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Abstract. With the rapid development of logistics and express industry, more and more cartons need 
to be sorted rapidly, which also consumes a lot of human labor. Manipulators are currently used in 
industrial and medical fields, with high requirements for accuracy, repeatability, and operation 
stability. With the continued expansion of the social economy and the advancement of science and 
technology, computer vision technology has become increasingly widely used in a variety of 
industries. Using computer vision technology in an automation system can improve picture 
processing accuracy and allow precise recognition. A prototype robot system for picking express 
cartons is designed, which combines object detection technology based on computer vision and 
trajectory planning methods in UR3 manipulator grabbing. This design aims to simulate the car with 
mechanical arm identify the express carton, grab and place it in the storage after moves to the preset 
grabbing point. Building simulation environment in gazebo, simulating the grabbing and placing 
process in gazebo by using ROS1 to analysis the kinematics and dynamics control of the manipulator 
system. The simulation results verify the feasibility of the architecture design and the accuracy of the 
dynamic controlling system design. Different size express cartons are recognized by using Open CV. 
Using MoveIt to achieve collision detection and smoother trajectory planning. This prototype design 
can also provide a reference to future space intelligent robot. 
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1. Introduction 

The classic definition of robot is an actuated mechanism that can be programmed in two or more 

axes, has some autonomy, and moves through its environment to carry out specific tasks. A control 

system and an interface for that control system are both components of a robot. After a lengthy period 

of evolution during the electrical and digital ages, robots are now entering a new era of intelligence.  

Conventional automated technologies such as servomotors have been replaced by high-technology 

intelligent robots integrated with computer vision functions. Intelligent robot is a machine system 

with vastly enhanced perception, decision-making, and performance in comparison to conventional 

robot. Intelligent manufacturing and industrial upgrading rely heavily on industrial robots and the 

usage of robots throughout the world is expanding year after year. Intelligent robots can be broken 

down into three categories, based on their intended use case: industrial, service, and specialized [1], 

[2]. 

Multi degree of freedom robot manipulators have been widely utilized in the industrial commerce 

context for more complex or more precise operations than human operators can perform. 

Automatically searching for the ideal path from the current pose to the desired pose, also known as 

trajectory planning. A robot's implementation of tasks with high-quality performance is facilitated by 

its ability to find a successful path [3].  

In contrast to AI technologies such as neural networks, which have been widely utilized since the 

1940s, computer vision technology did not become widespread until the late 1960s and early 1970s. 

Initially addressing themes such as simulating the human visual system through a variety of 

understandings of camera models. In later years, computer vision emerged in all sectors.  

Vision-based automated manipulator sorting and grasping technology is a new field of machine 

vision technology with mechanical motion methodology. It interprets and analyzes the image data 

obtained by the camera to determine the position of the target object, and then directs the industrial 

robot to perform the appropriate tracking and grasping actions. For robots, machine vision provides 
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its sophisticated computing system and processing system, simulating bio-visual imaging and 

information processing, allowing the robot arm to perform more anthropomorphic and flexible 

operations while simultaneously identifying, comparing, and processing scenes, to generate execution 

instructions, and then carry out the action. Robots' adaptability and operability are contingent upon 

machine vision.  

The rapid expansion of the express industry has resulted in an abundance of express packaging 

waste. An efficient sorting machine is required to facilitate reducing waste of human resources. 

Computer vision analyzes the image data obtained by camera to determine the position of the express 

carton, and then direct the robot arm to perform the tracking and grabbing actions. Through efficient 

intelligent robot system, it can reduce labor costs and reduce carbon emissions. Aiming at these 

problems mentioned above, this paper designs a robotic system for rapid sorting express cartons using 

robotic arms based on computer vision technology. This design aims to simulate the car with 

mechanical arm identify the express carton, grab and place it in the storage after moves to the preset 

grabbing point. 

2. System Overall Design 

The overall process of the system designed in this paper is shown in Fig. 1. First, the YOLO 

algorithm is used to identify the carton to be grabbed, and position information is obtained through a 

depth camera. At the same time, the camera position and posture are calculated, as well as the position 

and posture of the mechanical claw end actuator are also obtained. Then, through Eye-in-hand 

calibration method for coordinate system transformation and analysis of grasping attitude, a collision 

detection method combining cylindrical envelope and reference frame perimeter boxes method is 

designed. Finally, RRT algorithm is used for path planning, shortening planning time, and smoothing 

path curves. 

 

Fig.1 System architecture and composition 

In the subsequent research process, this design can be combined with the simultaneously mapping 

technology SLAM and autonomous navigation function of the car to achieve autonomous navigation 

of the vehicle equipped with a 6-degree of freedom mechanical arm to avoid obstacles and navigate 

to the designated grasping location in the logistics factory. 

