Engineering Research Journal

journal homepage: https://erj.journals.ekb.eq/

Development and Optimization of a Cost-Effective Lightweight
Humanoid Robotic Arm for Assistive Applications

Mustafa Mahmoud !, Mohamed Selmy 2, and Mahmoud Elsamanty

Mechanical Engineering Department, Faculty of Engineering at Shoubra, Banha University, Cairo 13518, Egypt
2Electrical Engineering Department, Faculty of Engineering at Shoubra, Banha University, Cairo 13518, Egypt

3Mechatronics and Robotics Department, School of Innovative Design Engineering, Egypt-Japan University of Science and
Technology, Alexandria, Egypt
*Corresponding Author E-mail: mustafa.mahmoud@feng.bu.edu.eg

Abstract

This paper presents the development of a cost-effective, lightweight humanoid robotic arm designed to
assist the elderly and vulnerable populations. The study aims to provide specialized robotic arms by
utilizing a motion planning method based on human arm biomechanics. The arm, created using 3D
printing technology with 40% infill, achieves a weight reduction of over 60%. Low-torque servos and a
human-like adaptable gripper further enhance cost efficiency and functionality. The arm features
simplified joints and is driven by six modified R/C servomotors with analog feedback for precise angle
measurement. System identification shows high accuracy, with joint fit percentages ranging from 87.5%
to 97.07%. A PID controller, optimized via genetic algorithm (GA), particle swarm optimization (PSO),
and honey badger algorithm (HBA), ensures rapid and accurate positioning. The Simscape library models
the arm dynamic behavior, addressing forward and inverse kinematics, workspace, and path planning.
These innovations promise to advance assistive technologies significantly.
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1. Introduction

The human hand is crucial for civilization development. As humans evolved to walk upright, their
hands developed functions for balance, interaction, and communication. Studying arm motion
helps those who have lost their arms regain daily function and societal value [1]. Humanoid robots,
like the model proposed in this paper, mimic the human body. They can walk, manipulate objects,
and sometimes imitate facial features. These robots replicate human tasks and may collaborate with
people for a better future. Researchers analyze human anatomy to create these robots, which are
also used for personal assistance and tasks involving human-designed tools and vehicles [2].
Humanoid robots are valuable for dangerous or remote space exploration, especially with artificial
intelligence. Some models, like the one in this paper, focus solely on the upper limb[3].

In recent years, engineers and scientists have developed exoskeleton robots to enhance human
muscle strength[4]. These powered, wearable robots use hydraulic or electric actuators to support
heavy object transportation, reducing physical fatigue and muscle-skeletal illnesses in operators
[1], [5]. Most humanoid arm components in this research are 3D printed using polylactic acid
(PLA) to ensure durability, with some parts made of wood to reduce costs[3], [5], [6]. The motion
of the proposed six degrees of freedom arm is also investigated and optimized.

The development of humanoid robotic arms has been an area of significant research, focusing on
enhancing functionality, cost-efficiency, and adaptability for various applications, particularly
assistive technologies. This literature review highlights key advancements and methodologies
employed in the field.

Recent studies have emphasized the importance of using lightweight materials and advanced
manufacturing techniques to create cost-effective robotic arms. For instance, [7] explored the use
of 3D printing technology to reduce the weight and cost of robotic components. The study
demonstrated that a 40% infill design could significantly reduce the weight of the arm while
maintaining structural integrity. Similarly, investigated the benefits of using composite materials
in robotic arm construction, highlighting improvements in strength-to-weight ratios and overall
performance.

The implementation of control systems is crucial for the precise operation of robotic arms. PID
controllers are commonly used due to their simplicity and effectiveness in various applications.
However, traditional methods for tuning PID gains, such as Ziegler-Nichols, often do not yield
optimal results. Advanced optimization techniques like genetic algorithms (GA), particle swarm
optimization (PSO), and honey badger algorithm (HBA) have been employed to enhance controller
performance.[8], [9] provided a comprehensive comparison of these optimization methods,
demonstrating their effectiveness in reducing settling time, overshoot, and steady-state error in
robotic systems. Further validated these findings through experimental trials, confirming the
improved dynamic characteristics of the optimized controllers.
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Accurate kinematic modeling is essential for the development of robotic arms, allowing for precise
control and movement. The Denavit-Hartenberg (DH) convention is widely used for this purpose,
as it simplifies the mathematical modeling of robotic joints and links.[10] utilized the DH
convention to model a humanoid robotic arm, demonstrating the importance of forward and inverse
kinematics in predicting and controlling the arm's movements. Additionally, employed simulation
software to validate the kinematic models, ensuring that the theoretical designs corresponded to
real-world performance.

