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Abstract: This paper focuses on the design and development of a customized 7-axis
suspended robotic arm for automated spraying production lines. The design process
considers factors such as workspace dimensions, workpiece sizes, and suspension positions.
After analyzing degrees of freedom and workspace coordinates, 3D modeling ensures the
arm can reach designated positions and orientations. Servo motors and reducers are
selected based on load capacity and speed requirements. A suspended body method
allows flexible use within the workspace. Kinematics analysis is conducted, followed by
trajectory-tracking experiments using the manifold deformation control method. Results
from simulation and real experiments show minimal error in tracking, demonstrating
the effectiveness of the control method. Finally, the actual coating thickness sprayed by
the 7-axis suspended robotic arm at four locations on the motorcycle shell was measured.
The results show that the measured values at each location fall within the standard range
provided by the manufacturer, demonstrating consistency in spraying across different
regions. This consistency highlights the precision and effectiveness of the robotic arm’s
control system in achieving uniform coating thickness, even on complex and curved
surfaces. Therefore, the robotic arm has been successfully applied in a factory’s automated
spraying production line.

Keywords: customized; suspended; 7-axis; tracking control

1. Introduction

With advancements in robot manufacturing and operational technology, various
types of robots have wholly integrated into our daily lives, providing diverse services
and assistance across different fields. Especially, robotic arms, known for their flexibility,
robustness, and precision, are widely used on today’s automated production lines in
factories. Given the differing environments and requirements of various production lines,
the design and development of customized robotic arms have become an important area of
research [1-5].

Robotic arms on production lines typically have various kinds of configurations such
as 5-axis, 6-axis, and 7-axis types. For a 5-axis robotic arm, due to insufficient degrees of
freedom (DOF), there are unreachable positions and orientations within the workspace.
This makes controlling a given orientation and trajectory relatively challenging. In the
research of 5-axis robotic arm, Chiaverini and Villani [6] provided insights into interaction
control schemes that helped 5-DOF manipulators achieve desired trajectories despite their
DOF limitations. Xu et al. [7] focused on inverse kinematics for 5-DOF arms, detailing
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methods for solving reachability issues within a constrained workspace and limited degrees
of freedom. Manjaree et al. [8] provided a comprehensive comparison of kinematic methods
for a 5-DOF industrial robot, focusing on both forward and inverse kinematics. The study
examined traditional Denavit-Hartenberg (DH) parameterization with advanced numer-
ical methods for solving inverse kinematics, evaluating each approach’s computational
efficiency, accuracy, and suitability for industrial applications. Chen et al. [9] presented the
kinematic analysis and application of a 5-degree-of-freedom robotic manipulator featuring
a special joint. The results highlighted the unique kinematic characteristics introduced by
this joint and its impact on the manipulator’s performance. Zhong et al. [10] used a kine-
matic analysis and trajectory planning approach for a continuum manipulator. From these
results, the non-linear behavior of the manipulator is solved through advanced algorithms
to optimize its performance in complex tasks. Wen et al. [11] employed a model-predictive
control algorithm to predict future robot states and adjust control actions in real-time,
optimizing both position and force outputs. By integrating force and position control,
the robot effectively handled tasks with varying dynamics, such as precise assembly or
manipulation under uncertain conditions.

In contrast, a 6-axis robotic arm offers greater flexibility and can reach any specified
pose within its working space, allowing for precise control of both position and orientation.
This capability is essential for tasks like complex assembly or welding. However, when
obstacles along the motion path block movement or when the end effector reaches a singu-
larity, smooth motion and accurate positioning are affected. These issues emphasize the
importance of advanced motion planning and trajectory optimization to ensure reliable
performance, even in complex environments. Lattanzi et al. [12] developed a calibration
procedure to correct geometric errors caused by factors such as manufacturing imperfec-
tions, joint wear, and misalignments, ensuring the robot achieves high accuracy in critical
applications. Chen and Chang [13] demonstrated that a 6-axis robotic arm, enhanced
with advanced vision algorithms, could autonomously detect and classify objects during
inspection, significantly improving the speed and accuracy of quality control processes.
The experimental results showed that the system achieves high precision in both object
detection and recognition. Cheng et al. [14] identified singularity conditions and proposed
methods to resolve them, such as adjusting trajectory planning and implementing kine-
matic control techniques to prevent the robot from reaching singular positions. In their
study, these methods, through simulations, enhanced the manipulator’s performance and
expanded its operational range. Kim et al. [15] analyzed singularities in 6-DOF manipula-
tors using an analytical representation of the determinant. By representing the determinant
of the Jacobian matrix analytically, the paper provided a systematic and computationally
efficient approach to singularity detection. Li et al. [16] introduced an optimal singularity-
free motion planning method for a 6-DOF parallel manipulator. The paper focused on
optimizing the motion trajectory to avoid singular configurations, ensuring smooth and
controllable operation. Zhang et al. [17] analyzed the singular configurations of robotic
manipulators, identifying the conditions that lead to singularities. The study provided a
comprehensive theoretical framework for characterizing and predicting these singulari-
ties, which was crucial for effective motion planning and control in robotic systems. Jin
et al. [18] designed a 6-DOF parallel manipulator that decoupled translation and rotation,
allowing for independent control of each motion. By separating translational and rota-
tional movements, the manipulator achieves improved performance in tasks requiring
high precision. Liu et al. [19] proposed a practical solution for real-time motion planning,
enabling the robot to dynamically adjust its trajectory to avoid singularities, ensuring
smoother and more controlled motion. This approach was especially valuable for industrial
applications, such as assembly, welding, and material handling. Gao et al. [20] introduced
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a systematic approach that combined optimization algorithms and experimental data to
refine the robot’s model, reducing errors and improving overall performance in structural
parameter identification for 6-DOF industrial robots. Djuric et al. [21] provided methods
for detecting and avoiding singularities, ensuring better performance and reliability in
reconfigurable manufacturing systems. By understanding these singular configurations,
the research contributed to improving the efficiency, flexibility, and precision of robotic
systems. Filiposka et al. [22] conducted a complexity analysis of methods for calculating
the Jacobian matrix in 6-DOF reconfigurable robotic systems. Their study explored the
relationship between joint velocities and end-effector movement by evaluating various
approaches for efficient Jacobian computation. Reboucas et al. [23] proposed a genetic
algorithm approach for tracking trajectories near singularities in robotic manipulators. This
method optimized motion planning to maintain smooth and stable movement, even when
passing through singular configurations.

