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Abstract

The development of intelligent robotic arms has played a pivotal role in advancing
automation technologies and reshaping the robotics industry. This paper presents a
comprehensive review of various robotic arm architectures, including serial, parallel,
spherical, hybrid, and flexible manipulators, with a focus on their design, development,
and application. Pneumatic and hydraulic-driven systems are highlighted for their
adaptability and precision in dynamic operational environments. Additionally, the
transformative role of Artificial Intelligence (AI) and Machine Learning (ML) in
optimizing mechanical design and enhancing robotic functionality is critically analyzed.
By synthesizing recent advancements and identifying emerging trends, this study
provides valuable insights into the future directions of intelligent robotic arm
technologies and their applications across diverse fields.
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1. INTRODUCTION

The field of robotics has made substantial advancements in recent years, with robotic arms
playing a crucial role across diverse sectors such as industry, healthcare, and research.
Intelligent robotic arms, designed to replicate human dexterity and precision, have become
essential tools in a wide range of applications, from manufacturing processes to surgical
procedures. Their development involves complex design considerations, the implementation of
advanced control strategies, and, increasingly, the integration of Artificial Intelligence (AI) and
Machine Learning (ML). These technologies empower robotic arms to adapt to dynamic
environments, enhance operational efficiency, and perform tasks with unprecedented precision.

This paper offers a comprehensive review of the design and development of intelligent
robotic arms, focusing on six key structural configurations: serial, parallel, pneumatic or
hydraulic-driven, flexible, spherical, and hybrid systems. Additionally, the influence of Al and
ML on robotic arm design is examined, emphasizing their transformative role in fostering
innovation and sustainability within the field. By critically analyzing recent advancements, this
study aims to highlight the current state-of-the-art in robotic arm technologies and provide
insights into potential future directions for research and application.
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2. INTELLIGENT ROBOTIC ARM
2.1.Serial Structure Robotic Arm

The design and optimization of robotic arms have been central to recent advancements in
robotics research. Ouyang developed a tendon-driven continuum soft robot with a modular
structure, allowing for adjustable arm length by incorporating additional segments [1]. Zhao et
al. investigated the topology optimization of a 2-DOF hybrid robotic arm, aiming to enhance
its overall performance [2]. Crenganis et al. conducted a dynamic analysis of a 5-DOF robotic
arm with a serial topology using MATLAB-Simulink Simscape, contributing to a deeper
understanding of its kinematic behavior [3]. Chen et al. proposed a method for designing a
tensegrity joint, which can be applied to large-scale serial robotic arms [4]. Li et al. utilized the
finite element method to optimize the structure and dimensions of multi-segment soft robotic
arms and further proposed an optimization design for the configuration, structure, and
drivetrain synthesis of serial robotic arms [5][6]. He et al. focused on the design and
experimental validation of a robotic arm featuring a rigid-soft coupling structure [7]. Danaci et
al. explored the application of Particle Swarm Optimization for solving the inverse kinematics
problem in serial robot manipulators [8]. Finally, Chen et al. introduced a novel hybrid six-DOF
robotic arm, combining the advantages of parallel and serial mechanisms to achieve a
significantly larger workspace [9]. Collectively, these studies contribute to the advancement of
serial-structure robotic arms through innovative design, optimization techniques, and
enhanced control strategies. Figure 1 shows different serial structure robotic arms.

Figure 1. Serial structure robotic arm. (a) The robot arm under unjammed state [1]. (b) 5DOF
robotic arm [3]. (c¢) Robotic arm with a rigid-soft coupling structure [7]. (d) Baxter’s left-arm
in joint configurations [8]. (e) 6DOF robotic arm [9].

The trend observed in these studies indicates a clear shift towards improving the adaptability
and performance of serial robotic arms through novel design methodologies, advanced
optimization techniques, and hybrid structures. Researchers are increasingly focusing on
modular, soft, and hybrid systems, with particular attention to enhancing workspace capacity,
structural efficiency, and kinematic solutions. The integration of advanced optimization
methods, such as Particle Swarm Optimization, alongside the exploration of rigid-soft coupling
structures, is likely to drive future advancements in this field.
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2.2.Parallel Structure Robotic Arm

