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application of a robotic arm to sorting operations. This review provides
an overview of the advances in robotic sorting systems, outlining the
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interactions among component parts. More than 50 peer-reviewed
Material handling, sorting, robotic journal articles from 2015 to 2025 were considered for the analysis.
arm, object classification, DOF, Statistical findings show that 4-dof robotic arms dominate the
control strategy, microcontroller literature with 32%, while Arduino microcontrollers and color as a

sorting criterion remain the most widely adopted with 69% and 51%
respectively, due to their affordability and ease of use. The survey
classifies the present robotic technologies according to a three-level
taxonomy: perception, decision, and execution, while stressing the
interdependency of this framework. Furthermore, the review
recommends the application of reconfigurability, artificial intelligence
(AI), and multimodal sensing technologies to existing robotic sorting
systems as a means of increasing intelligence and the flexibility of
future robotic sorting systems.

1. Introduction

1.1 Material Handling

Material handling (MH) is one of the essential aspects that determines the success of manufacturing industries. It
is a process that encompasses the movement, storage, and management of materials and products throughout the
manufacturing process, culminating in the delivery of goods made from raw materials [1]. According to research
by [2], MH is estimated too account ford between 15% and 70% of the total manufacturing cost. The product time
to market can be greatly impacted by proximal efficient MH systems in addition to safety standards, workflow,
and operational costs. Besides, MH equipment is composed of hoists, forklifts, and trolleys [3]. Recently, the MH
challenge has been effectively solved by technologies such as robotics, automated guided vehicles (AGVs), and
conveyor systems. These operations have been made efficient and exact by these technologies through the
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introduction of novel capabilities such as automated sorting, real-time monitoring, and data-driven decision-
making [4]

1.2 Evolution of Sorting Technologies and Mechanisms

Sorting as a material-handling operation has changed drastically over the last few years. In the past, industrially
powered mechanical and ID-based sorters were the main tools employed, especially in parcel handling and
massive logistics hubs. Conveyor-based mechanisms such as pushers, diverters, and tilt-tray sorters, in
combination with barcode and radio-frequency identification (RFID) technologies, are still used to deliver high-
throughput performance in cases where the items have standard identifiers. These systems are still the main tool
of e-commerce fulfillment centers because of their efficiency and minimal human intervention in the routing of
parcels to particular destinations [5,6]. On the other hand, the need for labels that are externally affixed on the
items has been one of the factors that has led to the limitation of the use of these systems in streams where the
products do not have a consistent way of being labeled, for instance, municipal solid waste or agricultural produce.
The way these sorters perform their work reflects the type of sorting technology that they use. The different
technologies of sorting can be divided into several groups depending on their operational principles, automation
level, and application domains [7]. Knowing the different techniques is essential for deciding the correct
technology for industrial applications. These are some of the different sorting mechanisms that exist.

1.2.1 Mechanical Sorting Systems

Mechanical sorting systems rank highly among the first automated sorting solutions that were industrially
implemented. They have a reputation for being fast and dependable, which is why they have become the basis of
multilayered distribution and logistics operations. Automatic mechanical sorting systems still carry the bulk of
the work in modern distribution centers where there are still large product flows to be handled, but now, the
processes have to be quick and accurate.

One of the most typical examples is the conveyor-based sorter, which involves the use of mechanical
components, sensors, and software parts to automatically separate the articles according to attributes like size,
shape, weight, and color. Conveyor-based sorters are labor-saving and money-saving at the same time. They are
work-efficient in environments with large volumes of goods. The devices that can be further differentiated into
push-bar sorters, tilt-tray sorters, cross-belt sorters, and sliding-shoe sorters [8, 9] are the ones operated by
conveyor-based units.

These mechanical systems run at breakneck speeds and generally achieve sorting rates as high as 4,000 items
per hour [8]. They are also considered to have a very low cost per unit of sorting and onsite downtimes because
of good maintenance practices. However, mechanical sorters also entail some risks. Usually, they occupy a big
space and hence cannot fit in some facilities with limited space [9]. It is also limited in their reconfiguration for
different product types and sorting criteria. Moreover, in some cases, the system that handles the breakage rate is
the one that deals with fragile and irregularly shaped goods. Their disadvantages have slowly compromised their
market position in those environments where product variability, space optimization, and adaptability play a
significant role.

1.2.2 Identification-Based Sorting Systems

In modern industrial settings, identification-based sorting systems represent a major advancement in automated
material handling. These systems identify and sort items based on unique product identifiers, reducing reliance
on manual labor while improving accuracy and throughput. Unlike manual sorting, which depends on visual
inspection, identification-based systems rely on sensors, cameras, RFID, or Al-based algorithms to detect object
characteristics and direct items into appropriate categories. Barcodes and radio-frequency identification (RFID)
are two widely used identification technologies. Barcode systems remain popular due to their cost-effectiveness,
simplicity, and reliability. They require direct line-of-sight scanning but are well-suited for retail, warehousing,
and inventory management. While RFID systems, on the other hand, have gained significant adoption across
diverse industries due to their versatility and efficiency. They can detect multiple items simultaneously within a
range of up to 10 meters, offering processing speeds of 3,000-8,000 items per hour [10].