In comparison, the human arm is much more complex, primarily due to its seven
degrees of freedom, which enable it to perform more complex movements. For instance, in
confined spaces where intricate motions are required, a 7-axis robotic arm can successfully
execute tasks such as surface welding. This type of robotic arm, often referred to as a
redundant degree-of-freedom arm, offers enhanced flexibility. The extra axis allows the
arm to avoid specific interference points and enables the end effector to reach designated
positions more easily. However, in motion planning for redundant robotic arms, if con-
straint conditions are not set, the numerical solution process for inverse kinematics can
lead to indeterminate solutions for each control axis, resulting in computational difficulties.
To solve this issue, the most widely applied method, whether in closed-form or iterative
approaches, is velocity solving using the Jacobian matrix. In much of the literature on
7-axis robotic arms, Kuhlemann et al. [24] illustrated the advantages and key aspects of
robotic systems with seven degrees of freedom. Simulation results showed that adding a
seventh joint increased the manipulator’s average dexterity by 16.8%. Huang et al. [25]
employed a systematic approach that integrated analytical and numerical techniques to
efficiently solve the inverse kinematics problem for 7-degree-of-freedom manipulators. This
solution enhanced the precision and flexibility of robotic systems in performing complex
tasks. Atawnih et al. [26] introduced a kinematic control approach specifically designed
for redundant robots, including those with more than 6 degrees of freedom. Experimen-
tal results demonstrated that this method effectively avoided joint limit violations while
maintaining smooth and precise control of the end effector’s position and orientation.
Asfour and Dillmann [27] showed that the closed-form kinematic solution contributed
to the robot’s ability to achieve dexterous and coordinated arm movements, which were
important for applications in service robotics, human-robot interaction, and assistive tech-
nology. Shimizu et al. [28] presented an analytical solution for the inverse kinematics of
7-degree-of-freedom redundant manipulators, solving the key point posed by joint lim-
its. This method enabled the precise calculation of joint angles while avoiding joint limit
violations for achieving effective redundancy resolution in complex tasks. Yan et al. [29]
introduced an analytical method for solving the inverse kinematics of redundant manipu-
lators using dual arm-angle parameterization. This approach efficiently calculated joint
configurations for manipulators with additional degrees of freedom, improving flexibility
in achieving precise positioning and orientation. Oh et al. [30] proposed an analytical
inverse kinematics solution for a 7-DOF manipulator that accounted for joint constraints
and self-collision avoidance. Simulation results enabled precise calculation of joint angles
to reach target end-effector positions, while ensuring safe operation within joint limits and
preventing self-collisions. Chen et al. [31] examined the kinematics and singularity issues of
7-DOF redundant manipulators featuring elbow joint offsets. They also provided a detailed
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analysis of singularity configurations specific to this manipulator design and offered ways
to avoid these positions, enhancing reliability and precision. Hollerbach [32] focused on
optimizing the kinematic design of a 7-DOF manipulator to enhance its performance in
complex environments. This study tried to maximize the manipulator’s reach, dexterity,
and control while minimizing the probability of encountering singularities. Li and Han [33]
presented an approach for solving the inverse kinematics of a 7-DOF robotic arm using a
space vector method. This method simplified the computation of solving the complexities
associated with redundant degrees of freedom, by improving computational efficiency
and accuracy. Li and Hofbaur [34] analyzed identifying and characterizing singular con-
figurations that reduced controllability and motion precision in a 7-DOF serial redundant
manipulator. Their study provided a systematic approach for detecting these singularities
to avoid positions of the manipulator to reduce degrees of freedom and effective control.
Chou and Liu [35] presented an analytical solution for the inverse kinematics of 7-DOF
anthropomorphic manipulators, solving joint limit constraints and singularity problems.
This method, through simulation, enabled precise calculation of joint angles while avoiding
problematic configurations.

Robotic arms have been typically installed in one of three main configurations: floor-
mounted, wall-mounted, or ceiling-suspended [36-39]. Subir [36] and Wilson [37] demon-
strated that suspending parts of a robotic arm from the ceiling not only conserved valuable
floor space but also reduced obstructions, enabling streamlined movement in crowded envi-
ronments. This arrangement was particularly advantageous in industries where cleanliness
and space efficiency were crucial, such as pharmaceuticals and electronics. Kabra et al. [38]
and Olivares-Mendez et al. [39] emphasized that suspended robotic arms extend the robot’s
reach, enhancing its range for tasks like packaging and assembly. By eliminating floor
space constraints, these robots could access multiple workstations or conveyors with fewer
spatial limitations, making them ideal for large-scale or high-throughput environments.

In summary, this study aims to design and develop a customized 7-axis suspended
robotic arm for automated spraying production lines, satisfying the requirements for
flexible operation within the workspace and solving diverse spray-coating needs for vari-
ous workpieces. Considering factors such as workspace, arm weight, load capacity, and
movement speed, a 7-axis suspended robotic arm has been comprehensively designed
and constructed. To enhance motion control, an arm angle parameterization method is
employed for redundancy resolution, allowing real-time tracking of each joint’s precise
angle and position. This setup enables effective path planning techniques that allow the
robotic arm to generate and adjust optimal motion paths to avoid collisions and maintain
smoothness and accuracy in the spray-coating trajectory. The motion control system inte-
grates a multi-axis servo control core with an embedded manifold deformation controller,
enabling highly responsive operation and efficient handling of complex path planning.
Through this system, the robotic arm can flexibly obtain multi-axis motion demands and
perform dynamic trajectory adjustments, thereby enhancing the precision of the spray-
coating process. To satisfy practical control requirements, this study employs manifold
deformation control methods to simulate and physically test various motion paths, veri-
fying the accuracy and stability of the customized 7-axis suspended robotic arm control
system. Additionally, trajectory-tracking performance and spray quality uniformity are
assessed on actual workpieces during the spraying process. The results support a reliable
solution for robotic arm control systems in automated spray production lines, particularly
for large and complex workpieces.
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2. Problem Description of Robotic Arm

In line with the actual needs of the manufacturer’s automated spray production line,
and taking into account the limitations of the workspace and the specific requirements for
spraying complex workpieces, as shown in Figure 1, the manufacturer decided to design
and develop a robotic arm. This robotic arm was further implemented in automated spray
production lines to enhance spraying efficiency and reduce procurement costs.