Humanoid robotic arms have significant potential in assistive applications, particularly for the
elderly and individuals with physical disabilities. [11] discussed various use cases for robotic arms
in home environments, such as assisting with daily tasks like eating, dressing, and personal
hygiene. The study emphasized the importance of creating user-friendly and adaptable robotic
systems to improve the quality of life for users. [12] explored the role of robotic arms in
rehabilitation, providing support during physical therapy exercises and aiding in the recovery
process. The adaptability and precise control of these arms make them suitable for tasks requiring
delicate or repetitive movements, further highlighting their versatility in assistive technologies.

This paper aims to develop a controller that requires the acquisition of a trajectory for human arm
motion. To achieve these purposes, the following procedure followed: the mechanical design for
the proposed arm is described in section (2), and the Simscape modeling for the proposed arm and
forward, inverse kinematics, and trajectory planning were studied in section (3). Section (4)
illustrates the experimental work, including the motors model identification of the optimized PID
parameters using Genetic, particle swarm algorithms, and honey badger algorithm (HBA) for
different trajectories.

2. Mechanical design of the humanoid arm

After analyzing the motion of a human arm, it was determined to correspond to Z-axis rotation at
the shoulder (3 degrees of freedom), elbow (1 degree of freedom), forearm (1 degree of freedom),
and wrist (2 degrees of freedom). The proposed robotic arm in this study features six degrees of
freedom: shoulder flexion/extension, shoulder adduction/abduction, elbow flexion/extension,
elbow supination/pronation, wrist flexion/extension, and ulnar/radial deviation. These joints
collectively determine the position and orientation of the humanoid arm's end effector, which is
represented by a hand and five fingers[13].

The CAD model of the developed humanoid arm is shown in Fig. 1. The design meticulously
integrates mechanisms for the shoulder, elbow, wrist, and gripper to replicate human anatomy
while emphasizing durability, efficiency, and flexibility. Using lightweight yet robust materials, as
depicted in Fig. 1 (Shoulder Flexion/Extension and Shoulder Adduction/Abduction), the arm
balances strength and weight for optimal performance. Each joint is strategically designed with
specific degrees of freedom to mimic natural human movements while maintaining simplicity and
functionality.
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Fig. 1 CAD model of the humanoid arm connected to chest.

The elbow mechanism, shown in Fig. 1 (Elbow Flexion/Extension and Elbow
Supination/Pronation), replicates human anatomy with a natural range of motion driven by high-
torque servomotors for precise actuation. Similarly, the wrist mechanism, illustrated in Fig. 1
(Wrist Flexion/Extension and Ulnar/Radial Deviation), incorporates multiple degrees of freedom
for complex motions, actuated by high-torque servomotors and equipped with sensors for real-time
feedback[14], enhancing environmental interaction. Modular components facilitate maintenance
and contribute to the humanoid aesthetic.

Table 1 Upper Limb Joint Parameters.

Joint Min. Required Motor
No Joints Torque Torque
’ (Kgf.cm) (Kgf.cm)

Shoulder flexion/extension 77.65 100

2 Shoulder adduction/abduction 77.65 100

3 Elbow flexion/extension 32.15 74

4 elbow supination/pronation 6.5 36

5 wrist flexion/extension 6.525 16

6 Ulnar/radial deviation 4.44 16
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3. Humanoid Hand Mechanism

The developed hand mechanism closely resembles a human hand, making it adaptable for holding
various shapes. It consists of five fingers, designed to operate efficiently with just three
servomotors, as illustrated in Fig. 2. The index, middle, and ring fingers are controlled by a single
servomotor. At the same time, the pinkie and thumb each have their dedicated servo motors[15].
To achieve this functionality, a series of linkages and gears were incorporated to distribute the
motion from the servomotors to the fingers. The central servomotor, responsible for the index,
middle, and ring fingers, employs a complex linkage system that ensures coordinated movement,
mimicking the natural grasping motion of a human hand. This design not only reduces the number
of servomotors required but also minimizes the overall weight and complexity of the hand
mechanism.

