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Abstract. COVID-19 has become a global infectious disease, which has a high transmission rate, a 
wide transmission range, and a variety of transmission modes. Therefore, to reduce the transmission 
efficiency of COVID-19, human beings try to reduce the manpower ratio to create a non-contact 
environment in the industry. Therefore, a new model is proposed in this paper. This new model aims 
to be applied to storage classification in the context of the prevention and treatment of COVID-19 by 
using the mechanical robot arm. This model will use the UR3 robot arm, Logitech C300 web camera, 
and OpenCV public repository to implement the computer vision algorithm, and forward and inverse 
kinematics analysis. This model can successfully implement non-contact storage classification. 
Through the real experiment, this paper has a good application prospect. It gives a new solution for 
future research and experiment. In addition, in the summary and outlook part of this paper, new 
research directions in the future are given. 
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1. Introduction 

The Coronavirus Disease 2019 (COVID-19) is widely spread among countries in current three 

years. it has three main ways of transmission: person-to-person, aerosol, and indirect transmission [1]. 

Every country has different policies to prevent and control it. However, the current logistics industry 

situation is that most storage classification still needs manpower to achieve, which might greatly 

increase the probability of COVID-19 transmission because the virus can attach to those storage items 

(indirect transmission). To solve this problem, using robot arms to do the storage classification is a 

relatively ideal solution to replace manpower since it can reduce the frequency of direct contact 

between people and storing items. Currently, robotic arms are widely used in highly repetitive work, 

such as production lines, and some high-risk environments [2]. Two of the main components of robot 

arm applications are robotic kinematics and computer vision system. Robotic kinematics is the basic 

model to simulate the body motions of a robotics mechanism without considering the forces and 

torques that cause the motions [3]. The computer vision system is the combination of the hardware 

design and software algorithm to simulate the same way as human vision [4]. 

Based on the current application of the robot arms, this paper proposes a kinematics model to 

combine the robot arm and computer vision technology to simulate the storage classification process 

in the logistics industry to reduce employees’ involvement, which might cause COVID-19 

transmission, in the storage classification. The paper will illustrate a six-axis robot arm kinematics 

model in the frame changes among space, robot, and camera, forward kinematics, and inverse 

kinematics and the combination with a computer vision system. 

2. Technical Background 

2.1.  Kinematic Analysis 

2.1.1. Forward kinematics analysis 

Forward kinematics analysis means the pose and position of the robot end-effector in a given 

uniform coordinate system can be calculated by the parameters of links and joints of the robot [5]. 
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Mathematically, the representation of the end-effector status 𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑏𝑎𝑠𝑒  can be calculated by the 

multiplication of the transformation matrices 𝑇𝑖
𝑖−1[6]. 

 

𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑏𝑎𝑠𝑒  =  𝑇1

𝑏𝑎𝑠𝑒 ∗  𝑇2
1 ∗ … ∗ 𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟

𝑛−1                  (1) 

 

𝑇𝑖
𝑖−1 represents the transformation for the robots from state 𝑖 − 1 to state 𝑖. Base means the 

base frame (robot frame). End-effector means the position and pose of the device or tools connected 

at the end of the robot arm. 

2.1.2. Inverse kinematics analysis 

Inverse kinematics analysis is the opposite process of forward kinematics analysis [5]. Given the 

end-effector position of the robot, by combining the parameters of links and the corresponding 

configuration space, inverse kinematics analysis can calculate the variables of each joint of the robot 

[5]. Two main algorithms to do inverse kinematics analysis are the numerical inverse kinematics 

algorithm and the geometrical inverse kinematics algorithm. This paper will illustrate how to apply 

the geometrical algorithm in the robot arm model. 

2.2. Open Computer Vision (OpenCV) 

This paper will demonstrate the utilization of OpenCV to construct the computer vision system. 

OpenCV is a public computer vision repository with Python, which can be used to capture videos, 

manipulate images, and track objects [7]. OpenCV repository supplies several high-level application 

programming interfaces (API) to help people conveniently apply the desired computer algorithms, 

such as choosing the specific filters to track the target objects and using the specific color mode to be 

compatible with different types of cameras. 

3. Experiment and Analysis 

3.1. Hardware 

To implement the robot arm model for the storage classification under COVID-19 prevention and 

control, in this study, a six degree-of-freedom (DOF) robot arm (UR3, figure 1) and a web camera, 

Logitech C300, are combined to implement the kinematics model proposed in the project. UR3 is a 

robot with an effective load of 3kg and a weight of 11kg [8]. All joints in UR3 can rotate 360 degrees 

independently [8]. Logitech C300 is a 1.3-megapixel web camera with RGB color mode, which is a 

relatively common and easy-to-obtain camera. 