Figure 1. Dimensions of the spraying area for the robotic arm (in mm).

Based on the site and workpiece dimensions outlined in Table 1, thorough system
analysis and planning have been conducted to accommodate various workpiece sizes and
ensure the precise placement of the robotic arm.

Table 1. Workspace and workpiece dimensions for system analysis and robotic arm placement.

Dimensions Length (mm) Width (mm) Height (mm)
Applicable workspace 1800 800 1500
Robotic arm workspace 900 700 900
Maximum size of workpiece 800 600 800
Minimum size of workpiece 440 300 120

3. Methodology for Customizing Robotic Arms

In response to the actual needs of manufacturers, the primary goal of this study is the
design and customization of robotic arms. The design process and completion of these
customized robotic arms are detailed as follows:

3.1. Design of 7-Axis Suspended Robotic Arm

From Table 1, to accommodate a range of workpiece sizes and ensure accurate place-
ment of the robotic arm, careful considerations have been made to avoid specific singulari-
ties during the arm’s movements. Measures have been taken to enhance the flexibility of
the robotic arm’s working range, allowing it to handle various complicated workpieces
efficiently and without obstruction. Thus, a customized 7-axis suspended robotic arm is
selected. Using the 3D-modeling software SolidWorks 2022, simulations of the endpoints
of the 7-axis robotic arm are conducted to verify its ability to reach all positions within the
designated working space, as shown in Figure 2.
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Figure 2. Three-dimensional simulation of the 7-axis robotic arm’s reachability within the workspace:
(a—h) correspond to the coordinates in Table 2(a-h).

Table 2. Coordinates of robotic arm movements relative to the origin point.

Coordinates X (mm) Y (mm) Z (mm)
a —1435 475 —400
b —1435 475 —1300
C —1435 —425 —400
d —1435 —425 —1300
e —735 475 —400
f —735 —425 —400
g —735 475 —1300
h —735 —425 —1300

In these simulations, the coordinates of point O are defined as the origin [0, 0, 0],
and the coordinates of points a through h, representing various positions achieved by
the robotic arm’s movements, are calculated relative to this origin. These coordinates are
systematically outlined in Table 2 to facilitate precise tracking and analysis of the robotic
arm’s reach and movement range.
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3.2. Mechanism of 7-Axis Suspended Robotic Arm

In this study, the loads on each axis of the robotic arm are calculated and analyzed
to ensure the arm’s performance and stability under various operating conditions, as
detailed in Table 3. The load at the end effector is specified as 5 kg. During the design
phase of the robotic arm mechanism, the potential impact of load variations on structural
stress is carefully considered. This analysis necessitates selecting appropriate materials
and incorporating structural reinforcements to guarantee the stability and durability of
the robotic arm during prolonged operation. The objective is to ensure that the arm can
withstand the stresses associated with varying loads without compromising its precision,
efficiency, or long-term functionality.

Table 3. Load distribution across each axis of the robotic arm.

Ax(iis i\1111~r'r71;3er wl\;IieC}Illta:lkism . Motor We'ight Reducer Wéight Rlzlfi(:::r‘:\ilgilgh t xﬁ;l?to(i}é) Axis (I;)ga)ding
- ght (ke) 4; ke) Bi ke) Ci (kg) D;=B;+C; E;=A;+D; Fi=Ej1 +Fi
7th axis 3.181 0.740 1.400 2.140 5.321 5.000
6th axis 5.375 1.300 1.400 2.700 8.075 10.321
5th axis 17.557 1.300 1.400 2.700 20.257 18.396
4th axis 29.104 5.900 7.400 13.300 42.404 38.653
3rd axis 35.103 5.900 7.400 13.300 48.313 81.057
2nd axis 70.970 15.000 16.700 31.700 102.670 129.370
1st axis 75.000 15.000 16.700 31.700 106.700 232.040

where Eg = 0, Fg = Weight Load = 5 Kg.

When designing a robotic arm, each axis must be structurally analyzed to ensure it can
withstand the loads imposed during operation. These loads include the combined weight
of motors, gear reducers, and payload, which act as downward forces on the robotic arm’s
structure. For simplicity, each axis of the robotic arm can be modeled as a cantilever beam,
fixed at one end and subjected to a concentrated or distributed load. This approach enables
the calculation of critical mechanical parameters such as shear force, bending moment, and
section modulus, which are essential for ensuring structural integrity.

To ensure the axis can safely withstand the bending moment, the required section
modulus S must be determined. The section modulus relates the bending moment to the
allowable stress in the material and is given by the following [40]:

F-L M Oyield

S = = , and Oallowable =
Oallowable Tallowable Safety Factor

1)

Here, F represents the maximum shear force, which accounts for the total weight,
including the motor, reducer, and payload. L is the length of the axis. M is the maximum
bending moment. 01541 is the allowable stress of the material. 0, is the yield strength
of the material. Safety Factor is chosen based on the application and reliability requirements
(typically 1.5 to 3 for robotic systems).

According to the literature [40], the properties of the square tube material and its
section such as yield strength, allowable bending stress, allowable shear stress, and dimen-
sions for carbon steel are provided. Using the cross-sectional view shown in Figure 3 and
applying Equation (2), the section modulus (S’) of the square tube is calculated. This calcu-
lated section modulus must exceed the value obtained from Equation (1), which defines
the required section modulus for ensuring structural integrity under load. Based on the
data presented in Table 3 and using the same calculation method, the appropriate section
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modulus for each axis of the robotic arm is determined. This ensures that the selected
square tube can adequately support the stresses and forces imposed on the robotic arm
during operation, while maintaining stability and safety.

BH3 — bh®

S'="—%n @

Figure 3. Cross-sectional diagram of the square tube for structural analysis.

3.3. Kinematics of 7-Axis Suspended Robotic Arm

The 7-axis suspended robotic arm consists of seven rotational joints, which provide
a high degree of flexibility and maneuverability, as illustrated in Figure 4. Each joint is
designed to enable precise and independent rotational movement, allowing the robotic
arm to perform complex tasks within the working space. The configuration of these seven
rotational joints ensures a wide range of motion, facilitates smooth transitions between
positions, and helps avoid singularities during operation. For forward kinematics, the
known joint angles are substituted into the transformation matrices to derive the x, y, and
z coordinates of the arm in space, along with its orientation. This process allows for the
determination of the end effector’s position and orientation.