Despite their advantages, identification-based sorting systems also face limitations. They require pre-labeled
or tagged items, which makes them unsuitable for sorting unlabeled materials such as waste streams or raw
agricultural products [11]. In addition, the cost of RFID tags/labels and the vulnerability of identifiers to physical
damage or loss remain persistent challenges.

1.2.3 Optical and Sensor-Based Sorting Systems

Over the last three decades, optical and sensor-based sorting systems have been used to identify and classify
objects based on their chemical and physical properties. They leverage electromagnetic radiation and diverse
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sensing mechanisms for sorting operations [12]. Due to their performance, they have been used for industrial
automated sortation systems, such as cross-belt sorters forming a hybrid sorting system, capable of delivering
enhanced accuracy and efficiency for material handling operations. Other examples of optical and sensor-based
sorting systems are: RGB camera systems, near-infrared (NIR) sorters, hyperspectral imaging (HSI), and laser-
induced breakdown spectroscopy (LIBS). Optical sorting systems demonstrate high accuracy, material versatility,
non-contact operation, and real-time processing.

1.2.4 Artificial Intelligence and Machine Learning-Based Sorting

Al and machine learning plays vital role in the transformation of the manufacturing industry. With this technology,
modern sorting systems increasingly employ Al algorithms for improved sorting operation. These technologies
have been applied in different industry including waste management. Research by [13] developed a Deep Learning
algorithm for Plastic Waste Classification System. Their work demonstrates CNN applications for plastic waste
sorting using computer vision systems. Reinforcement Learning, Convolutional Neural Networks (CNNs), and You
Only Look Once (YOLO) Algorithms are some the examples of Artificial Intelligence and Machine Learning-Based
Sorting [14]. Challenges associated with Artificial Intelligence and Machine Learning-Based Sorting are Training
data requirements-large data requirement, Computational latency, Integration complexity and Model
generalization [15].

1.2.5 Robotic Sorting Systems

Robotic sorting represents the convergence of mechanical manipulation, sensor technology, and intelligent
control. Unlike fixed mechanical sorters, robotic systems offer adaptability, precision, intelligence, and flexibility.
The use of a robotic arm for automated material handling is one of the most significant advancements witnessed
recently in the manufacturing industries, particularly in sorting tasks. Autonomous sorting robotic arms are
designed to manipulate objects based on predefined characteristics, features, or criteria such as size, shape, color,
or other distinguishing factors, while a semi-autonomous robotic arm depends on users' or operators' intelligence
via graphical users’ interface (GUI) to perform sorting operations [16]. Some of the notable robotic sorters include:
Delta robots, SCARA robots, articulated arm robots, and Collaborative robots (Cobots).

1.2.6 Hybrid Sorting Systems

A hybrid sorting system is usually a combination of two or more technologies to form a system with better
performance and overall efficiency. A typical example is a Mechanical-Robotic Hybrids sorting system, which is a
high-speed mechanical pre-sorting followed by robotic quality control and exception handling; Optical-Robotic
Integration-Vision systems identify items for robotic manipulation, combining detection accuracy with handling
flexibility; Multi-Stage Systems: Sequential sorting stages using different technologies optimized for specific
material streams. Emerging facilities increasingly adopt hybrid approaches due to their benefits [17].

1.3 Review Focus

A sorting robotic arm plays a crucial role in manufacturing industries by automating the process of sorting and
arranging items based on predefined criteria. The development of sorting robotic arms has been driven by the
need for efficient and precise sorting processes in various industries, including manufacturing, logistics,
agriculture, and recycling [18,19,20]. These robotic systems offer several advantages over manual sorting,
including increased speed, consistency, and accuracy, while also reducing labor costs and minimizing errors
[21,22]. They find application in industries ranging from sorting products on assembly lines or defined
workspaces to separating recyclable materials in waste management facilities [23]. The evolution of sorting
robotic arms continues to be influenced by advancements in Al, machine learning, and sensor technology, further
enhancing their capabilities, versatility, and application in automated sorting operations.