 

Figure 1. UR3 robot arm 

3.2. Software: OpenCV Application 

To do the storage classification, it is necessary to recognize the storage items [9]. There are three 

steps to implement that by using the OpenCV public repository: 
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1) Step 1: For the different kinds of items, defining the different colors, which can represent the 

items themselves, can help classify during the recognition process and locate the desired position for 

each item, respectively. 

2) Step 2: Converting the chosen color to hue-saturation-value (HSV) color space, which can one-

to-one represent the hardware device RGB color model [10]. Then change the range of HSV three 

field values (hue, saturation, value) by ±10% to get the lower and upper bound of each color to reduce 

the error caused by the light source environment. 

3) Step 3: Using the specific filter from the OpenCV repository to mask the noise during the 

recognition process and then using the SimpleBlobDectector() function to locate corresponding 

storage items and get their position in the camera frame. 

3.3. Mathematical Model 

The mathematical model consists of three parts, frame transformation, forward kinematics analysis 

application, and inverse kinematics analysis application [11]. 

3.3.1. Frame transformation 

This project has three frames: camera frame, space frame, and robot frame. In order to do the 

simulation, it is necessary to unify these three coordinate systems. Converting the camera and space 

frames to the robot frames is convenient for doing the kinematics analysis. 

A. Camera frame transformation 

To convert the camera frame to the robot frame, it is necessary to convert it to the space frame 

first. After that, the general method, of converting the space frame to the robot frame can be applied 

to the converted camera frame to get the corresponding robot frame coordinates [12]. 

1) Step 1 Camera Calibration: In the camera view, the unit of the distance is pixel. However, in 

the real world, the unit of distance is meter. Therefore, camera calibration can find the ratio between 

the pixel and meter by using a calibration stick. Obtaining the ratio for calibration can be achieved 

by using the length of the stick in pixel under the camera view divides the length of the stick in meter 

in the real world. 

2) Step 2 Camera Frame Transform: Because the camera is fixed above the workspace, the z 

coordinate of the objects can be measured directly in the robot frame. Therefore, converting the 

camera frame to the space frame is just transforming the 𝑥𝑐 and 𝑦𝑐 coordinates to the 𝑥w and 𝑦w 

coordinates by multiplicating the corresponding transformation matrix 𝑇𝑐
𝑤. (𝑥𝑐 , 𝑦𝑐)is the coordinate 

under the camera frame. (𝑥𝑤, 𝑦𝑤)is the coordinate under the space frame. 𝑇𝑐
𝑤 is the transformation 

matrix that can convert the camera frame coordinate to the space frame coordinate. 

B. Space frame transformation 

Generally, converting the space frame to the robot frame is obvious since we can measure the 

offsets between each coordinate and then do simple calculations based on figure 2. 

 

𝑥0 =  𝑥𝑤 + 0.15                               (2) 

 

𝑦0 =  𝑦𝑤 − 0.15                               (3) 

 

𝑧0 =  𝑧𝑤 − 0.01                               (4) 

 

3.3.2. Forward kinematics analysis application 

1) Step 1 Determine the zero configuration (initial position): Based on table 1 and figure 3, the 

zero configuration can be represented by a 4x4 homogeneous transformation matrix (M) 

corresponding to the initial position of the UR3 robot end-effector. 
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M=[

0 −1 0 390
0 0 −1 401
1 0 0 215.5
0 0 0 1

]                           (5) 

 

2) Step 2 Get the screw axes: Screw axis can be represented by: 

 

𝑆 =  (𝜔, 𝑣), 𝜔 =  

𝜔𝑥

𝜔𝑦

𝜔𝑧

,   𝑣 =  

𝑣𝑥

𝑣𝑦

𝑣𝑧

                        (6) 

 

Where ω is the joint axis and v can be represented by: 

 

𝑣 =  −𝜔 ×  𝑞                               (7) 

 

Where 𝑝 is the position of the joint center with respect to the robot frame. Then convert Si to the 

Lie group SE (3) matrix form [6]: 

 

[Si] = [
[𝜔𝑖] 𝑣𝑖

0 0
], [𝜔𝑖] =  

0 −𝜔𝑧 𝜔𝑦

𝜔𝑧 0 −𝜔𝑥

−𝜔𝑦 𝜔𝑥 0
                   (8) 

 

3) Step 3 Reach the desired status of end-effector: After getting the screw axes, it is easy to 

calculate the 𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 : 

 

𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 = ⅇ[𝑠1]𝜃1ⅇ[𝑠2]𝜃2ⅇ[𝑠3]𝜃3ⅇ[𝑠4]𝜃4ⅇ[𝑠5]𝜃5ⅇ[𝑠6]𝜃6                (9) 

 

Then, using the calculated transformation matrix  𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑏𝑎𝑠𝑒  and the end-effector initial 

position M to get the desired status F: 

 