Each finger is equipped with joints that replicate the human finger range of motion, providing
flexibility and dexterity. The thumb, controlled by its servomotor, is positioned and oriented to
allow opposition to the other fingers, a crucial feature for grasping and manipulating objects of
various shapes and sizes. The pinkie finger, also independently controlled, enhances the hand
mechanism’s ability to secure and stabilize objects, particularly when dealing with irregular shapes.
The servomotors are equipped with feedback mechanisms to provide real-time position and force
data[16], enabling precise control and adjustment during operation. This feedback is crucial for
tasks requiring delicate handling or when interacting with fragile objects. Additionally, the use of
high-torque servomotors ensures that the hand mechanism can exert sufficient force to hold and
manipulate heavier objects without compromising stability or control.

Overall, the design of the hand mechanism prioritizes adaptability, efficiency, and reliability,
making it a versatile tool for various applications in robotic assistance and rehabilitation. This
innovative approach not only enhances the functionality of the humanoid robotic arm but also sets
a new benchmark for hand mechanism design in robotic systems.
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Fig. 2 Humanoid hand cad model
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4. Arm Kinematics

4.1Forward Kinematics

Forward kinematics are instrumental in determining the final position and orientation of the model.
This process involves calculating the position and direction of the end-effector based on the given
joint parameters. For accurate determination, frame representation is paramount [10]. In this study,
the arm kinematic model adheres to the Denavit-Hartenberg (DH) convention, which
systematically assigns frames to each joint and link. This convention simplifies the mathematical
modeling of the robotic arm movements, ensuring precise calculations of the end-effector's position
and orientation. The DH parameters, which include link lengths, twist angles, and offsets, are used
to construct the transformation matrices for each joint.

Fig. 3 illustrates the kinematic model of the arm, along with the frames assigned according to the
DH convention. Each joint's frame is represented in a manner that facilitates the computation of
forward kinematics. The frames provide a reference for the position and orientation of each
segment of the arm, enabling a clear and consistent approach to modelling the arm's movements.
The implementation of forward kinematics in this research involves a series of transformations that
are applied sequentially from the base of the arm to the end-effector. By multiplying the
transformation matrices derived from the DH parameters, the overall transformation matrix is
obtained. This matrix encapsulates the position and orientation of the end-effector in the Cartesian
coordinate system.
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Fig. 3 The arm's joints and frames

Table 2 shows the DH parameters calculated from the humanoid arm robot.

joint (7] d a a
J1 Oeq 90 0 -90
J2 Ocs 0 260 90
J3 Oes 0 0 -90
J4 Ocs 194.5 0 90
J5 Oes 0 50 -90
J6 Oeq 0 110 0

4.2Humanoid Arm joints range and Workspace

By incorporating the motion characteristics of the human arm into the robotic arm, the humanoid
motion of the robotic arm can be realized. This process involves mapping the relationships between
the human arm's movements and those of the robotic arm. The human arm is composed of three
major complex joints: the shoulder complex, the elbow complex, and the wrist joint, as depicted in
Fig. 4[17].



Mustafa Mahmoud et al./ Engineering Research Journal (2024) 183(3)

M25

In developing the robotic arm, a thorough comparison between the human arm and the robotic arm
was conducted. The range of motion for each joint in the robotic arm was designed to match that
of the human arm closely. The proposed arm motion ranges for each joint are shown in Table 3,
which details the minimum and maximum angle ranges of the humanoid arm[18], [19]. This
comparison ensures that the robotic arm can mimic the natural movements of a human arm,
enhancing its functionality and adaptability.

Integrating these motion characteristics allows the robotic arm to perform tasks with a level of
dexterity and precision similar to that of a human arm. By studying the biomechanics of the human
arm, specific ranges of motion were defined for the robotic arm's shoulder, elbow, and wrist joints.
This meticulous design ensures that the robotic arm can achieve the necessary movements for
various applications, from simple grasping to complex manipulations.

The workspace of the humanoid arm was examined and debated to determine the manipulator
robot's restricted mobility range[20]. As shown in Error! Reference source not found. (a), the 3
D workspace with a side slice at Y=-59.5mm to extract the 2D workspace for the robot in side-
view (X-Z plane) as shown in Error! Reference source not found. (b).