» Zo 6

z,
o " _
Xo ‘/qon >
Z2
I 3’1
X % o.' - Shoulder
x; %
ol I!'
24
Zy' |
6, ) G Ai.y | Elbow
X4
05 law
Zy,
7
0, X \SAJ—D’ ~ Wrist
Xg
6, i B

- 7,
Y7
v X,

Figure 4. Configuration of the seven rotational joints in the 7-axis suspended robotic arm.

In the Denavit-Hartenberg method, the homogeneous transformation matrix is repre-
sented by four basic transformation parameters, as shown in Equation (3).

cosl,  —sinbB,cosuy, sin 0;;sin &y, a,cos 0,
_ sinb,, cost;,cosny, —cos 0, sin;,;,  a,sinéy,
™ 1 _ (3)
" 0 sin &y, COS &y d,

0 0 0 1
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Based on Figure 4, the Denavit-Hartenberg parameters are listed in Table 4, where
n represent the number of the robotic arm joints (n =1, 2, 3, ..., 7), 0, is the joint angle,
ay is the link offset distance, dj, is the link length, and &, is the link rotation angle. These
parameters are crucial for defining the kinematic relationship between the links and joints
of the robotic arm, enabling the calculation of the arm’s configuration and position in space.

Table 4. Denavit-Hartenberg parameters for the 7-axis suspended robotic arm kinematics.

Joint 0, (rad) ay (rad) a, (m) d, (m)
1 6, /2 0 e
2 (23 /2 0 0
3 03 —7t/2 0 Lse
4 0, /2 0 0
5 0 /2 0 lew
6 0 /2 0 0
7 07 0 0 Lt

From the 3D simulation software, the lengths of the links shown in Figure 4 are defined
as follows: ls = 422 mm, 5, = 760 mm, [, = 516 mm, and Iy = 360 mm. By substituting
the parameters from Table 4 into Equations (3) and (4), we can obtain homogeneous
transformation matrices for each axis.

cosf 0 —sinbq 0 cosf, 0 sinf, 0
0 sinf 0 cosf 0 1 sinfpb 0 —cosf, O
Tl = ’T2 =
0 -1 0 Iys 0 1 0 0
0 0 0 1 0 0 0 1
cosf3 0 —sinf3 0 cosfy O sinfy 0
5 sinfs 0 cosfs 0 3 sinfgy, 0 —cosfy O
T3 = , T4 =
0 -1 0 lse 0 1 0 0
0 0 0 1 0 0 0 1 @)
cosfs 0 —sinfs 0 cosfg 0O sinfg 0
4 sinfs 0 cos6s 0 5 sinfg 0 —cosfg O
T5 — , T6 =
0 -1 0 Lew 0 1 0 0
0 0 0 1 0 0 0 1
cosfy;  —sinf; 0 0
6 sinfy cosby 0 0
17 =
0 1 1 lwt
0 0 0 1

By multiplying the homogeneous transformation matrices from Equations (4) and (5),
the position and orientation of the end effect can be derived.

11 2 T3 Px

T = IO BTRTT = | 2 "B Py 5)
31 r3p 733 Pz
0 0 0 1

Each parameter in Equation (5) is listed as follows from Equations (6)-(17). The
position and orientation of coordinate frame 7 relative to the origin can be determined by
substituting the values from Equations (6)—(17) into Equation (5).

s_sy = sinby, and ¢, = cosby(n =1,2,3,...,7) are used in the symbol explanation for
Equations (6)—(17).
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711 = €7 % (Sg * (54 % (51 % S3 — €1 * Cp % C3) — €1 % C4 * Sp) — Cg * (C5%
(cax(S1%S3—c1*Cop*cC3)+CpxSp%Sq)+ 5% (C3%851+C1%Cp%x83))) + S7% (6)
(s5% (cyx (s1%83—Cp*Cpxc3)+Cp*Sp%84) — 5% (C3%81] + €1 %Co*83))

191 = — C7 % (Sg * (Sg % (c1 %53 + Cp*C3%57) + Cq %51 %Sp) — Co*
(c5% (cax(c1 %53 + cp*C3%S1) — Sy *Sp*Sq)+ S5%(C1%Cc3 — Cp*8S1%53)))— (7)
S7% (S5 % (cq* (C1 %53 + Cp*C3%51) — S1*Sp*8Sq) — C5% (€1 *%C3 — Cp %51 %53))

r31 = S7x (S5 (Co %S4 + C3*Cy*8Sp) + C5%8p%53) — 7% (cg * (c5%
(Ca*sq + C3%Cq*sSy) — Sp*S3%55)+ Se* (Ca*kCqy — C3%5Sy%5Sy))

(®)

r1p =C7 % (S5 (ca* (S1%S3 — C1kCp*C3)+ €1 %Sp*sSy) — C5%(c3%s7 + Cp%
Cp%53)) — Sy (Sg* (S (S1%S3 — C1%Cp*C3) — €1 %Cq%Sp) — Cok 9)
(c5# (cgx(s1xs3 — c1xco*keg)+ c1%Sy*Sy) + S5 (c3%87 + €1 %Co%83)))

Tty =Sy % (Se* (Sa* (1 %S3 + Ca*C3%s1)+ Ca%S1%5p) — Cg* (C5%
(ca*(c1%S3 + Ca*c3*s1) — Sp*Sp*Sq)+ S5%(c1%c3 — Cp*xs1%83))) — cyx  (10)
(s5% (cqa* (c1%S3 + Ca*c3*S1) — Sy *Sp*8Sq) — C5%(C1%C3 — Cp %51 %53))

r3p = C7 % (S5 (CakSq + C3%Cq*Sp) + C5%5y%853) + 7% (e * (C5%

11

(Ca*kSq + C3%Cq*Sy) — SpxS3%55)+ Se* (Ca*kcy — C3%Sp%5Sy)) (1

113 = — Co * (Sq % (S1%S3 — €1 *Cp*C3) — €1 %Cq%Sp) — Sp* (C5% (12)
(ca*(s1%s3 — cp*Cp*c3)+ €1 *Sy*Sq)+ S5 (c3%S] + €1 %Cp%53))

103 = Ce* (Sg % (C1 %S5 + Ca*C3%5S1)+ Cpx51%82) + Sp* (5% (cq% (13)