𝐹 = 𝑇𝑒𝑛𝑑−𝑒𝑓𝑓𝑒𝑐𝑡𝑜𝑟
𝑑𝑒𝑠𝑖𝑟𝑒𝑑 ∗  𝑀                           (10) 

 

  

Figure 2. Space frame(black frame), robot frame     Figure 3. Initial position and screw        

(blue frame) and basic setting of UR                  axes of the six joints 

Fig. 2: 𝑥0, 𝑦0 and 𝑧0 represent the coordinate in the robot frame. 𝑥𝑤, 𝑦𝑤 and 𝑧𝑤 represent the 

coordinate in the space frame. L1 to L10 represent the links between the joints. 𝑥3𝑒𝑛𝑑, 𝑦3𝑒𝑛𝑑 and 
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𝑧3𝑒𝑛𝑑(project endpoint), which lies with the L6 axis, represent a virtual point that locates at the same 

x-z plane as the L1 to help calculate the angle of joint 1(𝜃1). 𝑥𝑐𝑒𝑛, 𝑦𝑐𝑒𝑛 and 𝑧𝑐𝑒𝑛(wrist center), 

which lies with the L9 axis, represent a virtual point that locates at the same 𝑥 − 𝑦 plane as the end-

effector to help calculate the status of the end-effector. 

Fig. 3: J1 to J6 represent each joint, S1 to S6 represent the screw axes for each joint. 

Table 1. Links length(meter) 

Link Length(meter) 

32.00 ETH 0.152 

L1 0.120 

L2 0.244 

L3 0.093 

L4 0.213 

L5 0.083 

L6 0.083 

L7 0.082 

L8 0.0535 

L9 0.059 

L10 0.152 
 

Table 2. The list of 𝜔i, pi, and vi 

 S1 S2 S3 

𝜔 (0,0,1) (0,1,0) (0,1,0) 

p (-0.15, 0.15, 0) (-0.15,0, 0.162) (0.094,0,0.162) 

v (0.15,0.15,0) (-0.162,0, -0.15) (-0.162,0,-0.094) 

 S4 S5 S6 

𝜔 (0,1,0) (1,0,0) (0,1,0) 

p (0.307,0,0.162) (0,0.26,0.162) (0.39,0,0.162) 

v (-0.162,0,0.307) (0,0.162,-0.26) (-0.162,0,0.39) 
 

3.3.3. Inverse Kinematics Analysis Application 

To do the inverse kinematics, given the desired end-effector position, the system uses the 

geometric method to return the angle values of all joints(θ1 to θ6). For the stability of the classification 

process, θ5 is always -90 degrees and θ4 is set such that link 7 and link 9 are always parallel to the 

space x,y plane. 

1) Step 1: It is necessary to convert the space frame coordinate (xWgrip, yWgrip, zWgrip) to the 

robot frame (xgrip, ygrip, zgrip): 

 
𝑥𝑔𝑟𝑖𝑝 =  𝑥𝑊𝑔𝑟𝑖𝑝 + 0.15                           (11) 

 

𝑦𝑔𝑟𝑖𝑝 =  𝑦𝑊𝑔𝑟𝑖𝑝 − 0.15                           (12) 

 

𝑧𝑔𝑟𝑖𝑝 =  𝑧𝑊𝑔𝑟𝑖𝑝 − 0.01                           (13) 

 

2) Step 2: According to figure 2, it is clear to see that zcen equals zgrip. By using the top view of 

UR3, the relationship between (xcen, ycen, zcen) and (xgrip, ygrip, zgrip) is: 

 

𝑥𝑐𝑒𝑛 = 𝑥𝑔𝑟𝑖𝑝 − 𝐿9 ∗ 𝑐𝑜𝑠(𝑦𝑎𝑤)                       (14) 

 

𝑦𝑐𝑒𝑛 = 𝑦𝑔𝑟𝑖𝑝 − 𝐿9 ∗ 𝑠𝑖𝑛(𝑦𝑎𝑤)                       (15) 

 

𝑧𝑐𝑒𝑛 = 𝑧𝑔𝑟𝑖𝑝                              (16) 
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yaw angle in figure 4 is the input parameter angle(usually 0) between L9 and the x-axis of an 

auxiliary coordinate system which is parallel to the robot base frame in the top view [10]. 

3) Step 3: Based on figure 4, to get θ1, it is necessary to get γ by using arcsin() function first. 

 

𝛾 = 𝑎𝑟𝑐𝑠𝑖𝑛 (
𝐿6+0.027

|𝐴𝐵|
 ) = 𝑎𝑟𝑐𝑠𝑖𝑛 (

𝐿6+0.027

√(𝑥𝑐𝑒𝑛
2 +𝑦𝑐𝑒𝑛

2 )
 )                (17) 

 

Then solving θ1 can be implemented by utilizing atan2() function, which can return the values in 

the correct quadrant. 

