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Abstract- Search and rescue (SAR) operations often involve unstructured and hazardous environments where human
intervention is limited. Robotic manipulators inspired by biological systems offer enhanced flexibility, adaptability,
and efficiency in such conditions. This study presents the kinematic and dynamic modeling of a bio-inspired robotic
arm designed for SAR applications. The arm mimics human limb motion to achieve high dexterity and reachability.
Forward and inverse kinematics are derived using Denavit-Hartenberg (DH) parameters, while dynamic equations
are formulated using the Lagrangian approach. Simulation results demonstrate improved maneuverability and
stability under varying load conditions. The proposed model provides a foundation for developing efficient robotic
systems capable of operating in complex rescue scenarios.
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I. INTRODUCTION

model due to its high dexterity, redundancy, and
ability to perform complex tasks in constrained

Search and rescue operations are inherently complex spaces. By replicating these characteristics, bio-

due to unpredictable terrain, structural instability,
and time-critical conditions. Human rescuers often
face life-threatening risks while navigating collapsed
structures, fire-affected zones, and hazardous
environments. Robotics has emerged as a powerful
solution to assist or replace human intervention in
such scenarios, improving safety and operational
efficiency.

Robotic arms are particularly valuable in SAR
missions due to their ability to manipulate objects,
clear debris, and assist victims. However, traditional
robotic manipulators are typically designed for
structured industrial environments and lack the
adaptability required for dynamic and irregular
conditions. These systems often exhibit limited
degrees of freedom (DOF), restricted
maneuverability, and inefficient motion control when
deployed in real-world rescue operations.

Biologically inspired robotic systems aim to
overcome these limitations by mimicking the
structure and motion of natural organisms. The
human arm, for example, provides an excellent

inspired robotic arms can achieve improved
flexibility, reachability, and obstacle avoidance.

A critical aspect of robotic system design is the
integration of kinematic and dynamic modeling.
Kinematic modeling defines the relationship
between joint parameters and end-effector position,
enabling motion planning and control. Dynamic
modeling, on the other hand, accounts for forces,
torques, and energy interactions within the system,
ensuring stability and efficiency during operation.

Although several studies have explored either
kinematic or dynamic aspects of robotic systems,
limited work has been done on integrating both
approaches specifically for SAR-oriented bio-
inspired manipulators. This study addresses this gap
by developing a unified kinematic—dynamic model,
supported by simulation-based validation, to
enhance robotic performance in rescue applications.

Il. LITERATURE REVIEW

The development of robotic manipulators has
evolved significantly with the integration of
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advanced modeling techniques and bio-inspired
design principles. Early robotic arms were primarily
designed for industrial automation, focusing on
precision and repeatability rather than adaptability.
These systems relied heavily on rigid structures and
predefined motion paths, limiting their applicability
in unstructured environments.

Kinematic modeling using Denavit-Hartenberg
parameters has been widely adopted due to its
systematic representation of joint transformations.
This method simplifies the mathematical description
of multi-link robotic systems and is extensively used
in motion analysis and control design. However,
kinematic models alone are insufficient for
predicting system behavior under real-world loading
conditions.

Dynamic modeling techniques, particularly those
based on Lagrangian and  Newton-Euler
formulations, provide a deeper understanding of
force interactions and energy distribution within
robotic systems. These methods enable the
calculation of joint torques required for motion
execution, which is essential for actuator selection
and control design.

Recent research has focused on bio-inspired robotic
systems that replicate the flexibility and efficiency of
natural organisms. Such systems demonstrate
improved performance in tasks requiring dexterity
and adaptability. Additionally, simulation tools such
as MATLAB and Simulink have been widely used to
analyze robotic motion and validate theoretical
models.

Despite these advancements, there remains a lack of
integrated frameworks that combine kinematic
modeling, dynamic analysis, and application-specific
design for SAR operations. This study aims to bridge
this gap by developing a comprehensive modeling
approach tailored to rescue scenarios.

I1l. METHODOLOGY

The methodology follows a structured approach
integrating system design, kinematic modeling,
dynamic  formulation, and  simulation-based

validation. The overall workflow is illustrated through
sequential stages to ensure theoretical accuracy and
practical applicability for search and rescue (SAR)
operations.

Design Requirements and Problem Definition
The robotic arm is designed to operate in
unstructured SAR environments, requiring:

e High maneuverability in confined spaces

e Ability to handle payloads up to 5 kg

e Stable motion under dynamic loading

e Human-like flexibility for obstacle avoidance
These requirements guide the selection of degrees
of freedom (DOF), link dimensions, and actuator
capabilities.