As the dynamics of the manufacturing process become more complex and consumer demands increase, the
need for dependable and intelligent robotic arm sorting solutions has grown significantly. However, despite the
achievements in robotics, the manufacturing industries are still faced with some challenges in the application of
this manipulator in material handling. Challenges such as initial cost, limited to a defined workspace, and object
characteristics still pose threats to the overall success of the sorting robotic arm. Providing solutions to these
challenges is crucial for achieving a successful material handling operation. Hence, this review seeks to investigate
current trends, challenges, and suggest future directions in the application of robotic manipulators in material
handling operations, while also looking at the control method, application of microcontrollers, and object
characteristics.
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2. Robotic Arm

Robotic arms, a subset of robots, are programmable mechanical devices that mimic the functions of a human arm,
using actuators, sensors, and grippers to manipulate and transfer objects quickly and accurately [24]. They
comprise multiple joints controlled by actuators for movement, links for reach, and an end effector to interact
with its work environment [25]. Their design and structure ranges from simple to complex, and fixed to flexible
devices, having multi-degree-of-freedom capable of executing complex and precise movements often with higher
speed, consistency, and strength than human workers [26,27]. According to [28], the concept of robot dates back
to the 1950s, with the creation of the first industrial robot called 'Unimate’ (Fig. 1) by George Devol and Joseph
Engelberger to automate repetitive tasks on production lines. This invention marked the beginning of industrial
automation in manufacturing environments [29]. Their application in sorting processes is particularly beneficial
in industries such as automotive, electronics, packaging, food processing, and logistics, where precision and speed
are crucial.

Fig. 1 Unimate- the first industrial robot

2.1 Robotic Arm Structure

Robotic arm technology is often used by companies in the industrial space. They are one of the most common
pieces of machinery in factories, plants, and other industrial settings because of their benefits. There are different
types of robotic arm based on their structure and characteristics (see Fig. 2) that make one type more suitable for
certain applications than others, they include:

i.  Cartesian robot: These are robots with three prismatic joints, whose axes are coincident with the cartesian
coordinate system (X, Y and Z) for linear movements in three directions. They are highly precise and
repeatable, and well-suited for structured environments. Cartesian robots are suitable for CNC machining,
3D printing, Arc welding, handling precision tools and pick and place application.

ii. SCARA: Selective Compliance Assembly/Articulated Robot Arm SCARA robot has two rotary joints which
are parallel and are used to provide compliance in a plane; they have high-speed with excellent
repeatability and can be used in limited space due to their compact nature. However, with Limited vertical
compliance. They are applied for pick and place job, soldering, assembly operations and handling machine
tools.

iii.  Cylindrical robot: Are robot having axes that forms a cylindrical co-ordinate system with a single arm that
moves on a vertical member and can also rotates the robotic arm horizontally. They are compact, so it can
fit in limited spaces and complete little and simple jobs. Some of its applications include assembly
operations, handling a machine tools, and spot welding.

iv.  Articulated Arm: The articulated robotic arm is a general-purpose arm designed to perform task like the
human arm. It has at least five joints mounted to a base that has a twisting joint. Articulated arm is one of
the most common robotic arm designed to perform simple and complex task. It is used in diecasting,
assembly operations, fettling machines, gas welding, arc welding and spray painting.

v. Polar robots: Spherical robot are robots having axes that forms a polar co-ordinate system, they are used
for applications such as spot welding, handling machine tools, diecasting, fettling machines, gas welding
and arc welding.
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Fig. 2 Types of robotic arm structure (a) Cartesian robot; (b) SCARA; (c) Cylindrical robot; (d) Polar robots; (e)
Articulated arm

2.2 Components of Sorting Robotic Arm

A sorting robotic arm is a type of automated mechanical system designed to identify, classify, and place objects
based on predefined characteristics such as size, shape, color, or material. Their applications expand through
manufacturing, packaging, recycling, and agricultural industries. The integration of several key interconnected
components ensures the efficiency and accuracy of a sorting robotic arm. Below are some of the major
components:

2.2.1 End Effectors

End effectors are devices attached to the far end of the robot's arm that allow it to interact with the work
environment and perform specific jobs. This device is a critical component of a robotic arm, as it determines the
type of task (welding, cutting, sorting, etc.) to be executed by the robotic arm. Grippers are commonly used end
effectors for sorting robotic arms, which enable them to pick and place objects based on predefined criteria
[30,31]. According to [32], some of the common robotic grippers (Figure 4) are: (a) finger gripper, (b) parallel jaw
gripper, (c) vacuum gripper, (d) pneumatic gripper, (e) hydraulic gripper, and (f) magnetic gripper.
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Fig. 3 Different types of grippers: (a) Finger gripper; (b) Parallel jaw gripper; (c) Vacuum gripper; (d) Pneumatic
gripper; (e) Hydraulic gripper; (f) Magnetic gripper

2.2.2 Mechanical Structure (Arm and Joints)

The mechanical structure of a robotic arm mainly comprises the links and joints. These form the physical
"skeleton" of the robot. They are designed to look like and mimic the human arm, consisting of multiple degrees
of freedom (DOF) to allow complex and flexible movements. Depending on the application, each joint provides a
specific type of motion - typically rotational or linear. The joints of a robotic arm determine how precisely the
robot can position and orient its end-effector.