(cr*S3 + Ca*C3%8S1) — S1%SpxSg) + S5% (€1 %C3 — Cp*S1%53))
133 = Cg * (Cok Cy — C3 % Sp x Sg) — Sg * (5% (Co % Sg + €3 % C4 % Sp) — Sp * S3 * S5) (14)

Px =lse* c1 %5y — Lyt * (Co* (S4% (S1 %83 — €1 *xCa*C3) — €1 %Cq*53) + Spx
(c5* (ca*(51%83 — cr*cp*xc3)+ 1 xsp%84) + s5%(c3%51 + cpxca*83)))—  (15)
lew * (Sq % (S1%S3 — €1 % CopxC3) — €1 *Cq%8p)

Py = lew * (84 % (€1 %53 + Ca*C3%51) + g4 %51 %53) + Lt * (g * (Sq
(c1%83 + Caxc3*S1)+ Ca*x51%8p)+ Se* (C5% (cq* (c1 %53 + Cpxc3%s1)— (16)
S1%SpxS4)+ S5% (Cp%xC3 — CpkS1%83))) + lse*S1 %5

Pz =lps + coxlse — Lt % (Sg% (c5% (co %S4 + C3%CyxSp) — Sy *8S3%8S5)—

17
Co* (Cp*cqy — C3%5p%5q)) 4 lew* (Co*Cqy — C3%Sy%5y) (17)

In the inverse kinematics analysis of the 7-axis suspended robotic arm, as described
in references [41-43], the orientation schematic is depicted in Figure 5. This schematic
illustrates the spatial relationship between the robotic arm’s end effector and its joints,
providing a visual representation of the arm’s configuration in three-dimensional space.
The schematic serves as a basis for deriving the inverse kinematics equations, which are
used to determine the joint angles required to position the end effector at a specified location
with a given orientation. By using this orientation model, the inverse kinematics analysis
allows for precise control of the robotic arm’s movements, ensuring that the end effector
can reach desired positions and orientations within the workspace.
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Base(b)

Arm angle(V)

End effector(t)

Os.6 0,
Wrist(w)

0
Elbow(é)

Figure 5. Orientation schematic for inverse kinematics analysis of the 7-axis robotic arm [43].

The suspended 7-axis robotic arm is parameterized by defining the arm angle as the
angle between the reference plane and the arm plane. The arm plane is defined as the plane
passing through the shoulder, elbow, and wrist joints. The reference plane is established
by setting the angle of joint 3 to zero, which aligns the axes of rotation for joints 2 and 4 to
be parallel. In this non-redundant configuration, the plane formed by the shoulder, elbow,
and wrist serves as the reference plane. The coordinates of the wrist point w are calculated
as shown in Equation (18).

Wy 0
w=|w,| = P! — 1R} |0 (18)
Wy 1

Here, P;’ represents the position vector of the 7th axis (Oy) relative to the base (b), Ré’
represents the rotation matrix of the 7th axis (Oy) relative to the base (b), and I+ denotes
the link length from the wrist to the 7th axis (Oy).

To calculate the position vector of the wrist relative to the shoulder, use Equation (19).

Ly =w—L! (19)
0

Ll=1o (20)
lps

From the given orientation, the position of the end effector is determined, followed by
calculating the wrist position. Since all variables on the right-hand side of Equation (19) are
constants relative to the fixed base, the line I, which connects the shoulder to the wrist,
remains fixed. As shown in Figure 5, a rotation matrix must be derived to represent the
free rotational arm angle ¢ about the axis connecting the shoulder and wrist. Rodrigues’
rotation formula is an efficient algorithm for representing rotation vectors in space. Given
Isy and the rotation angle 1, the following Equation (21) can be derived:

Ry = I+ (1 — cos())k,? 4 sin(P)k, (21)
where
1 00
I=(0 1 0 (22)
0 01
and
0 —uplz)  uy(y)
K, = | uS,(z) 0 —u5,(x) |- (23)

—uy(y)  up(x) 0
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In Equations (22) and (23), u3, is the unit vector of L3,, which can be obtained from
Equation (24).
L%
u, = (24)
1]

Here, L3, represents the position vector of the wrist relative to the shoulder.

As previously mentioned, the wrist position is unaffected by any arm angle. From the
base of the arm, the orientation of the spherical joint at the wrist varies with different arm
angles. In Figure 6, the angle of joint 4 is independent of the arm angle, meaning that the
position of joint 4 does not directly depend on the overall orientation of the arm. However,
adjusting the arm angle influences the orientation of the spherical joint at the shoulder.
This effect can be quantified using the following equation, which relates the arm’s angle to
the orientation of the shoulder joint.

li
R} = RyR} (25)

where Rg/ is the shoulder rotation matrix when the third joint angle is assumed to be zero
and the arm angle is also zero.

L = Ise® 4 lew® — 2lselewcos (6'4) (26)

Base(b)

End effector(t)
Shoulder(s)

Figure 6. Orientation and rotation axis of joint 4 in the 7-axis robotic arm.

I + lew” — ||L§uH2
ZZSCZEZU

cos(0'y) = (27)

94 =TT — 9/4 (28)

The shoulder joint angle is determined by the defined arm angle, as shown in
Equation (25). While maintaining a fixed posture, the reference plane is first established,
and then the shoulder joint angle is calculated by adjusting the arm angle. Through mathe-
matical derivations, based on the new robot arm angle parameter 1, the seven joint angle
values of the 7-axis suspended robotic arm for spraying can be calculated as follows:

) Xo11 Xs12 Xs13
Xs =k,RY = |Xen Xez2 Xe2 (29)
Xe31 Xsz2 X33

N oo Ys11 Ysi2 Ye13
Ys = — (ki; )RO = |Yo1 Ys2 Y3 (30)
Yo31 Ys32 Ye33
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N Zar Zsi2 Zsiz
Zs = (I + k3, )Rg = |21 Zsx Zspz (31)
Zga1 Zsxp Zs3z

—SpXs2 — CypYso — Z
6 — atan( pXs20 — CyYsr 522> (32)
—SypXs12 — CypYs12 — Zs12
92 = aCOS(—Slpxsgz — C¢Y532 — ZS32) (33)
SypX CypY. Z
93:atan( X533 + CyYs33 + Zsaz ) (34)
—5ypXs31 — CpYez1 — Zs31
SypXurs — CyYuosz — Z
6 = a tan( wXw23 — CyYurs — Zuns ) (35)
—SypXw13 — CypYurz — Zuw13
05 = acos(—SyXuwas — CypYuss — Zus3) (36)
SypX CyY Z
6, — atan<— yXw32 + CyYusz + w32> 37)
SyXwst + CypYus1 + Zus1

The mathematical symbols in Equations (29)~(37), such as Sy, (= sin(¢)), Cy (= cos(¢)),
Xs12. . . etc., represent mathematical operations used in the derivation process.

