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Abstract 

Robotic arms, as core executive components of industrial automation and intelligent robotics, are widely 

applied in industrial manufacturing, agricultural picking, medical rehabilitation, aerospace, and other fields. 

This paper systematically reviews the development history and current research status of robotic arms, focusing 

on structural design innovations, including rigid-flexible switching, bionic configurations, and lightweight 

materials, as well as intelligent control technologies, such as adaptive control, machine vision fusion, and 

human-machine interaction. The key technical bottlenecks that restrict the development of robotic arms are 

analyzed, including the trade-off between lightweight design and high load capacity, accuracy errors due to 

flexible deformation, poor adaptability in unstructured environments, and high operational costs. Finally, the 

future development trends of robotic arms are predicted to center on bionic integration, intelligent collaboration, 

modular customization, and green, energy-saving technologies, thereby providing a theoretical reference and 

technical support for subsequent research and engineering applications. 
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1. Introduction 

With the in-depth promotion of Industry 4.0 and intelligent manufacturing, robotic arms have become 

indispensable core equipment for improving production efficiency, ensuring processing precision, and 

replacing manual work in harsh working conditions. A robotic arm, also known as a manipulator, is an 

automated device that can simulate human arm motion and perform multi-degree-of-freedom operations 

according to a preset program or remote-control instructions. Since the first industrial robotic arm, Unimate, 

was developed in the 1960s, robotic arm technology has undergone three important stages of development: the 

rigid single-degree-of-freedom stage, the multi-joint programmable stage, and the intelligent flexible 

collaborative stage. 

In recent years, with the cross-integration of materials science, artificial intelligence, sensor technology, 

and bionics, robotic arms have made important breakthroughs in structural innovation, control precision, and 

application scope. Traditional rigid robotic arms offer high rigidity and high positioning accuracy. Still, they 
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are limited by their heavy weight, limited flexibility, and high cost, which make them difficult to adapt to 

unstructured environments and flexible operational tasks. Flexible robotic arm, bionic robotic arm, and 

lightweight collaborative robotic arm have gradually become research hotspots, demonstrating outstanding 

advantages in human-machine collaboration, narrow-space operation, and adaptive grasping. 

At present, most existing reviews focus on a single direction, such as structural design or control algorithms, 

and lack systematic sorting of the development context, multidimensional innovation, and application 

expansion. Taking the design and development of robotic arms as the main line, this paper reviews the 

evolution of structure and control technology, summarizes the research status of typical robotic arms, analyzes 

existing technical bottlenecks, and forecasts future development trends, aiming to provide a comprehensive 

reference for academic research and engineering applications of robotic arms [1]. 

2. Development History of Robotic Arms 

The development of robotic arms is closely tied to industrial technological progress and market demand, 

and can be divided into three distinct stages with distinct technical characteristics. 

2.1 Initial Stage (1950S–1970S): Rigid Structure and Single Function 

The original prototype of the robotic arm was derived from mechanical handling equipment in the 

manufacturing industry. In 1954, American engineer George Devol put forward the concept of a programmable 

robotic arm and applied for a formal patent. In 1959, the world’s first industrial robotic arm, Unimate, was 

developed, featuring a hydraulic drive and a 6-DOF rigid structure, and was mainly used for heavy handling 

and die-casting operations in automobile factories. During the 1960s to 1970s, robotic arms were characterized 

by rigid structures, mostly driven by hydraulic or pneumatic systems, with single functions and limited 

flexibility. They were only able to perform fixed, repetitive tasks in structured industrial environments. The 

PUMA series robotic arm, launched by Unimation, laid the foundation for the structural design and driving 

modes of traditional industrial robotic arms [1]. 

2.2 Growth Stage (1980S–2010S): Multi-Joint Programmable and Precision Improvement 

With the rapid development of microelectronics and computer technology, robotic arms entered a period 

of growth in multi-joint programmability and precision. In terms of structure, 6-DOF and higher multi-joint 

rigid robotic arms have become mainstream, offering improved kinematic flexibility and larger working space. 

In driving mode, electric drive gradually replaced hydraulic and pneumatic drives, offering high control 

precision, compact size, and convenient maintenance, enabling positioning repeatability of ±0.01 mm. In the 

control field, PLC and closed-loop feedback control were widely applied, enabling trajectory planning, inverse 

kinematics solutions, and stable motion control [2]. 