3. Methodology 

3.1. Target Detection Technology for Grabbing Robots 

This design provides a technique for sorting express cartons using the vision-based manipulator-

enhanced YOLOv5 algorithm and designs a methodology with real-time processing capability to 

address conventional industrial robotic arms' high failure proportion and poor feedback efficiency 

during the conveyor logistics sorting process [4].  Locating the relevant item in a picture and 

simultaneously calculating its location information are two essential steps in the process of object 

detection [5]. Even though the two-stage object detection algorithm has a decent detection rate and 

accuracy, the detection speed is sluggish to meet the industry's authentic and quick-speed standards 

[6, 7]. Consequently, the YOLOv5 convolutional neural network model, which represents the one-
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stage technique, is used for this design. As a consequence of this, the YOLOv5 convolutional neural 

network (CNN) model is utilized for the creation of this system. This model is representative of the 

one-stage method. 

3.2. Eye-in-hand Calibration 

In response to a rise in the complexity and variety of occupations that are done by machine and 

manipulators, "hand-eye" cooperative process has garnered considerable interest. In terms of 

determining robot and camera parameters, many issues remain [8, 9]. By constructing a statistical 

equation, the manipulation hand-eye cooperation process precisely achieves an accurate solution to 

the homogeneous transition matrix. The flow chart of hand-eye calibration is shown as follow. 

 

Fig.2 The flow chart of hand-eye cooperation process  

To improve the accuracy of the robot's optical service, researchers have developed a hand-eye 

cooperation process to obtain a transition matrix that is homogeneous between the camera and the 

manipulator [9]. Hand-eye cooperation process can be classified into different types based on the 

installation location of the camera. Eye-to-hand indicates that the depth camera remains stationary 

while the manipulator moves. The alternative approach involves a camera that is attached to the front 

section of the clamp for the manipulator and moves along with it. Since eye-in-hand cooperation 

process has a broader application range. This design chooses eye-in-hand as its target detection 

technology. This paper chooses eye-in-hand as a technical component of the technical framework. 

3.2.1 Camera Calibration  

Estimating the pose of the camera is a very important area of research in the science of computer 

vision. The muti-coordinates of feature points and image coordinates are the most influential elements 

on the accuracy of camera pose estimate during camera calibration. According to the concept of tag 

generation, there are primarily two types of calibration plates shown in Fig.3. Conventional labels 

mostly consist of checkerboard calibration board and circle grid calibration board. The common 

calibration board is shown in the following figure [10].  
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Fig.3 Several planar patterns marked systems 

The mathematical model of camera imaging can usually be represented using a pinhole imaging 

model. The following image depicts the imaging principle that operates within the camera. 

 

Fig.4 Pinhole model of the camera 

As can be seen in the Fig.4, {Oω}, {OC}, {OI}, and {OP} each denote a different reference frame: 

the camera reference frame, the image reference frame, the calibration plate reference frame, and the 

pixel reference frame, respectively. There is an equation (1) that can be used to express the picture 

architecture of the camera. 

 [
𝑢
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0 0 1 0
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Where the coordinate of the point in the pixel coordinate system is denoted by (𝑢, 𝑣, 1)𝑇 , and 

the homogeneous coordinate of the point in the world coordinate system is denoted by 
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(𝑋𝜔, 𝑌𝜔, 𝑍𝜔,1)𝑇 . K refers to the camera's internal settings and parameters. Both and denote the focal 

length after it has been adjusted. The primary point coordinates are written out as 𝑢0 and 𝜈0. The 

camera's external settings are represented by the matrices labelled 𝑁, which are each 4 by 4.  

3.2.2 Robot Calibrations 

The robot's repetitive position accuracy and absolute location accuracy define the position of its 

end-effector. Thus, the robot needs to have its calibration done in order to improve the real-time 

precision it possesses. The discrepancy between the estimated and real end-effector positions is what 

needs to be adjusted in order for aligning to achieve this goal [11]. The kinematics equation (2) of the 

robot can be used to provide a representation of this error.  

 
𝑓𝑚𝑖𝑛 = ‖𝑇𝑛𝑎 − 𝑇1,𝑒‖

2

𝑇1,𝑒 = 𝑇0,1𝑇1,2𝑇2,3𝑇3,4𝑇4,𝑒

                                      (2) 

Where 𝑓𝑚𝑖𝑛 denotes the minimum distance between the end-nominal effector's attitude and its 

actual pose; The 𝑇𝑛𝑎 matrix denotes the supposedly homogeneous transformation from the robot 

arm's base frame to the end-effector frame. 𝑇1,𝑒 is the matrix that depicts the predicted homogenous 

translation from the frame structure of the robotic arm to the frame of the end-effector. The equation 

that best summarizes the model of the robot's direct kinematics is as follows: 

 