Recent advancements in parallel structure robotic arms have introduced innovative
approaches aimed at enhancing their functionality. One such study on cooperative continuum
robots explored the reconfiguration of individual continuum arms into a parallel manipulator,
thereby improving operational flexibility and task precision [10]. Another investigation focused
on a serial-parallel hybrid humanoid arm, emphasizing the optimization of dynamic load
distribution and demonstrating how the integration of serial and parallel structures enhances
both stability and performance in complex humanoid applications [11]. Yu et al. introduced a
novel multilevel convolutional neural network approach for robotic grasping, utilizing either a
parallel gripper or a multifingered dexterous hand, achieving high-precision grasping of
unknown objects [12]. Valayil et al. proposed a hybrid serial-parallel manipulator designed for
upper limb rehabilitation in stroke patients, systematically analyzing its kinematic performance
[13]. Abidoye et al. developed a 3-Universal-Spherical-Revolute soft parallel robot and used
MATLAB Simscape to simulate its dynamic response [14]. The latest advancements in parallel
structure robotic arms are shown in Table 1.

Table 1. Recent work of parallel structure robotic arm

Researchers Materials Performance Applications Functions
Russo, Matteo, et Continuum R.econflgurable Cooperative El.lh.a.n ced
into parallel . flexibility and
al [10]. arms . robotics -
manipulator precision
Li, Yanbiao, etal  Serial-parallel Optlmlzed Humanoid Impl.‘oved
dynamic load . stability and
[11]. arm o robotics
distribution performance
Yu, Qunchao, et al Neural High-accuracy . . Handling
[12] networks arasping Robotic grasping unknown
' objects
Valayil, Tony P, et : . Kinematics and Rehabilitation Imprp ved
Robotic device workspace mobility for
al [13]. . therapy .
analysis stroke patients
Abidove. Cecil. et Novel 3-USR Enhanced
e, ’ Soft materials parallel robot Soft robotics adaptability and
al [14]. : -
design flexibility

These studies highlight a growing trend toward hybrid and multifunctional robotic systems,
which combine parallel structures with soft, continuum, and serial mechanisms to improve
flexibility, precision, and performance across various applications. Additionally, there is an
increasing focus on leveraging advanced computational methods—such as neural networks and
dynamic simulations—to optimize the design and control of these robots, particularly in
medical and grasping tasks. This shift suggests a move toward the development of more
adaptive, efficient, and application-specific robotic arms.

2.3.Pneumatic or Hydraulic Driven Structural Manipulator

Recent research has increasingly focused on pneumatic and hydraulic-driven structural
manipulators, recognizing their potential for enhancing robotic functionality. Kreinin et al.
addressed the parametric and structural optimization of pneumatic positioning actuators,
aiming to balance trade-offs through dynamic modeling [15]. Similarly, Karamguzhinova et al.
explored the potential of mechatronic systems in engineering complexes, identifying industries
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with significant prospects for hybrid and mechatronic drives [16]. In the realm of robotic upper
limbs, Wang et al. conducted a survey on primary drive methods, including hydraulic and
pneumatic systems, emphasizing their impact on the weight and output performance of robotic
limbs [17]. Wang et al. proposed a soft electro-hydraulic pneumatic actuator with self-sensing
capabilities for multi-modal haptic feedback, demonstrating the advantages of dual drive modes
in generating tactile experiences [18]. Zhang et al. developed a model for an interconnected
hydro-pneumatic suspension system, analyzing subsystems to effectively control vehicle
attitude adjustments [19]. Other studies have introduced innovative manipulator designs: Jing
etal. presented a continuum manipulator with a rigid-flexible coupling structure to overcome
design challenges, while Loveykin et al. optimized manipulator motion on an elastic base to
reduce oscillations and improve efficiency [20][21]. Yoshimitsu et al. developed a tensegrity
manipulator with 40 pneumatic cylinders to investigate functionality in hyper-redundant
musculoskeletal systems [22]. Recent work on pneumatic or hydraulic driven structural
manipulator is presented in Figure 2.

Figure 2. Pneumatic or hydraulic driven structural manipulator. (a) A soft electro-hydraulic
pneumatic actuator [18]. (b) continuum manipulator with rigid-flexible coupling structure
[21]. (c) Manipulator driven by 40 pneumatic cylinders [22].

These studies underscore a strong trend toward optimizing pneumatic and hydraulic systems
for structural manipulators, with an emphasis on balancing performance, stability, and
efficiency. Researchers are increasingly exploring hybrid designs and advanced drive
mechanisms to enhance functionality across various domains, including robotics and
mechatronics. The integration of self-sensing capabilities and multi-modal feedback systems
suggests a future where these manipulators will become more adaptive and interactive,
particularly in haptic feedback and complex system dynamics.