Fig. 4 Humanoid arm joints and links

Table 3 Range of active joints of the proposed arm

link Theta(rad)
No. Theta no. min max
1 01 — /2 /2
2 02 — /2 0
3 03 — /2 0
4 04 — /2 /2
5 ®5 0 T
6 06 -/ 2 w/2
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Fig. 5 (@)Humanoid arm 3D workspace with slice plane at Y=-59.5 (b) Humanoid
arm 2D workspace slice at Y=-59.5

5. Experimental work

The experimental setup involved several key components and steps to ensure accurate control and
measurement of the robotic arm’'s movements as shown in fig.6. Initially, each servomotor was
connected to a PWM pin on the Arduino board. The motor's power supply (Vcc) and ground
connections were secured to the 5-volt and ground terminals on the Arduino, respectively, ensuring
a stable power supply. For accurate joint angle measurement, rotary potentiometers were coupled
with each joint of the robotic arm. These potentiometers provided real-time feedback on the joint
positions. The potentiometers' outputs were connected to the analog input pins on the Arduino
board. This connection allowed the Arduino to read the analog voltage signals corresponding to
the joint angles.
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Fig. 6 the Experimental setup for the proposed arm

The analog signals from the potentiometers were then processed and converted into precise angle
measurements using MATLAB software. The Arduino transmitted these analog signals to the
computer, where MATLAB executed the necessary computations to translate the voltage levels
into angular positions. This conversion process was essential for real-time monitoring and control
of the robotic arm. The Arduino board acted as the central interface, facilitating communication
between the servomotors, potentiometers, and the computer. This setup enabled precise control of
the servomotors based on the feedback received from the potentiometers[21]. Each servomotor's
position could be adjusted accurately to achieve the desired joint angles, ensuring the robotic arm's
movements closely mimicked those of a human arm.

Additionally, a custom control algorithm was implemented in MATLAB to manage the PID control
of the servomotors. The PID parameters were optimized using advanced techniques such as genetic
algorithm (GA), particle swarm optimization (PSO), and honey badger algorithm (HBA) to
enhance the system's responsiveness and accuracy. This optimization ensured that the servomotors
could achieve rapid and precise positioning, essential for tasks requiring high dexterity and control.
The entire system was thoroughly tested to validate its performance. The feedback from the
potentiometers was continuously monitored, and the control signals to the servomotors were
adjusted in real time to maintain the desired joint angles. This closed-loop control system ensured
that the robotic arm operated with high precision and stability, replicating human-like movements
effectively.
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5.1 System identification

The transfer function for each joint was obtained by using the MATLAB system identification
toolbox, inserting the reference signal and the measured one as arrays, and inserting the sampling
rate (Ts)[22].

num(s)
den(s)

In this experimental setup, Y(s) represents the model output, which is the system's observed
response. The input to the model is denoted as U(s), which is the control signal, or the desired input
applied to the system. The difference between the desired input and the observed output is
represented by E(s), which is the error signal. This error is crucial for adjusting the control
parameters to achieve the desired performance.

Y(s) =

U(s) + E(s) €Y)

Table 4 The obtained transfer functions for the motors moving the six joints.

Joint equation Fitness%
. 7
Joint 1 5708 95.6%
s2 +465.6s + 5709
. .17
Joint 2 68 87.5%
s2+9.345s + 67.87
. 194.6
Joint 3 93.97%
s2+20.52s +194.3
Joint 4 194.6 97.07%
s2+20.52s +194.3
. 3218
Joint 5 96.69%
sZ2 +44.58s + 3216
. 3218
Joint 6 90.34%
s2 +44.58s + 3216

5.2PID controller

The controller plays a crucial role in system control, ensuring that the output aligns with the
reference values. PID controllers, illustrated in Fig. 6, are widely used in process industries due to
their ability to enhance system response by reducing settling time, overshoot, and steady-state error.
Traditional methods for tuning the PID gains, such as Ziegler-Nichols and Chien-Hrones-Reswick,
are commonly used but may not always provide optimal results. To achieve superior performance,
intelligent computation methods like Genetic Algorithm (GA)[23] and Particle Swarm
Optimization (PSO) [24] can be employed for more efficient optimization of the PID parameters.
These advanced techniques offer improved accuracy and responsiveness compared to traditional
tuning methods. The transfer function of the PID controller can be represented as follows:
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Fig. 7 Block Diagram of PID controller

Where Kp, Ki, and Kgq are the proportional, integral, and derivative gains, respectively. Algorithm
iterations are performed to determine the optimal PID parameters using the genetic algorithm,

particle swarm optimization, and the honey badger algorithm [25].

Table 5 Particle swarm optimization parameters

Parameter Typel/value
No. of iterations 100
No. of particles 50
w 0.9
C1 2
C2 2
Fit fun. Integral time absolute error

Where:

W is the inertia coefficient, Ci1 is the personal Acceleration coefficient, and C: is the social

Acceleration coefficient.