𝑇𝑖
𝑖−1 = 𝑅𝑧( 𝜃𝐼) × 𝑇𝑧(𝑑𝐼) × 𝑇𝑥(𝑎𝐼) × 𝑅𝑥(𝑎𝐼)
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                               (3) 

As can be seen, the four parameters 𝜃𝑖 , 𝑎𝑖, 𝑑𝑖 and 𝛼𝑖, respectively describe the joint angle, the 

length of the link, the offset of the link, and the twist of the link. When the pose of the camera and 

the pose of the pose of robotic arm’s end-effector are obtained, establishing a statistical equation of 

hand-eye calibration and obtaining the homogenous transformation matrix from the camera frame to 

the end-effector frame is the subsequent stage. According to the mathematical model’s structure, the 

existing hand-eye electrical measurement are classified as follows: AX=XB, AX=YB, reprojection 

error-based calibration [12]. 

In this design, an online hand-eye calibration based on CharUco board which means combines the 

advantages of Chessboard and Aruco marker technologies is designed. Initially, after the robot has 

reached the faculty position, a calibration picture of the ChArUco board is taken by the camera. 

Secondly, it is determined if the calibrating panel's location satisfies the conditions by recognizing 

the ChArUco board. If the calibration board image position is not satisfied, the robot will 

automatically modify the robot's posture depending on the feedback ChArUco board's location and 

repeat the procedures above，  save the data, modify the robot's position, and proceed to the 

following instructional step. Solve the hand-eye calibration matrix if the collected calibration data 

satisfy the specifications. The process is shown as following: 
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Fig.5 Hand–eye calibration procedure based on ChArUco board. 

3.3. Research on Combination of Collision Detection and Motion Planning 

Many studies have been conducted on collision detection techniques. Methods of collision 

detection vary according to robot type, operating scenario, and real-world demands. The boundary 

box technique, which simplifies the amount of computation used for blocking robots and the 

surrounding environment, is utilized to reduce superfluous computation. A cylinder is the simplest 

shape that most closely approximates the linkages of a robot manipulator. As a consequence of this, 

a cylinder enclosure may be used for the purpose of obstacle detection. The issue of collision between 

the robotic arm's links is transformed into determine whether the distance between two cylinders 

meets the minimum distance requirement to avoid collisions. The difficulty has been reduced. 

Utilizing the cylinder enclosure method necessitates determining the volume, location, and 

orientation of the enclosed sphere that replaces the actual joints, links and other objects. The spatial 

line segment formula describing the area where Ci is located will be represented as follows: 

 
𝑥−𝑥𝑖

𝑥𝑖+1−𝑥𝑖
=

𝑦−𝑦𝑖

𝑦𝑖+1−𝑦𝑖
=

𝑧−𝑧𝑖

𝑧𝑖+1−𝑧𝑖
= 𝑡, 𝑡 ∈ (0,1)                         (4) 

Where (𝑥𝑖 , 𝑦𝑖,𝑧𝑖) and (𝑥𝑖+1, 𝑦𝑖+1,𝑧𝑖+1) represent the end face center coordinates of the link 

envelope cylinder and t represents the proportional constant. The parametric representation of the 

equation is: 

 {

𝑋𝑖(𝑡) = 𝑡𝑥𝑖+1 + (1 − 𝑓)𝑥𝑖

𝑌𝑖(𝑡) = 𝑡𝑦𝑖+1 + (1 − 𝑓)𝑦𝑖

𝑍𝑖(𝑓) = 𝑡𝑖+1 + (1 − 𝑡)𝑧𝑖

                                     (5) 

Simplify, the vertical spatial length between the center line of circular cylinder is shown as follows: 

 𝑑𝑖𝑗 = √(𝑋𝑖(𝑡) − 𝑋𝑗(𝑚))
2

+ (𝑌𝑖(𝑡) − 𝑌𝑗(𝑚))
2

+ (𝑍𝑖(𝑡) − 𝑍𝑗(𝑚))
2

                   (6) 
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When 𝑑𝑖𝑗 > 𝑟𝑖 + 𝑟𝑗, the distance meets the distance requirements for collision avoidance. When 

𝑑𝑖𝑗 < 𝑟𝑖 + 𝑟𝑗, this distance does not meet the distance requirements for collision prevention. Many 

studies have been conducted on trajectory planning. The Rapidly-Exploring Random Tree’s 

fundamental stage is to build certain branch from the path's initial point and arbitrarily grow the leaf 

nodes until the goal point is reached. A path is finally obtained when an expanding 

connected nodes reaches or approaches the target. Owing to the high unpredictability of the path of 

Rapidly Exploring Random Tree, the outcome is frequently significantly more costly than the best 

approach. In the entirely randomly investigation case, the correlation between the area’s extent and 

its length from the objective can be conducted as 

 lim
𝑛→∞

𝐴𝑝𝑟𝑜𝑏𝑒 = 𝜋𝑙𝑑𝑖𝑠
2

                                      (7) 

, Where n represents the number of investigations, 𝑙𝑑𝑖𝑠represents the distance between the starting 

and ending sites, and 𝐴𝑝𝑟𝑜𝑏𝑒 represents the region containing the exploration sites. It is evident that 

the strategy of boosting the amounts of trees can significantly decrease the number of searches by 

reducing the searching length of a sole tree. 