2.4.Flexible Finger Manipulator

The development of flexible finger manipulators has emerged as a key area of research within
robotics. Lin et al. introduced a compliant underwater manipulator equipped with an integrated
tactile sensor for nonlinear force feedback control, enabling precise manipulation in
underwater environments [23]. Li et al. presented a rigid-flexible coupling three-finger soft
gripper designed for fruit picking, overcoming the limitations of traditional rigid and flexible
manipulators [24]. Durini et al. focused on the design and validation of a soft, large-area sensor
for tactile and proprioceptive sensing in collaborative robotic manipulators, specifically for the
index finger [25]. Liu et al. explored the dynamic characteristics and anti-slip grasping
performance of a two-finger translational manipulator, offering valuable insights into
automation system design [26]. Guan et al. proposed a bio-inspired variable stiffness method
based on muscle antagonism, demonstrating its potential for use in robots and prosthetic hands
[27]. Peng et al. designed an adaptive manipulator with a bionic underdrive finger, enabling
flexible, stable, and rapid grasping of objects of varying shapes [28]. Wang et al. developed a
variable stiffness gripper with reconfigurable finger joints, focusing on stiffness-tunable
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mechanisms and kinematic characteristics for versatile manipulation [29]. Wei et al. introduced
an adaptive cable-driven manipulator capable of transitioning between clamping and grasping,
emphasizing adaptability and compliance for diverse operations [30]. Li et al. proposed a
double-finger flexible manipulator model for grasping complex target objects of various shapes,
focusing on the kinematic model of the envelope clamping process [31]. Additionally, Chen et al.
presented a flexible artificial tactility system based on an organohydrogel sensor array,
designed for robot motion detection and object shape recognition, demonstrating robustness
and temperature tolerance [32]. Figure 3 shows different flexible finger manipulators.

Figure 3. Flexible finger manipulator. (a) A rigid-flexible coupling three-finger soft gripper
[24]. (b) A collaborative robotic manipulator [25]. (c) Anti-slip grasping of two-finger
translational manipulator [26]. (d) An adaptive cable-driven manipulator [30]. (e) An

intelligent robotic arm [32].

Overall, the literature on flexible finger manipulators highlights substantial advancements in
design, control, and sensing technologies, significantly enhancing the capabilities of robotic
manipulators across a wide range of applications.

These studies reveal a clear trend toward improving adaptability, versatility, and sensing
capabilities in flexible finger manipulators. Researchers are increasingly combining rigid and
flexible components, integrating variable stiffness mechanisms, and advancing sensing
technologies to improve precision and efficiency in diverse environments. The incorporation of
bio-inspired designs and adaptive systems further reflects a broader move toward developing
more intelligent, responsive robotic manipulators with applications in both industrial and
healthcare sectors.

2.5.Hybrid Structure Robotic Arm

The design and optimization of robotic arms have been pivotal in enhancing their
performance across diverse applications. Jiao et al. proposed an adaptive hybrid impedance
control system for a dual-arm robot designed for collaborative manipulation of unknown
objects, employing a master-slave structure tested at three different levels [33]. Zeng et al. and
Cao et al. both investigated shared control paradigms for robotic arms, blending human input
with machine autonomy[34][35]. Zeng et al. developed a hybrid human-robot interaction
system incorporating a Brain-Machine Interface (BMI) and gaze-tracking, while Cao et al.
created a shared control model that dynamically fused user characteristics with machine
inference confidence to optimize robotic arm motion. Amiri et al. presented a hybrid optimal
Genetic-Swarm solution for solving the Inverse Kinematics (IK) problem in multi-joint robotic
arms, utilizing Genetic-Swarm Optimization (GSO) combined with a Lagrangian-based dynamic
model [36]. Park et al. proposed a hybrid jamming structure that integrated granules and chain
structures to enhance stiffness and force capabilities in robotic applications [37]. In terms of
control strategies, Sutyasadi et al. introduced an improved hybrid controller combining an Hee
Robust Controller and an Iterative Learning Controller, validated through both simulations and
hardware experiments [38]. Finally, Xu et al. developed a continuous hybrid Brain-Computer
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Interface (BCI) control system for robotic arms, integrating noninvasive EEG, computer vision,
and eye tracking to perform multitarget reach and grasp tasks while avoiding obstacles [39].
Recent work on hybrid structure robotic arm is presented in Figure 4.

Figure 4. Hybrid structure robotic arm. (a) A dual-arm robot manipulator [37]. (b) A semi-
autonomous robotic arm [38]. (¢) A robotic arm [42].