2.2.3 Actuators

Actuators are driving systems placed strategically at the joints of a robotic arm, responsible for positioning the
end-effect the or to desired location. Several actuators have been used to drive robot arms; however, notable types
include stepper motors, servo motors, and DC motors, often paired with geared transmissions to enhance torque.
In high-load or industrial applications, brushless motors or pneumatic/hydraulic actuators may be used. The
selection of these actuators depends on the required torque, speed, and precision. Actuators are typa ically driven
by motor driver that interfaces with the controller. The choice of motor drivers depends largely on the current
and voltage rating of the actuator. Depending on the components used, the system may require multiple voltage
levels (e.g., 5V forlogic, 12V or 24V for motors). For an industrial setup, power conditioning and protection circuits
are also included to ensure operational safety.

Recent actuator designs are increasingly focusing on reducing power consumption, using lightweight
materials and regenerative mechanisms [33]. Modern sorting robotic arms are becoming faster, intelligent, and
more precise in task execution due to recent advancements in actuator technologies. A key development in this
technology is the use of smart integrated actuators, which combine the controller, encoder, and motor in a single
unit [34]. The outcome provides high-precision control, making them suitable for sorting systems. Also, another
recent trend is the use of harmonic drive actuators, providing high torque and zero backlash. This makes them
particularly effective for space-constrained environments [33]. Handling fragile objects can be a daunting task for
robotic arms, research by [35] suggested the use of variable stiffness actuators (VSAs) and soft actuators [36].
These provide compliance and adaptability, allowing the robot to gently interact with different types of objects
during sorting. Other technologies include direct actuators, and Al-powered rive motors, tendon-driven actuators
[34, 37, 38]. Al-powered actuators integrate edge computing to enable real-time adaptation, fault detection, and
autonomous adjustment of control parameters. This adds intelligence and flexibility to sorting arms, especially in
a changing environment. Apart from the fact that Al-powered actuators increase the performance of sorting
robotic arms, they also enhance energy efficiency, making them suitable for the future.

2.2.4 Sensors

A sensor is an electronic device that detects events or measures a physical property and sends the information to
other electronics (such as PLC, DCS, Arduino, etc.) for necessary action or response. A sensor's sensitivity indicates
how much the sensor's output changes when the input quantity being measured changes. Sensors have a wide
range of uses, cutting across almost every field in sciences, engineering, medicine, and the like. They can be applied
in manufacturing and machinery, airplanes and aerospace, cars, medicine, robotics, and many other aspects of our
day-to-day life. There are different types of sensors: proximity sensors, force sensors, tactile sensors, heat sensors,
acoustic sensors, gas sensors, and vision sensors [39].
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2.2.5 Microcontrollers

A microcontroller is a compact integrated circuit designed to govern specific operations in an embedded system.
It contains a processor core, memory, and programmable input/output peripherals - all on a single chip - which
include: Arduino, Raspberry Pi, ESP32/ESP8266, STM32, Programmable Logic Controllers (PLC).
Microcontrollers are often referred to as miniature computers because they integrate all essential components of
a computing system. They are very important component of modern embedded systems. Their flexibility makes
them ideal for a wide range of applications, from smart home devices to industrial automation and robotics. With
the rise of the Internet of Things (I10T), the role of microcontrollers is becoming even more crucial in building
intelligent, interconnected systems.

2.2.6 Sorting Robotic Arm

The process of sorting products, tools, or materials into different groups is an important activity in the industry.
This task is repetitive in nature, as it involves the picking and placing of objects from one point to another. Robotics
technologies offer several benefits that enable them to assist or replace humans, performing tasks that are
difficult, unpleasant, repetitive, or take place in hazardous environments. Sorting robotic arms can be used to
perform this task, regardless of their working environment, with great accuracy and precision, thereby enhancing
the overall efficiency of the process. In manufacturing industries, they can be used to sort objects into different
classes. [18] developed a robotic arm for sorting finished products based on their color. Their research is capable
of enhancing automation and streamlining sorting processes. Sorting robotic arms play a very important role in
waste management, where they are used for sorting objects into different categories. [40] in research developed
a 6 DOF automatic can sorting system for the waste management process. The system can sort cans with a
precision sorting rate of 93% at an average sorting time of 10.82 seconds. In agriculture, sorting robotic arms are
used for harvesting and sorting agricultural products with great flexibility. This system is capable of automating
the fruit harvesting and sorting of products such as tomatoes, cabbage, and apples [41,42]. The application of
sorting robotic arms is not just limited to manufacturing, waste management, and agriculture but also in medicine.
The application of sorting robotic arms in the field of medicine can improve the safety of workers by limiting the
exposure of such staff to used syringes, needles, broken bottles, knives, razors, and any other harmful objects that
could injure or, in worst case, transmit diseases if not properly disposed [43].

