

II. LITERATURE REVIEW
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1. “Z. Jiang et al. - Immersive Humanoid Dual Arm Explosive Ordnance Disposal Robot”

The paper presents a revolutionary and advanced mind-body (virtual) dual-arm humanoid robot for bomb disposal
operations. This robot can be controlled via a highly precise and safe teleoperation system allowing the operator to use two
robotic arms

2.“R. R. Murphy — Human-Robot Interaction in Rescue Robotics.”

In this article, the author investigates and analyzes the interaction between the human rescuer and the rescue robot
during the rescue process in disaster cases. The areas of interest include the ability of the operator to control the robot,
communicate with it, perceive its location and actions, and increase safety of the process

3.“Y. Song — Master-Slave Teleoperation Using Model Predictive Control.”
This paper offers the notion of an advanced master-slave teleoperation system that would allow controlling a robot
remotely via the predictive control technique and improve motion accuracy, stability, and efficiency of remote manipulation

4.“J. Kim and K. Chang — Dynamic Motion Control for Robotic Arm Systems.”

This paper describes the various methods of controlling motion of robotic arms and how to improve the quality of
motion through enhanced smoothness, precision and stability when moving or manipulating objects as well as during rescuing
them

5.%J. J. Craig — Introduction to Robotics: Kinematics and Control.”

This book covers basic concepts of robotics including kinematics of a robot, dynamics of robots, planning the motion
of robots and controlling robots to move with the appropriate trajectory. This text will serve as the technical foundation for
designing robotic arms

6. “M. Spong — Robot Modelling & Control.”

This source explains the theory and practical use of mathematical modelling and the control systems that are
employed in robotic systems. The dynamic modelling and design of robots as well as feedback control methods will also be
discussed along with examples of motion coordination of dual arm robots

7.“S. Niku — Introduction to Robotics: Analysis, Systems and Applications.”

This book provides an overview of robotic systems with a particular emphasis on how they are analysed, their
sensors, actuators, etc., and their use in industry as part of an automated process. The information contained in this source will
help one to identify how a particular robotic system integrates into an automated production process

8. “Official Documentation of Arduino”
Documentation from the Arduino community gives the concept of programming and interfacing hardware in
microcontrollers based robot systems. Documentation includes sensors as well as actuators

9. “Technical Reference Manual of ESP32
This document provides an explanation of the architecture, communication, wireless interface, and other GPIO
functionality of ESP32 that is used to control robots wirelessly

10.“Adafruit PCA968S Servo Driver Documentation.”
PCA9685 PWM servo driver documentation will explain how to use this component to control servo motors for
multi-degree-of-freedom manipulators

11.“IEEE Robotics and Automation Society.”
Robotics, automation, intelligent systems, and advanced robotic applications research resources can be found at this website

12. “IEEE Xplore Digital Library.”

The IEEE Xplore digital library provides access to scholarly research and articles that examine the use of digital
technology in the field of robotics, including the use of teleoperation technology, artificial intelligence (Al), automation
technologies and embedded systems

13.“IEEE Transactions on Robotics.”
The IEEE Transactions on Robotics publishes leading-edge research on robotic manipulators, control systems,
autonomous robots, and intelligent robotic technology development

14.“ESP32 User Guide.”
The following document provides information about developing software for the ESP32 microcontroller,
connectivity options (Wi-Fi and Bluetooth), and embedded software development for use with robotics-based applications

15.“MG996R Servo Motor Datasheet.”
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This datasheet provides specifications and technical data for the MG996R servo motor used within robotic arms, as
well as its torque rating, PWM control and performance characteristics

16.“MG996R Servo Motor Datasheet.”

The MIT Introduction to Robotics course gives an overview of what a robot is, the basic building blocks of how a
robot moves (kinematics), how robots interact with the world around them (dynamics), how to get a robot from one point to
another (trajectory planning), and how to control the physical structure of the robot (robotic manipulator)

Research Gaps

From this literature review, research has identified some gaps:

¢ Many existing robotic systems (snake-like robots) are complex and costly to develop and implement.

e Many existing robotic systems (snake-like robots) lack the ability to provide real merits to the real-time monitoring
function.