3.4. System Architecture of 7-Axis Suspended Robotic Arm

The completed customized 7-axis suspended robotic arm setup includes a computer, a
digital I/O interface card, a multi-axis servo control board with an embedded manifold
deformation controller, and the controlled body. Each rotating axis utilizes Mitsubishi
MR-J4 series AC servo motors, paired with reducers to enhance output torque. The position
signals from the motors are processed using pulse incremental encoders associated with
the AC servo motors. The computer system is utilized to calculate the necessary control
commands, which are then processed and transmitted by the control board developed in
the laboratory. This control board communicates directly with the driver to execute the
commands and regulate the robotic arm’s movements. The system architecture diagram
of the entire setup is presented in Figure 7, providing a detailed overview of how each
component interacts within the control system. The diagram illustrates the flow of infor-
mation from the computer through the control board to the driver, ensuring accurate and
synchronized operation of the robotic arm.

| T ——

Computer

Digital I/O interface card

Figure 7. System architecture of the 7-axis suspended robotic arm control system.
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3.5. System Identification of 7-Axis Suspended Robotic Arm

The dynamics of a robotic arm with 7 links and rotating joints can be described as
follows [41]:
M(0)8 + £(0,0) +8(0) = T+ (38)

Here, 6 is the n x 1 joint coordinate vector, M(0) is the n x n inertia matrix, f (6, 9) is
the n x 1 vector of centrifugal and Coriolis forces, and g(0) is the gravity vector. 7 is the
input torque vector and 7y is the disturbance torque vector.

The robotic arm system is a non-linear, coupled, and time-varying system. To design
the controller, system identification methods are required for processing and validation.
The main purpose of system identification is to ensure that the control system performs
well, thereby reducing the load on the controller. This is achieved by designing the control
laws based on the system model, which needs to be identified through experiments. In
this study, the time-domain system identification method is employed, where a step input
signal is applied to the system, and the system identification is conducted based on its
step response graph. Here, the identification is focused on the seven servo motor systems.
Multiple system identification processes are performed for each axis to obtain the reference
linear system parameters. Assume that each axis is a second-order linear system.

The state-space representation can be written as follows:

X1 = X2
. ) 39
{x2 = —ayXxp —ai1x1 — bu (39)
Let _
X1 =Yd _ Yy (40)
Xy = —y

Equation (39) can be rearranged and written as follows:

V+ayy+ayy = bu (41)
where
u = Kpx1 = Ky(ya —y) = Kpya — Kpy (42)

Substituting Equation (42) into Equation (41), rearranging, and then applying the
Laplace Transform yields the following;:

Yy S2+apS+ (a1 +bKp)  S?+28wnS + wj
When K, = 1, Equation (43) can be rewritten as follows:
2
Y a;+b wy, (44)

Y; 2+ mS+(a+b)  S2+28w,S + Wl

Here, Y, represents the input control target, a1, a2, b represent identification parame-
ters, ¢ is the damping ratio, and wj, is the natural frequency.

When the arm is in the origin position, system identification is performed for each
axis. Taking the first axis as an example, a step signal is applied as the input to the system.
By analyzing the step response, shown in Figure 8, the response process after the system
receives the step signal can be observed and analyzed. These identification parameters are
crucial for understanding the behavior of each axis and optimizing the control system. The
calculated parameters are summarized in Table 5, which provides a clear representation of
the system’s dynamic characteristics for each axis.
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Figure 8. Step response diagram for system identification of the first axis.

Table 5. Calculated parameters from step response analysis.

Parameter Name Symbols and Calculations Values
Peak time tp 0.012 (s)
Value of max peak My 1.772 (rad)
Final value 1 1.000 (rad)
Percent maximum overshoot P.O(%) =100 MF?F v 77.250
Damping ratio &= —In(P.0/100) /sqrt(m? + In*(53)) 0.080
Damped 1f wi = 5 314.160
amped natural frequency At =0.02 s (the time interval between two consecutive peaks) )
Natural f = 2 315.220
atural frequency Wn woere

Using the identification quantities derived in Table 5, the system performance parame-
ters a1, a, and b can be calculated.

Similarly, using the calculation method for axis 1, the remaining six axes can be
identified, enabling the determination of system performance parameter values for axis 2
through 7, as shown in Table 6. When the robotic arm moves to another position, the system
identification for each axis can be recalculated using the same method to obtain updated
system performance parameters (Table 5). In this study, the identification parameters are
determined as the average of those calculated for the robotic arm in its original position
and in another position, as illustrated in Table 6. This approach ensures a more accurate
representation of the system’s dynamic characteristics by accounting for potential variations
in performance across different configurations.

Table 6. Averaged identification parameters for each axis of the robotic arm.

Identification Parameter 1st Axis 2nd Axis  3rd Axis 4th Axis 5th Axis 6th Axis 7th Axis
ay 27.49 30.27 32.08 26.85 24.96 10.11 9.80
The origin position ap 51.61 118.80 172.41 199.16 212.36 82.94 109.18
b 11,040.38  12,778.80  15,161.34 13,076.1 9965.6 5278.8 5843.03
ay 47.82 28.41 30.83 24.09 25.44 14.83 11.89
Another position a 336.44 71.96 262.84 287.34 240.94 109.18 115.27
b 21,973.4 2078.33 16,473.30  12,901.37 13,842.1 5843.03 9083.61
ay 37.66 29.34 31.46 25.47 25.20 12.47 10.85
The average values ap 194.03 95.38 217.635 243.25 226.65 96.06 112.23
b 16,506.89 7428.57 15,817.32  12,988.74  11,433.49 5560.92 7463.32
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3.6. Control System of 7-Axis Suspended Robotic Arm

In this study, the control system for the 7-axis suspended robotic arm employs the
Manifold Deformation Design Scheme (MDDS) proposed by C.S. Liu et al. [44,45]. This
method combines smoothness and robustness in closed-loop control, utilizing the dynamic
behavior of the system mapped to the system’s state space for control. Within the state
space, the action process is designed as a reference behavior for the system’s dynamics.
The current state feedback from the closed-loop system is compared with the reference
behavior, and the control output is calculated to gradually align the system’s behavior with
the pre-defined action process. In practical mechanical systems, disturbances caused by
physical factors such as gravity, friction, and inertia can hinder the controlled system’s
ability to accurately reach the target state. The manifold deformation control method can
predict the next sampling time based on the current system state, determining the expected
state behavior. If there is a discrepancy between the current system state and the predicted
state from the previous sampling time, the controller can compensate the control output
in real-time. This allows the system to overcome the differences caused by disturbances,
ensuring stable behavior and achieving the designed target state.