 

𝜃1 = 𝑎𝑡𝑎𝑛2(𝑦𝑐𝑒𝑛, 𝑥𝑐𝑒𝑛)  −  𝛾                         (18) 
 

4) Step 4: Based on figure 4, ψ is critical to find θ6 and ψ is the complementary angle of yaw. 

 

𝜓 =  
𝜋

2
 –  𝑦𝑎𝑤                              (19) 

 

𝜃6 = 𝜃1 + 𝜓                               (20) 

 
5) Step 5: Using xcen, ycen, zcen, and θ1 can directly find the projected endpoint (x3end, y3end, z3end). 

 

𝑝3
𝑟 =

𝑥3𝑒𝑛𝑑

𝑦3𝑒𝑛𝑑

𝑧3𝑒𝑛𝑑

 =  𝑇𝑐
𝑟 ∗ 𝑝3

𝑐, 𝑇𝑐
𝑟 = [

𝑐𝑜𝑠𝜃_1 −𝑠𝑖𝑛𝜃_1 0 𝑥𝐶ⅇ𝑛
𝑠𝑖𝑛𝜃_1 𝑐𝑜𝑠𝜃_1 0 𝑦𝐶ⅇ𝑛

1 0 1 𝑧𝐶ⅇ𝑛
0 0 0 1

], 𝑝3
𝑐 =  

−𝐿7
−𝐿6 − 0.027

𝐿8 + 𝐿10
 (21) 

 

6) Step 6 Get θ2, θ3, and θ4: Based on figure 5, to obtain β it is convenient to use atan2() function. 

 

𝛽 = 𝑎𝑡𝑎𝑛2((𝑍3𝑒𝑛𝑑 − 𝐿1), |𝐶𝐷|)                       (22) 

 
ρ is the complementary angle of β. 

 

𝜌 =
𝜋

2
− 𝛽                                (23) 

 

Then, α and φ can be obtained by using the Law of cosine. 

 

𝛼 = 𝑎𝑟𝑐𝑐𝑜𝑠 (
𝐿3

2+𝑎2−𝐿5
2

2∗𝐿3∗𝑎
 ) , 𝜑 = 𝑎𝑟𝑐𝑐𝑜𝑠 (

𝐿3
2+𝐿5

2−𝑎2

2∗𝐿3∗𝐿5
 )                  (24) 

 

Because the sum of the interior angles of a triangle is π rad, it is obvious to get δ. 

 

𝛿 = 𝜋 − 𝛼 − 𝛽                              (25) 

 

Therefore, θ2, θ3, and θ4 are found. 

 

𝜃2 = −(𝛼 + 𝛽)                              (26) 

 

𝜃3 = 𝜋 − 𝜑                               (27) 

 

𝜃4 = −(𝜋 − 𝛼 − 𝛽 − 𝜑) = −(𝜃2 + 𝜃3)                    (28) 
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After doing those above steps, the whole 6 joint values (θ1 to θ6) of UR3 can be obtained by the 

inverse kinematics analysis. 

 

Figure 4. Top view of UR3 

 

Figure 5. Side view of UR3 

θ1 to θ6 are the joint angles of UR3. α, β, γ, ψ, φ, δ and ρ are the auxiliary angles that help to obtain 

θ1 to θ6.AB, CD, DE, and CE are the auxiliary lines that help to obtain θ1 to θ6. 

3.4. Simulation 

To apply this mathmatical model to non-contact storage classification in the context of prevention 

and treatment of COVID-19, the whole process has several steps. 

1) Step 1: Assigning the different storage items different colors can help to do the classifications 

and the camera can recognize the colors to locate the item positions. 
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2) Step 2: The system will use the item positions as the final position of the robot arm end-effector 

and pass them as the inverse kinematics analysis parameters. 

3) Step 3: Inverse kinematics analysis will use the desired parameters to calculate each joint angles 

and pass the angles into the forward kinematics analysis. 

4) Step 4: Forward kinematics analysis will make the robot arm to reach the desired position and 

grip the storage items. Then, the robot arm will do the storage classification. 

4. Conclusion 

In summary, this paper illustrates the mathematical model and simulation process to implement 

the non-contact storage classification based on mechanical arm in the context of prevention and 

treatment of COVID-19. The mathematical model and simulation process use UR3 robot and 

Logitech C300 web camera as the hardware support and utilize OpenCV public repository, forward 

and inverse kinematics analysis as the software development. This sumulation can successfully 

achieve the desired functionality. Although this model can implement the classification, it still has 

several potiential problems that needed to be solved, such as dynamically recognizing the size of the 

storage items in the camera view. In the future, more research and experiments are required to develop 

moreconprehensive computer vision algorithm and more high efficiency system model. 
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