3. Methodology

This review employed a systematic approach to evaluating the changes of sorting robotic arms from 2015 to 2025.
Studies relevant to the topic were collected based on the use of keywords related to robotic sorting and control
systems. From each paper, robotic data such as sorting criteria, sensing/perception technologies, control
algorithms, and degrees of freedom were extracted for the purpose of comparison. These data were subsequently
analyzed to identify the leading technologies, emerging trends, and research gaps. The findings from the research
formed the foundation for the Three-Layer Integration Taxonomy that classifies sorting robotic arms into
Perception, Decision, and Execution layers.

3.1 Sorting Criteria and Sensor Technologies

Sorting robotic arms rely on sorting criteria and sensor technologies to accurately pick and place objects. Different
criteria have been employed in robotic sorting systems, such as color, shape, size, weight, texture, material, as well
as unique identifiers like barcodes, QR codes, or RFID tags [61,86]. Sorting, picking, placing, and inspecting tasks
require the robotic arm to be able to detect object attributes/criteria like color, shape, size, material type, weight,
and proximity, all of which are made possible by these sensors. In a typical robotic sorting system, items are
transported to or placed around the robotic work environment/space, where a robotic arm, guided by sensor data
or machine vision, identifies, picks, and places the objects based on predefined object criteria. Sorting criteria can
be hierarchical or composite. For example, objects may be first classified based on shape, then further sub-
classified by height or material type. This multi-layered sorting logic ensures flexibility and allows the system to
be deployed across multiple use cases - such as e-waste segregation, food packaging, warehouse logistics, and
pharmaceuticals.

Advanced industrial models, however, employ techniques like deep learning-based object recognition and
real-time feedback mechanisms often integrated with ROS (Robot Operating System), resulting in a system that
not only sorts but also adapts to changing task parameters, making it suitable for Industry 4.0 smart
manufacturing setups. This process eliminates the inefficiencies of manual sorting and ensures consistent quality
and output. Advanced robotic systems can even make real-time decisions using Al, allowing them to adapt to
variations in the objects they handle. Table 1 is a summary of journals showing object characteristics and the type
of sensor adopted by authors.
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Table 1 Summary of object characteristics and type of sensor adopted from previous works

DOF Object Characteristics Type of sensor Ref
2 Color and material type TCS230 sensor & Metal detector [87]
4 Color TCS230 sensor [88]
4 Color Infrared (IR) LED sensors [89]
3 Size Sonar sensor [90]
3 Shape Object coordinate [24]
3 Color TCS3200 Sensor [91]
3 Color Camera [92]
4 Color TCS3200 Sensor [93]
3 Color Camera [94]
6 Color and shape Camera [95]
5 Color and shape Camera [96]
4 Color Camera [97]
5 Material type Metal detector [98]
4 Color Camera [99]
4 Color Kinect sensor [100]
6 Color and height Camera [60]
4 Color YOLOv3 [59]
4 Color TCS3200 sensor [101]
3 Shape USB Camera [102]
3 Shape and size Camera & proximity sensor [103]
6 Color and height Camera [60]
3 Color and shape IR sensor and USB webcam [61]
6 Color Camera [62]
4 Material type Camera [104]
6 Color TCS3200 sensor [105]
4 Material type Camera [63]
3 Color TCS3200 sensor [106]
5 Color Camera [68]
5 Color TCS3200 sensor [70]
4 Color and size TCS3200 and Ultrasonic sensors [107]
3 Color TCS3200 sensor [108]
6 Material type Proximity sensors [109]
6 Material type Vision sensors [71]
3 Color and material type Ultrasonic & color sensor [110]
4 Material type Vision sensors [72]
6 Color RGB sensor [73]
3 Color Camera & RGB sensor [111]
4 Material type Stereoscopic camera [74]
5 Material type Optical sensor [112]
6 Material type Camera [75]
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3.2 Control Strategies and Methods

Apart from sorting criteria and sensor technologies discussed in the previous section, robot control strategies can
greatly affect the accuracy of sorting robotic arm. Several control strategies/methods have been utilized to drive
robotic arm in other to achieve desired task. These methods are broadly divided into two namely: classical and
modern control strategies. Classical controllers are modelled from the transfer function of the system, they include
the Open-loop (no control), Proportional (P), Proportional-Derivative (PD), Proportional-Integral-Derivative
(PID), Lead compensator, and Lag compensator; while the modern control include: fuzzy logic, Convolutional
Neural Networks, Artificial Neural Network (ANN) and others. According to [44], the PID control model performs
better when deployed to robotic arm for Sorting operations -- however requiring manual tuning to suit different
dynamic operation. To validate this claim, a case study of a 4 DOF sorting robotic having a payload of 0.5 kg was
simulated using MATLAB 2022b. The performance of various classical control strategies was analyzed for each
joint of a 4-DOF robotic arm with varying link lengths and corresponding inertial properties. Controllers examined
include Open-loop (no control), Proportional (P), Proportional-Derivative (PD), Proportional-Integral-Derivative
(PID), Lead compensator, and Lag compensator. Evaluation was based on standard time-domain metrics: settling
time, rise time, overshoot, and steady-state error (SSE), using a unit step input.