ILPROLEM IDETIFICATION

A. Problem Identification

Robotic systems are used in various hazardous operations where human life is put at risk when a person carries out
the operation. The manual handling of explosives and/or hazardous materials can cause non-fatal injuries and can cause
deaths to occur. Robotics also have limitations with respect to existing technology, and these limitations include:
e The ability to manipulate an object is limited
e The technology is complex
e Implementation cost are high
e Access to the technology is limited
e Delays in communication occur
e The ability to move the technology is reduced
e Most existing system operate using a single manipulator arm
e The robots are not able to work together to stabilize the items they are manipulating

Another problem with many of the professional rescue robots is that they are very expensive to operate on an
ongoing basis and the cost of the training needed to use them is also expensive. The design of the TITAN- LINK system is
to provide a dual-arm, low-cost, teleoperated rescue robot that does not require the extensive training or expensive
infrastructure of many existing robots.

B. Objectives
This project aims to create a teleoperated rescue robot using two arms that can be operated wirelessly from a distance
and can perform operations in a hazardous environment. To this end, the project will develop the following:
To develop dual robotic manipulators with multiple degrees of freedom
Wireless communications using an ESP32
A teleoperation system using joysticks
Stable mobile navigation
Increased ability to handle objects
Minimal exposure of humans to hazardous environments
A cost-effective robotic solution
A computer-coded and modular robotic architecture

IV.SYSTEM DESIGN
A. Overall Architecture
There are two main parts to the TITAN-LINK Robotic System; they include:
1) The transmitter: which accepts user commands, via joystick modules, and sends them, wirelessly, to the receiver.
2)The receiver: which receives those commands and controls the robotic actuators based on those commands.
The transmitter unit captures user commands through joystick modules and transmits them wirelessly to the receiver unit.
The receiver processes incoming commands and controls robotic actuators accordingly.
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Fig.1. Dual Arm Teleoperated Robot

B. Hardware Components

1. ESP32 Microcontroller: The main processing unit for the robot is an ESP32 microcontroller. This will provide functions
such as signal processing, wireless communication, creation of PWM signals, and control of motion. The reasons for
selecting the ESP32 include having integrated, built-in Wi-Fi and Bluetooth capabilities, high speed of processing, and
low power consumption.

2.PCA9685 Servo Driver: The PCA9685 servo driver allows for controlling up to 16 channels of PWM outputs in order to
control servo motors. This allows the ESP32 to offload some of its processing to help ensure that the ESP32 has plenty of
resources to maintain consistent operation for many servos at once.

3.Servo Motors: The MG996R and MG90S servos provide movement of the robotic arm. The MG996Rs have high torque
capabilities for use in the larger, heavier joints of the arm while the MG90S will provide lower weight, higher precision
movement of the arm.

4.L.298N Motor Driver: The L298N is the motor driver used to control the planetary gear motors that allow for the mobility
of the robot.

5. Planetary Gear Motors: These motors provide high torque and stable movement for robotic navigation.

6. Joystick Modules: The joystick modules provide an easy means of teleoperating a robot and provide the user with a real-
time interactive control of the robot.

V.WORKING METHODOLOGY
The robot works based on joystick tele operation.
Step 1: Data Input: The user moves the joystick modules to control the robotic actions.
Step 2: Data Processing: The ESP32 receives the information from the joysticks in analogue format and converts it to digital
commands.
Step 3: Wireless transmission: The transmitter wirelessly sends processed commands via wireless connection to the receiver
module.
Step 4: Command execution: Receiver ESP32 processes the data and forms control signals to drive robotic actuators.
Step 5: Motor Operation: Servo motors provide movement of the robotic arm, while planetary gear motors are responsible
for locomotion.
Step 6: Robotic actions: Control robot performs gripping, navigation, and manipulation of hazardous objects.

VI.CONTROL SYSTEM
TITAN-LINK robot uses joystick teleoperation system to control robotic operations. Servo motors are controlled
by Pulse Width Modulation (PWM). The pulse width sets the angular displacement of the motor. Normal PWM process is
characterized by:
1. 1 ms signal corresponds to 0°
2.1.5ms-90°
3.2 ms—180°
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Fig.2. Circuit diagram of Transmitter end

PCA9685 servo driver can generate precise PWM signals for many motors simultaneously. Synchronization includes:

¢ Synchronized movement of both robotic arms
¢ Rotating wheels
e Control the gripper actions
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Fig.3. Circuit diagram of Receiver end

VILROBOTIC ARM DESIGN
Each robotic arm consists of five degrees of freedom, namely:

1. Base Rotation

2. Shoulder Movement
3. Elbow Movement

4. Wrist Movement
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5. Gripper Control

Fig.4. Robotic arm - 5DOF (Manipulator)

Dual arm design offers improved stability of objects, gripping action, payload balancing, and manipulation like
humans. Design of Robotic Gripper is such that hazardous objects can be firmly held without any slippage.