The 7-axis suspended robotic arm has seven actuated axes that need to be controlled.

The block diagram of the manifold deformation controller for the i-th axis is shown
in Figure 9. This controller is designed to manage the dynamic behavior of the robotic arm,
specifically addressing the deformation and deflection of the arm’s structure during movement.

flx(kh)) Yt eilxi(kh) + hexigq (k)] + xq (kh)

u(kh) = — + ues (kh) (45)

b b-h
where i}
Ues (kM) = 1tes(kh — h) — x(khzb_h’;(kh) (46)
x5 (kh 4+ ) = =Y exi(kh) + hoxi (kR)] (47)
n(kh) | x,(kh) ug;(kh) +upr(kh) _ u;(kh) 6, (kh)

Prediction > Joint i
Command _A | +

x"(kh)| 0, = x3; (kh) + c4,24,(kh)

v
5 . Ugsi (kh)
Estimation

) [ Delayh

elay

Figure 9. Block diagram of the manifold deformation controller for the i-th axis.

4. Trajectory Simulation and Experimental Control of Customized
Robotic Arm

4.1. Simulation Control of Trajectories for 7-Axis Suspended Robotic Arm

To apply the customized 7-axis suspended robotic arm in an automated spraying
production line, accurate control of its mobility is essential. After completing the motion
tests for each axis and system identification, spatial spraying motion simulations are
conducted. Initially, the path in a rectangular coordinate system is planned, and the inverse
kinematics is used to determine the angle paths for each axis, which are then utilized for
simulation control. The obtained control results are converted back to the rectangular
coordinate path values using forward kinematics, and the error values are compared with
the originally planned paths. The simulation tests are conducted using MATLAB for
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analysis, incorporating the manifold deformation control method along with disturbances
to track the 7-axis movement trajectory. The spraying tracking types include rectangular
and circular trajectories. Additionally, a motorcycle shell provided by the manufacturer is
used for tracking the spraying trajectory, as shown in Figure 10. The simulation conditions
for the three trajectory-tracking types are detailed in Table 7.

Figure 10. Three-dimensional model and physical body of the motorcycle shell for spraying trajec-
tory tracking.

Table 7. Simulation parameters for tracking control of three trajectory types.

Relevant Parameters Rectangular Path Circular Path Motorcycle Shell Path
Initial Coordinates of the Robotic Arm End Effector (mm) [0, 0, —2228] [0, 0, —2228] [0, 0, —2228]
Starting Coordinates of Robotic Arm (mm) [—900, 250, —1700] [—750, —400, —1400] [—1094, —84.34, —2677]
Ending Coordinates of Robotic Arm (mm) [—900, 250, —1700] [—750, —400, —1400] [—1227, —216.6, —674.2]
Rectangular Length (mm) 500 X X
Circular Radius (mm) X 400 X
Physical Workpiece Path X X Planning Path Coordinates
Control Sampling Rate (Hz) 250 250 250
Manifold Deformation Control Parameters 20 20 20
Simulation Disturbance Function 4 sin(4rt) 4 sin(4rt) 4 sin(4rt)

From Figure 11a, using the condition of the rectangular path in Table 7, the simu-
lated results for the robotic arm tracking a rectangular spraying trajectory are depicted
in Figure 12a. During the simulation process, minor oscillations in the error values of
the X, Y, and Z axes can be observed. However, these values remain close to a straight
line, indicating that the simulation errors for all three axes are minimal. Similarly, under
the condition of the circular path in Table 7, for the circular spraying trajectory shown in
Figure 11b, the tracking results for the X, Y, and Z axes display slightly more pronounced
oscillations compared to the rectangular trajectory. Nonetheless, the error values are still
small, demonstrating effective trajectory tracking by the robotic arm in both simulated
conditions. Furthermore, a motorcycle shell is used for tracking the spraying trajectory
in Figure 10. The planned path coordinates are input into MATLAB for 7-axis inverse
kinematics calculations, utilizing the 3D model of the motorcycle shell. The calculated
angles for the seven axes are obtained under the simulation conditions outlined in Table 6,
with the trajectory graph shown in Figure 11c. The simulation results under the condi-
tion of the motorcycle shell path in Table 7 reveal that the oscillations in the X, Y, and Z
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Y-axis error

Z-axis error

X-axis error
(mm)

axes throughout this simulation process is similar with both the rectangular and circular
spraying trajectories; however, the overall error values are still minimal in Figure 12b.
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Figure 11. Simulated spray tracking trajectories: (a) rectangular, (b) circular, and (c) motorcycle shell
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Figure 12. Position error in X, Y, and Z axes during simulation control: (a) rectangular path, (b) motorcycle
shell path.

The simulation results for the rectangular, circular, and motorcycle shell trajectories
demonstrate that all paths can be accurately controlled to follow the specified trajecto-
ries. Further analysis of Table 8 shows that the maximum error values across all three-
dimensional rectangular coordinates in the simulations are below 0.20 mm. This indicates
that the manifold deformation control method provides exceptional control performance.
Consequently, the 7-axis suspended robotic arm developed in this study will employ this
control method in conjunction with the 7-axis servo control board for physical testing,
allowing for a detailed understanding of its operational characteristics.

Table 8. Maximum error values for tracking simulation of three trajectory types.