From the graphs in Figure 4, result show that joint 1, having the longest link (0.25 m) and the highest inertia,
posed the greatest challenge for control. The Open-loop system failed to track the desired position, exhibiting a
full steady-state error of 1.0000 radians. Introducing a P controller improved the rise time to 0.196 s and settling
time to 1.222 s, but resulted in a high overshoot of 28.34% and a residual SSE of 0.2931 rad. The PD controller
significantly improved tracking, reducing overshoot to just 2.98% and SSE to 0.0176 rad, having a faster settling
time of 0.388 s. The PID controller outperformed all others with a rise time of 0.042 s, settling time of 0.173 s,
overshoot of 0.47%, and a near-zero SSE of 0.0004 rad. The Lead compensator followed closely behind with an
SSE of 0.0046 rad, while the Lag controller, despite stabilizing the system, retained high overshoot (28.24%) and
similar SSE as the P controller (0.2935 rad); For Joint 2, with a link length of 0.15 m, the system exhibited faster
dynamics. The Open-loop case stayed inefficient and thus led to an SSE of 1.0000 rad once more. The P controller
showed the following characteristics: rise time - 0.122 s; settling time - 0.870 s; overshoot - 14.98% and SSE -
0.1980 rad. When using the PD controller, the overshoot was minimized to 1.76%, SSE was increased to 0.0075
rad and settling time was shortened to 0.219 s. The PID controller was able to achieve the best result as it had a
0.030 s rise time, 0.106 s settling time, 0.27% overshoot, and 0.0002 rad SSE. The Lead controller was also quite
effective, demonstrating 0.038 s rise time and 0.0020 rad SSE, but a little more overshoot. The Lag controller,
much like the P, was not very accurate as it had a 0.1981 rad SSE; Joint 3 which had a 0.10 m link, was even quicker
in reaction with all control methods. Again, the PID controller was the best performer as it obtained 0.024 s rise
time, 0.084 s settling time, 0.20% overshoot, and only 0.0001 rad SSE. The PD controller was next with an SSE of
0.0042 rad, 0.038 s rise time, and some overshoot. The Lead compensator also was a good performer with 0.0051
rad SSE, whereas P and Lag controllers had bigger SSE values (~0.147 rad), thus it can be concluded that even in
the case of low-inertia joints and without the use of integral or derivative action, precision suffers; Lastly, for Joint
4 (0.05 m link), the lightest and fastest joint, all controllers had a quick response. Nevertheless, the PID controller
was able to produce the best total result comprising a rise time of 0.017 s, settling time of 0.062 s, overshoot of
0.15%, and SSE of 0.0001 rad. Both the PD and Lead controllers were also quite efficient as they had low SSE
values (0.0028 and 0.0035 rad, respectively) and were characterized by short rise and settling times. In contrast,
the P and Lag controllers, although fast, introduced higher steady-state errors (~0.075 rad), limiting their use in
high-precision tasks.

Across all joints, the PID controller consistently delivered the most accurate and stable results, regardless of
inertia. It offered the lowest rise and settling times, minimal overshoot, and near-zero steady-state error across
the board. However, a PID controller needs manual tuning, making it not suitable for handling tasks with a varying
payload.
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Fig. 4 A graph of position against time for all joints (a) Joint 1; (b) Joint 2; (c) Joint 3; and (d) Joint 4

The advent of modern and hybrid control strategies provides robustness and intelligence to robotic arm
sorting operations. Recent research has shown that combining more than one controller (hybrid control) can
improve the performance of a PID control [45]. According to [46], research presented a comparison between two
optimization techniques, Artificial Bee Colony (ABC) and Artificial Bee Colony with Multi-elite Guidance (ABCMG),
for optimizing a PID controller on a 3-DoF robot. The results demonstrate that the MGABC algorithm performs
better than the traditional ABC algorithm. Similarly, in [47]. Similarly, in [47], PID and fuzzy logic control
techniques were implemented s on the SCORBOT-ER V plus robot arm model. The performance of the controller
shows an improved trajectory curve and joint error, suggesting an improvement of the system. An optimized PID
control system exhibits robustness under various disturbance conditions and dynamic payload. These techniques
are viable for PID controller optimization in robotic applications. It has been established from studies that
combining control (classical or modern) can give a hybrid control strategy capable of introducing smartness,
accuracy, and less human intervention in object sorting [48]. Table 2 is a summary of different research
highlighting different control strategies adopted for sorting operations using a robotic arm. The summary shows
that 5. 71% of the authors used classical control, while 94.29% used modern or hybrid control strategies. This
suggests a paradigm shift from classical to modern or hybrid control strategies.