During this period, robotic arms were widely used in welding, spraying, assembly, and precision machining, 

and were gradually expanded into aerospace and medical engineering. The ABB IRB series and the KUKA 

KR series enabled the standardization and commercialization of industrial robotic arms [1]. 

2.3 Maturity Stage (2010S–Present): Flexible Bionics and Intelligent Collaboration 

Since the 2010s, driven by the demands of unstructured environments and human-machine collaboration, 

robotic arms have entered the mature stage of flexible bionics and intelligent collaboration. In structural design, 

rigid-flexible switching, bionic configuration, and lightweight composite materials have become research 

focuses, enabling lightweight, high-flexibility, and high-load integration. In control technology, adaptive 

control, sliding mode control, machine vision fusion, and brain-computer interaction have been widely used 

to enable autonomous obstacle avoidance, adaptive grasping, and human-machine cooperative operation. 

Application scenarios have expanded from traditional industries to agricultural picking, medical rehabilitation, 

home services, and underwater operations [9]. 
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3. Structural Design Innovation of Robotic Arms 

Structural design is the core of robotic arm research, directly determining workspace, load capacity, 

flexibility, and positioning accuracy. Current innovations mainly include rigid-flexible switching 

configurations, bionic structural design, and lightweight material applications. 

3.1 Rigid-Flexible Switching Configuration 

A rigid robotic arm has high rigidity and precision but limited flexibility; a flexible robotic arm has strong 

adaptability but low rigidity and is prone to deformation. A rigid-flexible switching structure combines the 

advantages of both, enabling switching between high-precision rigid operation and adaptive flexible grasping 

according to task requirements. Segmented rigid-flexible hybrid structure adopts a rigid base and arm rod to 

ensure rigidity, and a flexible wrist and end effector to improve grasping adaptability. A variable-stiffness 

structure based on shape-memory alloy, pneumatic artificial muscle, and magnetorheological fluid can adjust 

stiffness in real time, thereby achieving the integration of rigidity and flexibility [9]. 

3.2 Bionic Structure Design 

A bionic robotic arm imitates the biological limb structure of nature, with multi-DOF, high flexibility, and 

strong environmental adaptability, making it suitable for complex, unstructured environments. Typical types 

include an elephant-trunk-inspired continuous robotic arm, an ostrich-neck multi-segment flexible robotic arm, 

and a humanoid 7-DOF anthropomorphic robotic arm. The elephant trunk robotic arm adopts tendon drive, 

enabling all-directional bending and narrow-space operation [8]. Ostrich-neck bionic arm simulates the 

muscle-tendon-bone structure and exhibits stable, flexible movement [6]. An anthropomorphic robotic arm 

matches the human arm's motion range, suitable for human-machine collaboration and service robot scenarios 

[2]. 

3.3 Lightweight Material Application 

Lightweight design can reduce energy consumption, improve payload-to-weight ratio, and increase motion 

flexibility. Carbon fiber composite material has high specific strength and modulus, and is widely used in high-

performance robotic arm rods. Aluminum and magnesium alloys are used in medium and small robotic arms 

to balance cost and performance. 3D-printed polymer materials are suitable for personalized, lightweight 

design of educational and small-load robotic arms. An open-source 3D-printed six-axis robotic arm has 

achieved a low-cost, lightweight design with guaranteed precision [10]. 

4. Intelligent Control Technology of Robotic Arms 

Intelligent control is key to improving autonomy and environmental adaptability, primarily through 

adaptive control, machine vision fusion, and human-machine interaction control. 

4.1 Adaptive Control Technology 

Adaptive control can adjust parameters in real time in response to system uncertainty and external 

disturbances, thereby addressing model perturbations and load mutations. Model reference adaptive control 

achieves trajectory tracking; sliding mode control provides robust, precise control for flexible arms; neural 

network and fuzzy intelligent control enable self-learning and parameter optimization. Intelligent optimization 

algorithms, such as particle swarm optimization and genetic algorithms, are widely used for trajectory planning 

and motion parameter optimization [2]. 

4.2 Machine Vision Fusion Technology 

Machine vision provides target recognition, 3D positioning, and environment perception for robotic arms. 