Types X-Axis Y-Axis Z-Axis
Rectangular trajectory (mm) +0.10 +0.20 +0.09
Circular trajectory (mm) +0.20 +0.20 +0.20

Motorcycle shell trajectory (mm) +0.20 +0.10 +0.20
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4.2. Experiment Control of Trajectories for 7-Axis Suspended Robotic Arm

The robotic arm performs experiments using the joint angles based on previously
simulated spray-coating paths, such as rectangular, circular, and motorcycle shell trajec-
tories. A projector can be installed on the robotic arm’s end effector to project light onto
the planned path. During the motion process, the three-dimensional path values in the
Cartesian coordinate system cannot be directly measured. However, the joint angles of
the seven axes can be fed back and used to compute the corresponding path values in
the Cartesian coordinate system via forward kinematics. These calculated values are then
compared with the initially planned path to assess the accuracy of the robotic arm’s control.
When the robotic arm executes a 50 cm rectangular trajectory, as shown in Figure 13, the
projected light accurately follows the planned path. Similarly, when the robotic arm per-
forms a 40 cm circular trajectory, as shown in Figure 14, the projected light also accurately
follows the planned path.

(a) (b) (©)

Figure 14. Continuous motion of the robotic arm along the circular trajectory from (a—c).

A spray gun has been added to the end effector of the robotic arm, with specifications
that meet the manufacturer’s equipment requirements. The spray gun’s movement speed
and the distance from the spray gun to the workpiece are set according to the manufac-
turer’s specifications. Using the workpiece provided by the motorcycle shell as shown in
Figure 10, the angles for each axis from the previously simulated trajectory are applied as
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the actual angles for the robotic arm. This allows for control of the robotic arm’s actual
spraying trajectory, as depicted in Figure 15.

Figure 15. Continuous motion of the robotic arm along the motorcycle shell trajectory from (a—f).

In all trajectory experiments, whether rectangular, circular, or motorcycle-shell-shaped,
the feedback from the 7-axis robotic arm’s joint angles can be used to transform the three-
dimensional path values into the Cartesian coordinate system. These values can then be
compared with the originally planned path. The results in Table 9 indicate that during
the experiments for the rectangular, circular, and motorcycle shell trajectory tracking,
the maximum error values for the three-dimensional coordinates of the X, Y, and Z axes
are all below 0.40 mm. This study demonstrates that the 7-axis suspended robotic arm
developed using the manifold deformation control method can accurately perform spraying
movements along the specified spraying trajectories.

Table 9. Maximum tracking error for three types of trajectory experiments.

Types X-Axis Y-Axis Z-Axis

Rectangular trajectory (mm) +0.20 £0.10 +0.10
Circular trajectory (mm) +0.30 +0.10 +0.10
Motorcycle shell trajectory (mm) +0.40 +0.10 +0.30

The simulation and experimental results of the 7-axis suspended robotic arm (see
Tables 8 and 9) indicate that during trajectory tracking for both rectangular and circular
paths, using the manifold deformation control method, the maximum tracking errors along
the X, Y, and Z axes are all below 0.20 mm and 0.30 mm, respectively. The simulation and
experimental data are highly consistent. For trajectory tracking of the motorcycle shell,
due to the complexity of the surface shape, the simulation results show maximum tracking
errors along the X, Y, and Z axes below 0.20 mm, while the experimental results of the
robotic arm show errors below 0.40 mm. Although there is some discrepancy between the
two, the results remain very close. This study demonstrates that the manifold deformation
control method used in both simulation and experimentation is highly effective, enabling
precise control of the 7-axis suspended robotic arm.
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Finally, the actual thickness of the spray applied to the motorcycle shell, sprayed by
the 7-axis suspended robotic arm (as shown in Figure 16), must meet the manufacturer’s
requirement of 35-40 um. To verify compliance with this specification, a thickness test-
ing machine was used to measure the film thickness at four different positions on the
motorcycle shell.

(@) (b)

Figure 16. Measured spray thickness on the motorcycle shell: (a) different locations; (b) measuring instrument.

The results, displayed in Figure 16, confirm that the measured film thickness falls
within the required range. Detailed measurements for each of the four positions are sum-
marized in Table 10, demonstrating consistency in the spray application across different
areas of the shell. This consistency highlights the precision and effectiveness of the robotic
arm’s control system in achieving uniform coating thickness, even on complex and curved
surfaces. These findings validate the practical application of the robotic arm in indus-
trial settings where precise and uniform spraying is essential, meeting both quality and
performance standards.

Table 10. Measured film thickness at four positions on the motorcycle shell.

Positions Thickness (um)
1 36.8
2 37.2
3 36.2
4 36.5

5. Conclusions

This study successfully developed a customized seven-axis suspended robotic arm
designed for automated spray-coating production lines. In the design part, factors such as
the size of the workspace, dimensions of the workpiece, suspension positions, and spraying
actions are analyzed to determine the degrees of freedom and confirm the coordinates of
the workspace. This informed decisions regarding the number of axes, lengths of rods,
and the configuration of mechanisms, accompanied by 3D modeling of the workspace.
Subsequently, servo motors and reducers are selected based on requirements for the weight
of the arm, load size, and movement speed. To satisfy the need for flexibility in the
workspace, a suspended design is implemented, allowing the robotic arm to be easily
stored and moved, resulting in the successful fabrication of the 7-axis suspended robotic
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arm. For controlling the robotic arm, three paths are planned: rectangular, circular, and
motorcycle shell. The manifold deformation control method is applied in MATLAB R2018A
to simulate the robotic arm’s trajectory testing for these paths. The results show that the
maximum error in the robotic arm’s trajectory compared to the planned paths is less than
0.20 mm, indicating that the manifold deformation control method accurately controlled
the arm’s position. This control method is further implemented on a multi-axis servo
control board with an embedded manifold deformation controller to control the physical
7-axis suspended robotic arm in tracing the specified paths. During the arm’s movement,
the calculated path values in the rectangular coordinate system show maximum errors
of less than 0.40 mm when compared to the originally planned values, validating the
operational performance of the 7-axis suspended robotic arm’s automated spraying system.
The multi-axis servo control board with the embedded manifold deformation controller
demonstrated excellent control capabilities for the physical arm. Notably, when the arm
moved along the path for the motorcycle shell (workpiece), the spray gun installed at
the end effector performed the actual spraying operations. The resulting film thickness
of the sprayed shell complies with the specified standards, making it suitable for use
in the manufacturer’s automated spraying production line. Currently, the spray path
for the motorcycle shell (workpiece) in this study is planned manually by selecting 3D
coordinate points. In the future, visual equipment will be used to detect the motorcycle
shell (workpiece) and automatically plan the optimal spray path. Subsequent research will
focus on optimizing the control system and other areas to achieve the goal of an intelligent
automatic spraying system.
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