Table 2 Summary of sorting criteria and control strategy adopted from previous work

Control strategy DOF Sorting criteria Ref
Fuzzy Neural Network 5 Color [49]
Artificial Neural Network (ANN) 5 Color [50]
Pixy CMU Cam5 4 Color [51]
Artificial Neural Network (ANN) 4 Color [52]
Al and computer vision methods 4 Color [53]
Fuzzy logic 6 Color [54]
Artificial Neural Network (ANN) 3 Color [31]
YOLO v8 algorithm 6 Color and shape [26]
Artificial Neural Network (ANN) 7 Color [55]
PID control algorithm 5 Color [56]
Fuzzy logic algorithm 4 Color and weight [57]
PID algorithm 5 Color [58]
Cubic spline algorithm 3 Shape [24]
Convolutional Neural Networks (CNNs) 5 Color (Camera) [42]
Modbus RTU protocol 3 Shape [43]
Grasp generator algorithm 4 Color [59]

@ lL':W} ‘ Penerbit



50 J. Adv. Ind. Technol. Appl. Vol. 7 No. 1 (2026) p. 40-61
Control strategy DOF Sorting criteria Ref
Haar Cascade algorithm with OpenCV 6 Color and height [60]
Image processing with OpenCV 3 Color and shape [61]
Image processing Algorithm 6 Color [62]
(l;dealec;liggl}z?rlr;ling, image processing, and 4 Material type [63]
Open-loop control with MATLAB 5 Material type [40]
OpenCV-based image processing 6 Color [64]
Image processing using MATLAB 6 Color [65]
Intuitionistic Fuzzy Evaluations 5 Color (color sensor) [66]
Image processing in MATLAB 6 Size, shape, and color [67]
Python OpenCV image processing 5 Color [68]
YOLOvV8 and object detection 3 Color and material [69]
Convolutional Neural Networks (CNN) 5 Color [70]
Al and modular control 6 Material type [71]
Deep learning with Xception model 4 Material type [72]
Python algorithm 6 Color [73]
YOLO-based object detection 4 Material type [74]
Twin Delayed DDPG (TD3) Algorithm 6 Material type [75]
Jacobian-based trajectory control 4 Color (camera) [76]
Adaptive control - M;lol I'E::r;(;doaslit(icoorlls)r, [77]
Deep-Learning ID tags [78]
Artificial intelligence 4 Color, material type [79]
YOLOvV5 Color, shape [80]
OpenCV - Color [81]
GHT-ICP2D machine algorithm 6 Size and shape [82]
YOLOv7 6 Color [83]
LABVIEW 6 Pos.ition femd [84]

orientation
Decision tree classification 6 Color [85]

3.3 Microcontroller Utilization

Microcontrollers are the brain of a robotic arm; however, they cannot operate independently. The coordination of
robotic arm activities relies on data from the sensors and control strategies to effectively position the actuators
based on the analyzed data. 69.44% of the total microcontrollers used are Arduino, while 30.56% are for
Raspberry Pi, ARM7, PIC, PLC, and others. The Arduino microcontroller is the most widely used microcontroller
due to its cost and ease of use [111]. Table 3 shows the different microcontrollers in use for coordinating sorting
operations.

Table 3 Types of microcontrollers adopted for robotic sorting

DOF Type of Controller Ref
PIC microcontroller [67]

Arduino Microcontroller [112]

3 PIC Microcontroller [115]
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DOF Type of Controller Ref
4 Raspberry Pi [116]
6 Arduino Microcontroller [117]
6 Arduino Microcontroller [18]
6 Arduino Microcontroller [54]
4 Arduino Microcontroller [118]
4 Arm?7 Microcontroller [119]
4 Arduino Microcontroller [120]
5 Arduino Microcontroller [121]
4 Arduino Microcontroller [122]
3 Arduino Microcontroller [123]
3 ARM 7 microcontroller [124]
6 Arduino Microcontroller [125]
6 Arduino Microcontroller [126]
3 Raspberry Pi [127]
3 Arduino Microcontroller [89]
5 FPGA-based controller [128]
4 Arduino Microcontroller [129]
4 CCD based controller [51]
3 Arduino Microcontroller [130]
3 Arduino Microcontroller [94]
4 Arduino Microcontroller [97]
5 PLC-based controller [131]
6 Arduino Microcontroller [30]
3 Arduino Microcontroller [31]
4 Arduino Microcontroller [132]
5 Arduino Microcontroller [133]
3 Arduino Microcontroller [134]
5 Arduino Microcontroller [135]
4 Raspberry Pi [136]
4 Arduino Microcontroller [137]
6 Raspberry Pi [138]