As a result, the goal of this paper's algorithm improvement is to expand the root of the tree. In the 

case of the straight path, average sampling is used to sample five places throughout the whole path, 

and collision detection is conducted at each point. If there is no collision at any of the five places, it 

is assumed that the path is free of collisions [13]. The generation and selection of roots is show in Fig. 

6. 

 

Fig. 6 Origination and choosing of roots  

At the start, a specific number of elements are originated at random in the working space, and 

these are the potential root growth points. After joining the points collision, collision detection is 

performed on each edge, leaving only unobstructed edges [14]. 

As all of the randomized roots are chosen, they all begin to grow at the same time, as illustrated in 

Fig. 7. Finally, connecting block paths to form a complete path, which is shown in Fig. 8. 

 

Fig.7 Tree grows simultaneously    Fig.8 Path generating 

4. Experiment and Analysis 

4.1. Introduction to Simulation Environment 

The robot operating system (ROS) offers a unified controlling platform for robotic devices and 

robot systems. ROS is a framework developed specifically for manipulator robot arm and moving 
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robots in the field of research with its open-source, simple constructure and compatibility. The 

development of ROS has gone through two versions and ROS1 is more compatible and stable. The 

ROS1 will be installed on the Ubuntu 20.04 noetic system. 

With the physical simulation engine Gazebo, it is possible to simulate the robot's working 

conditions in the real world, thereby reducing the complexity of the work and increasing its efficiency. 

RViz is one of the most important and fundamental function of ROS. RViz is capable of completing 

the visualization of 3D data and executing the coordinate system establishment and sensor coordinate 

transformation in complex systems. Taking inspiration from the Arm Navigation architecture in ROS, 

Moviet! incorporated kinematics, motion planning, three-dimensional perception, and a control 

interface to provide the fundamental function of moving an arm in virtual environments. Moveit can 

quickly solve forward and reverse kinematics for robotic arms. It also has a function of collision 

detection to provide a collision-free track for grabbing. 

4.2. Simulation Experiment Results and Analysis 

The simulation environment consists of an operating table in a simulated logistics sorting scenario, 

a UR3 robot arm on a base with a depth camera above the jaws of this arm, which is shown in Fig. 9. 

Blocks represent logistics cartons, and the logistics cartons will be placed in the classification box. 

Run simulation environment in gazebo is shown as follow. The model file of the robotic arm with 6 

degrees of freedom is shown in Fig.10. 

  

Fig.9 simulation environment    Fig.10 UR3 robotic arm model file 

Using Rviz to complete the visualization of 3D data of robot arm. The operation process is shown 

in the following figure. 

 

Fig.11 The interface of UR3 
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Utilizing Open CV to recognize box and running grabbing program，observing 3D images of 

robot arm using Rviz. The process of grasping and placing is shown in the following figure. 

 

Fig.12 process of grabbing 

Forward and reverse kinematics of the robot arm calculated using Moveit. After sorting process is 

completed, the robotic arm returns to its starting position, as shown in Fig.13. 

 

Fig.13 Sorting process is completed  

The simulation results verify the feasibility of the mechanical arm structure design of the robot 

and the accuracy of the control system design. Express cartons are recognized by using Open CV. 

Using MoveIt to achieve collision detection and smoother trajectory planning. 

5. Conclusion 

The robotic arm designed in this article is a new application of machine vision technology with 

robot motion technology. This design provides a technique for sorting express cartons using the 

vision-based manipulator-enhanced YOLOv5 algorithm and designs a methodology with real-time 

processing capability to address conventional industrial robotic arms' high failure proportion and poor 

feedback efficiency during the conveyor logistics sorting process. The accuracy of the visual-

grabbing serving is improved by employing the hand-eye cooperation process, which yields a 

transition matrix that is homogeneous between the camera and the manipulator. The designed robot 

integrates collision detection and RRT path trajectory planning algorithms, achieving smoother 

grabbing and collision-free grabbing. Simulating the grabbing process with ROS in gazebo. Express 

cartons are recognized by using Open CV. Using MoveIt to achieve collision detection and smoother 

trajectory planning. The simulation results verify the feasibility of the mechanical arm structure 

design of the robot and the accuracy of the control system design. The designed robotic limb can 

facilitate rapid sorting and significantly reduce labor costs. 
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