Deep learning algorithms such as YOLO and Faster R-CNN realize high-precision target recognition in 

complex scenes. Visual servo control feeds back image information to the controller, realizing real-time 

posture adjustment and precise assembly—binocular vision and structured light technology complete 3D 

environment reconstruction, supporting autonomous path planning and obstacle avoidance. Vision technology 

has been applied maturely to agricultural fruit picking and industrial automatic grasping [3, 4]. 
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4.3 Human-Machine Interaction Control Technology 

Human-machine interaction realizes natural human-robot cooperation. Motion capture technology 

replicates human arm movement to control the robotic arm in real time. A brain-computer interface collects 

EEG signals to decode motor intention and is widely used in medical rehabilitation, auxiliary robotic arms [5]. 

Voice and gesture recognition enable simple, convenient control of home service robotic arms [2]. 

5. Typical Application Scenarios 

Robotic arms have evolved beyond traditional industrial boundaries and penetrated diverse sectors, 

demonstrating remarkable adaptability and value across structured manufacturing lines, unstructured 

agricultural fields, precision medical environments, and extreme special environments. Each application 

scenario imposes unique requirements on payload, precision, flexibility, environmental tolerance, and safety, 

driving continuous iteration in structural design and intelligent control. 

Industrial manufacturing remains the most mature and large-scale application domain, where robotic arms 

serve as the backbone of automated production lines. In automotive manufacturing, robotic arms perform high-

precision spot, arc, and laser welding on vehicle bodies, ensuring consistent weld quality and production 

efficiency while reducing labor intensity and safety risks [1]. Electronic assembly lines rely on compact, high-

speed robotic arms to perform component insertion, soldering, and packaging with micron-level positioning 

accuracy, meeting the demands of miniaturized, high-density electronic products [7]. In addition, robotic arms 

are widely used for spraying, material handling, and precision machining, significantly improving production 

consistency, reducing human error, and lowering long-term operational costs. The standardization and 

modularization of industrial robotic arms have enabled rapid deployment and easy maintenance, making them 

indispensable for modern smart factories. 

Agricultural picking is a fast-growing, unstructured-environment application where robotic arms address 

labor shortages, high labor costs, and crop damage associated with traditional manual picking. Equipped with 

flexible end effectors and integrated machine vision systems, agricultural robotic arms can identify ripe fruits 

such as apples, strawberries, and tomatoes in complex orchard environments, accurately locate target fruits, 

and perform gentle grasping and picking without damaging crops [3]. Vision algorithms based on deep learning 

can adapt to variable lighting conditions, overlapping fruits, and complex background interference, thereby 

improving recognition accuracy and picking efficiency [4]. Moreover, lightweight and flexible robotic arms 

can navigate narrow orchard rows and adapt to irregular fruit positions, showing great potential for large-scale 

commercialization in modern precision agriculture. 

Medical rehabilitation is a high-value, high-precision application field in which robotic arms assist with 

surgical operations and rehabilitation training, improving medical accuracy and patient recovery efficiency. 

Surgical robotic arms, such as those used in minimally invasive surgery, provide surgeons with enhanced 

vision, precise motion scaling, and stable operation, thereby reducing surgical trauma and postoperative 

recovery time [5]. Rehabilitation robotic arms assist patients with motor dysfunction caused by stroke, spinal 

cord injury, or other diseases in performing daily activities such as eating, grasping, and limb movement, 

promoting neural recovery and improving quality of life. Brain-computer interface technology enables direct 

control of rehabilitation robotic arms using brain signals, thereby realizing more natural and intuitive human-

machine interaction [5]. The integration of robotic arms with medical imaging and artificial intelligence further 

enhances the precision and safety of medical applications. 

Special environment operations are critical scenarios in which robotic arms replace humans in high-risk, 

inaccessible environments to ensure personnel safety and task completion. In aerospace, robotic arms perform 

on-orbit maintenance, satellite assembly, and space debris removal tasks in extreme space environments 

characterized by high vacuum, intense radiation, and microgravity [9]. Underwater robotic arms are used for 

salvage, pipeline maintenance, and marine resource exploration in deep-sea environments with high pressure 

and low visibility, where human divers face significant safety risks [9]. In nuclear radiation environments, 

robotic arms handle radioactive materials and perform equipment maintenance, protecting workers from 

radiation exposure. These applications require robotic arms to have high environmental tolerance, reliability, 

and remote-control capability, driving the development of ruggedized designs and long-distance 

communication technologies. 
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6. Key Technical Bottlenecks 

Despite significant progress in structural innovation, intelligent control, and application expansion, the 

development of robotic arms still faces several key technical bottlenecks that restrict further performance 

improvement and large-scale popularization, including the inherent contradiction between lightweight design 

and high load capacity, accuracy errors caused by flexible deformation, poor adaptability in unstructured 

environments, and the high cost of high-performance systems. 