VIII. POWER MANAGEMENT SYSTEM

The robot uses a lithium-ion based power system. The Power System Consists of the following components:
Lithium-ion Battery, Battery Management System (BMS), Voltage Regulators, and Buck Converters. The following are the
different voltages for each of the components:
e ESP32:33V
e Servo Motors: SV-6V
e Gear Motors: 12V
The power management system provides a reliable and safe power to the system.

IX.EXPERIMENTAL RESULTS
The TITAN-LINK robot was tested under controlled laboratory conditions. The testing focused on: wireless
communication, arm coordination, payload handling, mobile navigation, and system stability.

Fig.5. Top viewTthhe robot
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Existing System Vs Proposed System Comparison

S.NO  parameter Existing Systems| Proposed TITAN-LINK System|
1 |Arm Configuration Single Arm Dual Arm
2 |Cost Expensive Costs less
3 Mobility Moderate Mobility Improved Mobility
4 |Manipulation Capability Limited Enhanced Dual Arm Coordination
5 |User Interface Complex User-Friendly Joystick Control
6 [Wireless Communication| Wireless System |ESP32 Real-Time Communication
7 Modularity Limited Highly Modular
8 |Educational Accessibility Low High
9 Maintenance Cost Costly Much More Affordable
10 [Remote Operation Yes Improved Teleoperation

X.MATHEMATICAL EQUATIONS
The servo position is controlled using PWM.
PWM = (Pulse Width/Period) x100 Where:
PWM is the percentage of PWM.
Pulse Width is how long the servo will be ON.
Period is how long the pulse lasts and is the total time the signal exists. Torque applied to the robotic arm motor is calculated
as
T=Fxd
Where:
T is the Torque
F is the Force applied to the motor (robotic arm).
d is the distance to the pivot point of the arm.
The power consumed by the robotic system can be calculated as:
P=VxI
Where:
P is the Power consumed.
V is the Voltage supplied to the system.
I is the Current being drawn from the system.

XI.RESULTS AND DISCUSSIONS

The physical prototype of the TITAN-LINK dual-arm teleoperated robot was put through a series of controlled
laboratory tests to evaluate its mechanical performance, electrical stability, and wireless reliability. Testing focused primarily
on measuring communication latency, max payload capacity per arm, battery discharge behavior under full load, and the
coordination accuracy of the dual-arm setup during simulated hazardous tasks.

A.  Wireless Communication and Latency Analysis

The local wireless connection between the ESP32 transmitter and receiver modules was analyzed across various
distances in an indoor environment with standard concrete walls and electronic interference. At a line-of-sight distance of up
to 30 meters, the signal remained highly stable with zero data packet loss. The communication latency—measured from the
physical movement of the analogue joystick to the initial response of the servo motors—averaged a low 22 milliseconds.

When the distance was increased to 50 meters with structural obstructions, the latency rose slightly to 45
milliseconds due to minor packet re-transmissions, which is still well within the acceptable threshold for real-time human
teleoperation. This confirms that the onboard ESP32 architecture provides a reliable, low-lag control loop without requiring
expensive, industrial-grade radio equipment.

B. Mechanical Payload and Gripping Efficiency

Mechanical load testing was carried out to find the structural lifting limits of the 5-DOF manipulators. Using the
MG996R high-torque servos at the base and shoulder joints, a single robotic arm successfully lifted and held a static payload
of up to 250 grams at full horizontal extension without gear slippage or structural bending.

Crucially, when testing the coordinated dual-arm configuration, the robot safely lifted, balanced, and transported
irregular objects weighing up to 450 grams. By clamping the target object from opposing sides, the twin-point contact
distributed the physical stress evenly between both arms. This split payload method significantly dropped the active stall
torque required by each individual motor, preventing the joints from overheating and stopping irregular items from twisting
out of alignment during chassis transit.