Overall, these studies emphasize the growing importance of hybrid structures and control
systems in enhancing the performance and versatility of robotic arms, from topology
optimization and impedance control to shared autonomy and trajectory tracking. These
innovations contribute to the ongoing development of more efficient and adaptable robotic arm
technologies.

These studies underscore a trend toward hybridizing various components of robotic systems,
from control strategies to physical structures, to improve versatility and performance. The
integration of human-robot interaction, shared autonomy, and advanced optimization
techniques suggests a future where robotic arms are more adaptable, efficient, and capable of
performing complex, collaborative tasks. Furthermore, advancements in hybrid control systems
and computational models indicate that future robotic arms will be more intuitive, responsive,
and precise in dynamic environments.

3. THE IMPACT OF Al AND MACHINE LEARNING (ML) IN MECHANICAL
DESIGN

The impact of Artificial Intelligence (Al) and Machine Learning (ML) on mechanical design
has attracted significant attention in recent literature. Ferreira et al. conducted a survey on Al
explainability within the computer science community, identifying key research themes in
explainable AI [40]. Blease et al. collected predictions from health informaticians regarding the
future impact of AI/ML on primary care in the United States by 2029, providing valuable
insights into the consensus perspectives on this topic [41]. Ashktorab et al. explored the concept
of "batch labeling,” an Al-assisted user experience paradigm that enables data labelers to apply
a single labeling action to multiple records [42]. Hu et al. proposed a standardized formalism
for machine learning, offering a unifying framework to understand various ML algorithms
across different learning paradigms [43]. Barrera et al. demonstrated the use of 3D
convolutional neural networks in Al-aided design of tissue engineering scaffolds, showcasing
the potential of ML in predicting the mechanical properties of innovative materials [44]. Mafu
et al. discussed the design and implementation of an efficient Quantum Support Vector Machine
model, emphasizing the importance of algorithms that can improve by learning from data [45].
Fuhr et al. reviewed the role of deep generative models in accelerating materials discovery via
ML, highlighting their transformative potential in driving technological innovation [46].
Additionally, Jarvenpaa et al. synthesized green architectural strategies for ML-enabled systems,
focusing on minimizing the energy footprint of Al to promote sustainability in ML system design
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[47]. The latest advancements in machine learning (ML) applied to mechanical design are
presented in Table 2.

Table 2. Recent work of machine learning (ML) in mechanical design

Mechanical Design  Artificial Intelligence

Researchers Direction Model Applications
Blease, Charlotte, et Impact of ML on Machine Learnin Primary care in the
al [41]. healthcare systems & US
Ashktorab, Zahra, et Al-assisted data Batch processing Human-m-th.e-loop
. data labeling
al [42]. labeling model .
efficiency
Standardization of Framework for Broad apolications in
Hu, Zhiting, et al [43]. machine learning various ML p%\)/IL
paradigms algorithms
Bermejillo Barrera, Al-driven tissue 3D convolutional T;isél?eer;il;zeé‘lfelg
Maria D., et al [44]. scaffold design neural networks &

medicine

Quantum Support

Mafu, Mhlambululi, Quantum computing Vector Machine

High-efficiency data

et al [45]. in ML (QSVM) classification
Fuhr, Addis S., et al . . Deep generative Innovation in
Materials discovery : :
[46]. models materials science
Jarvenpaa, Heli, et al S_ustalnable Green architectural  Energy-efficient ML-
architecture for ML .
[47]. tactics enabled systems
systems

Overall, these studies underscore the broad applications and implications of Al and ML across
diverse fields, including mechanical design, healthcare, materials discovery, and environmental
sustainability. The studies reveal a clear trend toward the integration of Al and ML into various
applications, with a particular emphasis on improving efficiency, sustainability, and innovation.
In mechanical design, Al is increasingly leveraged for tasks such as materials discovery and
system optimization, while in healthcare and environmental sustainability, Al is driving
advancements in efficiency and reducing environmental impact. The growing intersection of Al
with emerging technologies, such as quantum computing and generative models, signals the
potential for transformative breakthroughs across both industrial and research sectors.

4. CONCLUSION

In conclusion, advancements in intelligent robotic arms, combined with the integration of Al
and ML, have significantly enhanced their capabilities and broadened their applications across
various industries. This review emphasizes the progress made in structural innovations,
adaptive control strategies, and intelligent design paradigms. Looking ahead, future research
should prioritize sustainable materials, hybrid systems, and interdisciplinary approaches to
address emerging challenges and fully harness the potential of these technologies. By bridging
technological frontiers, intelligent robotic arms will continue to play a pivotal role in meeting
industrial and societal needs.
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