Table 6 Genetic algorithm parameters

Parameter Type/value
Generation 100
Population size 50
selection Tournament
Mutation Adaptive feasible
Crossover Arithmetic
Fit fun. Integral time-absolute of error
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Parameter Type/value
Honey Badger number 100
B (the ability of a honey badger to get food) 6
C 2
Fit fun. Integral time-absolute of error
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Table 8 PID parameters for each joint are obtained using two optimization techniques: the genetic
algorithm, particle swarm optimization, and the honey badge algorithm.

Joint Algorithm K, K; K,
GA 1 65.80488 0
Joint 1 PSO 1 65.89404 0
HBA 1 65.70559 0
GA 0.999888 7.58499 0.068931
Joint2 PSO 1 7.586916 0.069289
HBA 1 7.073787 0
GA 0.999998 12.57586 0.010777
Joint3 PSO 1 12.58496 0
HBA 1 12.58481 0
GA 0.999985 30.762 0.009445
Joint4 PSO 1 20.80664 0
HBA 1 20.86168 0
GA 0.939508 47.68741 0.014258
Joint5 PSO 1 39.01049 0
HBA 0.999927 55.36272 0.016789
GA 0.999962 64.70607 0.170795
Joint6 PSO 1 14.28109 0
HBA 1 14.2806 0

6. Validation of Kinematic Controller

To validate the kinematic equations of the robotic arm, a comprehensive analysis of a three-
dimensional path was conducted. The arm model was initially constructed in SolidWorks, a
powerful CAD software, to ensure precise mechanical design and accurate representation of the
arm's components and joints. This detailed model was then imported into MATLAB using the
SIMSCAPE library, which provides a versatile environment for simulating and analyzing
mechanical systems. In the analysis, a specific three-dimensional path, in this case, a square
trajectory, was chosen to evaluate the performance and accuracy of the kinematic model. Fig. 7(a)
illustrates the square path that the robotic arm is required to follow. The study aimed to compare
the desired path with the actual path achieved by the robotic arm, focusing on the first three

joints[26].



Mustafa Mahmoud et al./ Engineering Research Journal (2024) 183(3)

M31

The robotic arm was controlled using a PID controller, which was applied to the first three joints.
The effectiveness of the PID controller in tracking the desired path was evaluated using three
different optimization techniques: Particle Swarm Optimization (PSO), Genetic Algorithm (GA),
and Honey Badger Algorithm (HBA). These optimization algorithms were employed to fine-tune
the PID parameters, enhancing the controller's performance in minimizing errors and improving
the accuracy of the arm's movements. Fig. 7(b) depicts the relationship between the desired path
and the actual path followed by the robotic arm under the control of the PID controller, optimized
by the three techniques above. The results demonstrate the effectiveness of each optimization
method in achieving precise path tracking. PSO, GA, and HBA each offer distinct advantages in
optimizing the PID controller parameters, contributing to reduced error margins and enhanced
control accuracy.
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Fig. 8 (a) the desired path and the actual path with PID controller on the first 3 joints with PSO
and GA and HBA. (b) more detailed view to notice the difference between the four paths.
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7. Conclusions

This manuscript presents the development and optimization of a cost-effective, lightweight
humanoid robotic arm designed to assist the elderly and vulnerable populations. By leveraging 3D
printing technology, the arm achieves significant weight reduction while maintaining structural
integrity and functionality. The incorporation of low-torque servomotors and an adaptable hand
mechanism further enhances cost efficiency and operational capability. The study integrates human
biomechanics into the design, ensuring that the robotic arm mimics the natural movements of a
human arm. Forward kinematics, modeled using the Denavit-Hartenberg convention, provides
precise calculations of the end-effector’s position and orientation. The arm’s six degrees of freedom
enable a range of complex motions, critical for effective robotic assistance and rehabilitation.
System identification through MATLAB has demonstrated high accuracy in joint movements, with
fit percentages between 87.5% and 97.07%. The use of advanced optimization techniques such as
Genetic Algorithm (GA), Particle Swarm Optimization (PSO), and Honey Badger Algorithm
(HBA) to fine-tune the PID controller parameters has resulted in improved system responsiveness
and precision. Experimental validation of the kinematic equations and control algorithms confirms
the robotic arm’s ability to follow a predefined three-dimensional path accurately. This validation
underscores the system’s reliability and potential for real-world applications.
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