System Configuration

A 5-DOF serial manipulator is selected to balance
complexity and performance. The joints are arranged
to replicate human arm motion:

Joint 1: Base rotation (yaw)

Joint 2: Shoulder pitch

Joint 3: Elbow pitch

Joint 4: Wrist pitch

Joint 5: Wrist rotation
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Link lengths are optimized to achieve a maximum
reach of approximately 450 mm, ensuring
accessibility in constrained environments.

Kinematic Modeling

Denavit-Hartenberg (DH) Formulation

The robotic arm is modeled using the DH
convention, which defines each joint using four
parameters:

e Oi:joint angle

e di: link offset

e ai:link length

e i link twist

The transformation between adjacent links is
expressed as:
cosf;, -sinficos; sinfsina; a;cosf]
e sinf, cosfcosa; —cosfising; ;sinf;
= |l sin; 008 ; d;
0 0 0 1

Forward Kinematics

The overall transformation matrix is obtained as:
This matrix defines the position and orientation of
the end-effector.

T = A1 A Az A A;

Inverse Kinematics
Inverse kinematics is solved to determine joint
angles for a desired end-effector position:

— f(:[:ﬁ Y, Z)

A hybrid approach is used:
e Analytical solutions for planar motion
e Numerical methods for complex configurations

Equation of Motion
This results in the standard robotic dynamic model:

8@2 ) 3@'2

M(q)G+ C(q,9)d + G(q) =
IV. RESULTS

The simulation results demonstrate that the
proposed bio-inspired robotic arm achieves stable
and efficient performance across all evaluated
conditions. The joint trajectory analysis confirms
smooth and continuous motion, indicating effective
kinematic modeling and proper coordination among
all degrees of freedom. Torque variation across joints
follows a predictable pattern, with peak values
observed in the shoulder and elbow joints due to
higher load transmission. This aligns with theoretical
expectations of serial manipulators. The end-effector
trajectory shows accurate path tracking in three-
dimensional space, validating the forward and
inverse kinematic solutions. Additionally, the
payload analysis indicates a nearly linear relationship
between applied load and required torque, ensuring
reliable actuator performance under varying
conditions. The position error remains below 2 mm
throughout the operation, demonstrating high
precision and robustness of the model. Overall, the
results confirm that the integration of kinematic and
dynamic modeling provides improved stability,
accuracy, and adaptability, making the system
suitable for real-world search and rescue
applications.

fig 1: the functional capabilities of the Conventional
arm versus your Bio-Inspired design.

The Bio-Inspired arm achieves a significantly higher
Max Reach of 450 mm and a Payload of 5 kg,
outperforming the conventional model in both
categories. It demonstrates superior accuracy with a
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lower Position Error of only 2 mm and operates with
a higher Torque Efficiency of 120%.

fig 2: the movement range of the five individual
joints over a 5-second duration.

Joint (green) and (orange) show the most aggressive
movement, climbing to approximately 90° and 85°
respectively. Joint move at a much shallower
gradient, ending their cycle at approximately 30° and
25°.

‘

fig 3: This line graph illustrates the mechanical force
(Nm) required by each joint as time progresses.
(orange) requires the highest torque, peaking at 7
Nm, followed by, (green) at 6 Nm, indicating these
joints handle the bulk of the structural load. Joint
(pink) remains the most efficient, requiring less than
3 Nm of torque throughout the entire movement.

V. CONCLUSION

This study presented a comprehensive framework
for the kinematic and dynamic modeling of a bio-

inspired robotic arm designed for search and rescue
operations. By incorporating Denavit-Hartenberg-
based kinematics and Lagrangian dynamic
formulation, the system achieves accurate motion
prediction and efficient force distribution. The
simulation results demonstrate that the proposed
design offers enhanced flexibility, improved payload
handling, and reduced positional error compared to
conventional robotic manipulators.

The  bio-inspired  configuration
improves  maneuverability in
unstructured environments, which
rescue operations. Furthermore, the system
maintains  stability under dynamic loading
conditions, ensuring safe and reliable performance.
The findings highlight the importance of integrating
mechanical design with advanced modeling
techniques to develop high-performance robotic
systems. This work provides a strong foundation for
future research in intelligent control, real-time
implementation, and field deployment of rescue
robots.

significantly
confined and
is critical for
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