The trade-off between lightweight design and high load capacity is a fundamental bottleneck that limits the 

practical application of robotic arms. Lightweight design is essential for reducing energy consumption, 

improving motion speed, and enhancing flexibility, especially in mobile and collaborative scenarios. However, 

excessive lightweighting often reduces structural rigidity, limiting maximum payload capacity and resulting 

in poor dynamic performance [9]. The payload-to-weight ratio, a key indicator of lightweight efficiency, 

remains low for most current robotic arms, making it difficult to meet the requirements of both light and heavy 

loads in many industrial and specialized environmental applications. Balancing lightweight materials, 

structural topology optimization, and load-bearing capacity has become a major challenge for structural design 

innovation. 

Flexible deformation-induced accuracy errors are a critical problem that severely affects the positioning 

accuracy and operational precision of robotic arms, especially for large-span, lightweight, and flexible robotic 

systems. Under the action of self-weight, payload, and dynamic motion, the flexible components of robotic 

arms inevitably undergo elastic deformation, leading to end-effector positioning deviation and trajectory error 

[9]. This deformation is particularly significant for long-reach robotic arms and flexible manipulators, and it 

is difficult to eliminate it using traditional rigid design and control methods. Although adaptive control and 

compensation algorithms can reduce deformation errors to some extent, accurate, real-time modeling of 

flexible deformation under complex operating conditions remains challenging, thereby limiting the application 

of flexible robotic arms in high-precision fields such as precision machining and microassembly. 

Poor adaptability in unstructured environments is a major obstacle limiting the expansion of robotic arm 

applications beyond structured industrial scenarios. In unstructured environments such as agricultural fields, 

homes, and disaster sites, robotic arms face variable lighting, complex backgrounds, irregular target shapes, 

and unpredictable obstacles [3]. The performance of machine vision systems, which are critical for 

environmental perception and target recognition, is significantly degraded under these conditions, resulting in 

reduced recognition accuracy and robustness [3]. In addition, the lack of adaptive grasping strategies and real-

time motion-planning algorithms makes it difficult for robotic arms to handle unknown or irregular objects, 

limiting their ability to perform complex tasks in unstructured environments. Improving environmental 

perception robustness, adaptive grasping capability, and autonomous decision-making ability is essential for 

expanding the application scope of robotic arms. 

The high cost of high-performance robotic arms is a key economic bottleneck that limits their adoption, 

especially in small and medium-sized enterprises and low-budget applications. High-performance robotic arms 

require expensive, lightweight materials, precision sensors, advanced actuators, and complex control systems, 

resulting in high manufacturing and maintenance costs [10]. Collaborative robotic arms, which are designed 

for human-machine interaction, also face high costs due to additional safety sensors and compliant control 

systems. The high cost makes it difficult for small and medium-sized enterprises, which account for the 

majority of manufacturing enterprises, to afford large-scale deployment of robotic arms, limiting the overall 

penetration rate of industrial automation. Reducing costs through modular design, open-source technology, 

and low-cost material substitutions has become an important direction for promoting the widespread adoption 

of robotic arms. 

7. Future Development Trends 

Driven by technological innovation and market demand, robotic arms will evolve towards bionic and 

flexible integration, autonomous, intelligent collaboration, modular, customized design, and green, energy-

saving development in the future, breaking through existing technical bottlenecks and expanding application 

boundaries. 
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Bionic and flexible integration will be a core development direction, aiming to develop robotic arms with 

high flexibility, adaptability, and compliance similar to biological limbs. Future research will focus on 

imitating the structural and movement characteristics of biological limbs, such as octopus tentacles, snake 

bodies, and human arms, and on developing variable-stiffness bionic robotic arms that can switch between 

rigid and flexible states according to task requirements [6, 8]. The integration of bionic tendon-driven actuation, 

soft materials, and variable-stiffness mechanisms will enable robotic arms to perform complex bending, 

twisting, and grasping in narrow, complex environments, improving adaptability to unstructured scenarios. In 

addition, the combination of bionic perception systems and intelligent control algorithms will enhance the 

environmental perception and autonomous decision-making capabilities of bionic robotic arms, thereby 

promoting their applications in medical rehabilitation, home services, and disaster rescue. 