4. Review Analysis and Findings

4.1 Sorting Criteria and DOF

The current literature survey (Tables 1 and 2) shows that 51% of robotic arms can sort based on color alone, 1%
of robotic arms can sort based on shape alone; 8% of robotic arms can sort based on color and shape alone; 1% of
robotic arms can sort based on size alone; 5% of robotic arms can sort based on color and height alone; 4% of
robotic arms can sort based on color and material type alone; 21% of robotic arms can sort based on material type
alone; 1% of robotic arms can sort based on color and weight alone; 1% of robotic arms can sort based on color
and size alone; 1% of robotic arms can sort based on shape and size alone; and 1% of robotic arms can sort based
on color, shape, and size alone (see Figure 5a). Making color the most used sorting criterion. Figure 5b is a pie
chart showing degrees of freedom (DOF) of the different robotic arms. 2, 3, 4, 5, 6, and 7 DOF cover about 2%,
25%, 32%, 20%, 20%, and 1% respectively of the total journal review (Tables 1, 2, and 3). This implies that a 4 its
DOF robotic arm is the most common due to cost and ability to maneuver in the work environment.
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Fig. 5 (a) Sorting criteria adopted; (b) Different DOFs used by authors in percentage

4.2 Microcontroller Usage

There are different types of microcontrollers used in coordinating the activities of a robotic arm. Table 3 shows
different microcontrollers used for coordinating sorting operations, including: PLC, Arduino, Raspberry Pi, PID,
ARM 7, CCD, and FPGA controller. The choice of selecting a microcontroller is dependent on cost, ease of
programming, availability, and so on [139]. From the review conducted, Arduino microcontrollers are the popular
choice for implementing control systems in robotic arm development, occupying about 69% of the reviewed
journals (Figure 6). This agrees with the findings of [140], which, according to the author, was due to their ease of
programming, cost, adaptability to various tasks, and flexibility.

FPGA controller m=m

E -

= ARM 7 s
5 2 —
v g Raspberry pi  s—
58
a 8 PLCcontrolleer ==

g

0% 10% 20% 30% 40% 50% 60% 70% 80%

Frequency

Fig. 6 Types of controllers used by different authors in percentage

4.3 Three-Layer Integration Taxonomy

Figure 7 represents an interdependent three-layer taxonomy that collectively determines the performance,
precision and accuracy of sorting robotic arm systems. The three-layer framework includes: Perception, Decision,
and Execution that together represent the integration of sensing, computation, and actuation to achieve the goal
of efficient sorting. The perception layer is heavily reliant on the use of color-based sorting that constitutes 51%
of the sorting where mainly TCS3200 and TCS230 sensors are used; however, the most advanced systems employ
multimodal sensors. The decision layer makes use of control algorithms to understand the data obtained from
sensors. 94.29% of the control systems are either modern or hybrid types that mainly use neural networks, fuzzy
logic, and YOLO. Mechanical components and actuators are what make up the execution layer of the system.
Stepper and servo motors are generally the sources of motion. Sections 3.1, 3.2, and 3.3 represent three
interdependent components that collectively determine the performance, accuracy, and adaptability of sorting
robotic arm systems. These elements work synergistically: control strategies orchestrate movement, sensor
technologies provide perception, and microcontrollers integrate both into intelligent action.
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Fig. 7 Sorting robotic arm taxonomy and trend

5. Research Trends and Gaps

5.1 Emerging Trends

Between 2015 and 2025, the sorting robotic arms have mainly transformed through three trends. As a result,
94.29% of the systems incorporate Al and machine learning techniques such as CNNs, YOLO, and fuzzy logic for
control, thus they no longer have PID controllers and gain higher precision and autonomy of the decision-making
process. The majority of the devices (32%) are 4-DOF robotic arms, which provide a good balance between
complexity and functionality, while 69% of the robots are controlled by Arduino microcontrollers due to their low
price and easy access. Even though 51% of the systems are still using color-based sorting, the use of multimodal
sensing with vision, ultrasonic, and material sensors is increasing, thus allowing more detailed characterization
of objects. The above trends demonstrate the increased complexity of Al-based sorting robotics, the use of
optimized mechanics, and advanced sensing technologies, which, together, are opening the doors to future
Industry 4.0 applications with enhanced adaptability and efficiency.

5.2 Critical Research Gaps

Manufacturing sorting robotic arms have evolved, however still suffer from significant limitations in adaptability,
with less than 22% of them employing multimodal sensing or adaptive controls, while most of them (51%) rely
on fixed programming for single criteria such as color, which is not sufficient in dynamic environments that
require multi-attribute processing. This review therefore suggests the application of multimodal sensing
technology, advanced control strategy and the principle of reconfigurability to sorting robotic systems to improve
intelligence, sorting accuracy and flexibility while making them fit for industrial 4.0 and beyond.
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