C. Power Management Performance

The power subsystem was monitored continuously during full operational cycles, where both the planetary gear
drive motors and all ten servo motors were running at the same time. The 11.1V Lithium-Ion battery pack, paired with high-
187|Page
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efficiency step-down buck regulators, delivered a clean power split. Separating the noisy 6V motor power rails from the
sensitive 3.3V logic line successfully stopped voltage drops from feeding back into the system. Even when the arm motors
stalled under maximum load, the logic subsystem experienced no accidental microcontroller resets or data dropouts. Under
continuous heavy use, the power layout provided an operational runtime of approximately 45 minutes before the battery
management system (BMS) tripped the low-voltage cutoff.

D. Comparative Evaluation

The experimental outcomes confirm that the prototype achieves its core goals of low cost, simple construction, and
stable dual-point manipulation. While commercial tactical platforms offer higher payload capacities, they remain locked
behind expensive proprietary ecosystems. The TITAN-LINK proves that off-the-shelf components can be successfully
optimized into a reliable, modular, and highly accessible rescue tool.

Fig.6. Dual Arm T éleoperﬁzted Robot (TITAN LINK)

Structural and Feature Comparison

S.No|Performance Metric |Conventional Rescue LayoutsProposed TITAN-LINK System
1 |Kinematic Layout Single Manipulator Coordinated Dual-Arm Array
2 [Production Cost Prohibitively High Budget-Accessible
3 [Terrain Mobility Standard / Moderate Enhanced Drivetrain Torque
4 |Object Manipulation [Rigid / Limited Angles High-Versatility Dual Grasping
5 |Control Interface Complex / Proprietary Terminallntuitive Analog Joysticks
6 |Wireless Protocol Standard RF / Variable Latency [ESP32 Real-Time Control Loop
7 |System Modularity  |[Low/Closed Architecture High / Open-Source Expansion
8 [Development Access [Restricted Highly Accessible
9 |Maintenance Profile  [Demands Specialized Service [Simple Component Swap
10 [Teleoperation PrecisionBaseline Tracking Advanced Synchronized Movement

XILFUTURE ENCHANCEMENTS

While the current TITAN-LINK prototype successfully demonstrates stable dual-arm teleoperation and basic terrain
mobility, several key electronic and mechanical upgrades can expand its deployment capabilities in real-world crisis Zones.
1. Integration of Closed-Loop Haptic Feedback: Future revisions will replace the current open-loop servo mapping with
flexible force sensors (FSRs) mounted directly on the gripper pads. This hardware addition will transmit real- time
pressure data back to the operator’s control station via vibrotactile or force-feedback joysticks, allowing personnel to
handle highly fragile hazards or volatile materials without accidentally crushing them.
Implementation of Semi-Autonomous Kinematic Coordination: To reduce user fatigue, the processing framework
will be upgraded to include edge-calculated inverse kinematics. Instead of requiring the operator to manually steer every
individual joint motor using separate joysticks, the onboard controller will automatically compute coordinated dual-arm
trajectories based on a single directional vector command.
Upgrading to Long-Range LoRa or 5G Communication Links: To transition the platform out of localized lab spaces
and into dense urban rubble, the standard Wi-Fi link will be swapped for Long Range (LoRa) telemetry or cellular 5G
modules. This change will drastically extend the operational radius from tens of meters to several kms, bypassing the
188|Page
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signal blocking caused by thick concrete walls or metal shielding.

4. Deployment of a Sensor-Fused Vision and Navigation Subsystem: Future models will integrate an onboard Inertial
Measurement Unit (IMU) coupled with an array of ultrasonic and infrared distance sensors. Fusing this data at the
microcontroller level will provide the operator with an automated obstacle-avoidance warning system and clear proximity
data, keeping the chassis from flipping or crashing if smoke, dust, or low light blocks the primary video feed.

5. Transitioning to High-Efficiency Brushless and Planetary Actuators: To scale up the robot’s payload limits, the
plastic and light metal-geared hobby servos will be replaced with industrial-grade, field-oriented control (FOC) brushless
motors. This mechanical upgrade will significantly increase continuous holding torque, lower active battery drainage, and
prevent joint overheating during long lifting operations.
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