Autonomous intelligent collaboration will become an important trend, realizing independent decision-

making, multi-robot cooperation, and natural human-machine interaction. With advances in deep learning, 

multi-sensor fusion, and edge computing, future robotic arms will have stronger capabilities in environmental 

perception, target recognition, and motion planning, enabling autonomous completion of complex tasks 

without human intervention [2, 7]. Multi-robotic arm collaboration technology will realize coordinated 

operation of multiple robotic arms in the same workspace, improving work efficiency and task complexity. 

Human-machine interaction technology will develop towards more natural and intuitive directions, integrating 

motion capture, brain-computer interfaces, and voice recognition to enable seamless cooperation between 

humans and robots [2, 5]. The development of autonomous intelligent collaboration will promote the 

transformation of robotic arms from single-task equipment to multi-functional intelligent systems. 

Modular, customized design will be a key direction for improving flexibility and reducing costs, enabling 

rapid assembly, personalized customization, and easy maintenance of robotic arms. Future robotic arms will 

adopt a modular design concept, standardizing functional modules such as joints, links, end effectors, and 

sensors [10]. Users can select and combine different modules according to specific task requirements, quickly 

assembling robotic arms with varying degrees of freedom, payloads, and workspaces. Modular design will 

also facilitate component replacement and upgrades, reducing maintenance costs and extending the service life 

of robotic arms. Open-source modular platforms will promote the sharing and innovation of robotic arm 

technology, enabling small enterprises and research institutions to develop customized robotic arms at low 

cost, thereby promoting the popularization and application of robotic arm technology [10]. 

Green energy-saving development will be an inevitable trend, focusing on reducing energy consumption, 

improving energy utilization efficiency, and realizing low-carbon manufacturing and operation. Future 

research will optimize the structural design and drive systems of robotic arms by adopting lightweight materials 

and energy-efficient actuators to reduce energy consumption during operation [7]. The application of energy 

recovery technology will recycle and reuse the kinetic energy generated by robotic arms in motion, further 

improving energy utilization efficiency. In addition, the development of green manufacturing processes will 

reduce environmental impact in the production of robotic arms, thereby achieving whole-life-cycle green 

development from design and manufacturing through operation to recycling. The green, energy-efficient 

development of robotic arms will not only reduce operational costs but also help achieve carbon neutrality 

goals, thereby promoting the sustainable development of the robotics industry. 

8. Conclusion 

This paper shows that robotic arm technology has undergone three important stages: the rigid single-

function stage, the multi-joint programmable stage, and the intelligent flexible collaborative stage, achieving 

remarkable progress in structural design, control precision, and application scope. Structural innovations such 

as rigid-flexible switching configurations, bionic structural designs, and lightweight materials have 

significantly improved the mechanical performance of robotic arms, enhancing their flexibility, adaptability, 

and load capacity. Intelligent control technologies, including adaptive control, machine vision fusion, and 

human-machine interaction control, have greatly improved the autonomy and environmental adaptability of 

robotic arms, enabling them to perform complex tasks in both structured and unstructured environments. 

However, the development of robotic arms still faces key technical bottlenecks, including the trade-off 

between lightweight design and high load capacity, flexible deformation-induced accuracy errors, poor 

adaptability in unstructured environments, and the high cost of high-performance systems. These bottlenecks 
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impede further performance improvements and the large-scale adoption of robotic arms, necessitating 

continuous technological innovation and breakthroughs. 

Future development of robotic arms will focus on bionic and flexible integration, autonomous, intelligent 

collaboration, modular, customized design, and green, energy-saving development. Bionic and flexible 

integration will develop highly adaptable bionic robotic arms; autonomous intelligent collaboration will enable 

independent decision-making and multi-robot cooperation; modular, customized design will improve 

flexibility and reduce costs; green, energy-saving development will achieve low-carbon, sustainable operation. 

With the cross-integration of new materials, artificial intelligence, bionics, and other technologies, robotic 

arms will overcome existing technical limitations, further expand their application boundaries, and play a more 

important role in industrial upgrading, agricultural modernization, medical innovation, and intelligent social 

construction. The research results of this paper can provide theoretical reference and technical support for the 

subsequent design, development, and application of robotic arms, promoting the healthy and sustainable 

development of the robotics industry. 
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