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Abstract: Cantilever workpieces are widely used in the aerospace field; they produce vibrations
easily and affect machining quality under the action of external forces. Enhancing the stiffness
of the workpiece using a robot as a fixture is an effective means to solve this problem. However,
the vibration suppression effect of the clamping system depends on the dynamics performance
of different configurations of the robot. Therefore, in order to obtain the optimal clamping robot
configuration, the system dynamics model composed of automated guided vehicle (AGV)-robot-
gripper-workpiece (ARGW) is established based on the transfer matrix method of the multibody
system (MSTMM), and the vibration responses of the workpiece under different configurations
are analyzed. Then, a robot configuration optimization method based on workpiece response was
proposed. Finally, the effectiveness of the optimization method is verified through simulations and
experiments at different clamping robot configurations. The dynamics model and optimization
method in this paper can be used to predict the workpiece vibration response and choose a reasonable
clamping robot configuration, avoiding the reduction in workpiece machining quality due to the
improper configuration of the clamping robot.

Keywords: clamping robot; dynamics model; configuration optimization; vibration suppression

1. Introduction

Cantilever workpieces on aerospace products have characteristics that include a com-
plex structure, poor stiffness, and high precision requirements, and often require special
fixtures to reduce their machining vibration [1]. Moreover, the diversity of cantilever
workpiece types poses a high challenge to the selection of fixtures. Industrial robots have
been widely used in the manufacturing of aerospace products with low costs, high mobility
and strong adaptability [2–5], and have gradually become an important choice for fixed
large-size structure and cantilever workpieces. For example, the cantilever workpieces
on the space station have poor stiffness, making it easy to produce vibration under the
action of external forces and thus affecting the machining quality. Enhancing the stiffness
through the mobile clamping robot can effectively suppress the vibration, and avoid the
disadvantages of traditional processes such as repeated assembly, which entails a complex
process, and long cycle. However, the operation performance of the robot will change with
the configuration [6–8], resulting in the unstable vibration suppression effect of different
clamping robot configuration on the workpiece, and cannot meet the requirements of
machining quality [9,10]. Consequently, optimizing the configuration of the clamping robot
is very important to improve the machining quality of the clamped workpiece.

Extensive studies on robot configuration optimization based on kinematics [11–13],
stiffness [14–16], and dynamic performance [17,18] have been carried out to date. Generally,
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the robot configuration optimization based on kinematic performance is mainly used
to ensure the track smoothness and task accessibility of large-range machining such as
milling and welding [13,19,20]. However, in order to improve the machining quality
of the workpiece, the robot stiffness is necessary to be considered in the configuration
optimization [21,22]. When the external excitation frequency is not close to the natural
frequency of the robot system, the configuration optimization effect based on static stiffness
is enough [15,23]. For example, Sebastien [24] and Guo et al. [25] built a robot static
stiffness model based on the robot six-joint stiffness and Jacobian matrix, and guaranteed
the drilling quality of the robot by analyzing and optimizing the stiffness at different
configurations. Actually, there are six stiffness parameters on each joint of the robot.
Accordingly, in order to accurately analyze the stiffness performance of the robot under
different configurations, Cui et al. [26] established a dynamic model including 36 stiffness
parameters based on the transfer matrix method of the multibody system (MSTMM). In
addition, for processing tasks such as drilling and milling, the machining quality is mainly
affected by the stiffness in the axial direction and the feed direction [27]. Bu [14] and
Chen et al. [28] ensured the optimal stiffness in the direction of the main machining load
by using the robot orientation stiffness optimization model, and the experimental results
proved that the optimization method could effectively improve the machining quality. The
above methods are based on the redundant degree-of-freedom (DOF) of the six-joint robot
when performing five DOF tasks. However, due to the fixed position relationship between
the robot and the workpiece, the improvement effect of the configuration optimization is
limited. Hence, Caro et al. [29] first analyzed the optimal configuration in the working
space according to the robot stiffness model, and then ensured that the robot is in the ideal
configuration by adjusting the fixed position of the workpiece. Similarly, Shen et al. [30]
improved the stiffness performance of the robot by optimizing the fixed angle between the
flange and the spindle, which ensured the quality of the robot drilling. Zhang et al. [31]
investigated an initial position optimization method for the welding robot based on the
digital twin model, which found the initial welding position with the best operational
smoothness through a particle swarm algorithm to ensure the welding efficiency. Although
the above methods have significant effects on the machining of small parts, the optimization
effects are limited for large-size parts machining, and may even prevent the configuration
optimization of the robot due to operating range limitations [32,33]. On these grounds, a
robot system with mobile platform is gradually adopted to manufacture large structural
parts. Jiao et al. [11] used the additional axis of the robot to divide the position of the wing
drilling, and optimized the robot configuration based on the static stiffness model, which
effectively ensured the operation stiffness of the robot in the whole task. Moreover, when
the automated guided vehicle (AGV) is used as the robot fixed platform, the flexibility of
the robot system can be further improved, which ensures that the robot has redundant DOF
to performing the task [34]. Nevertheless, due to the poor stiffness of AGV, its influence on
the stiffness performance of the robot system should be considered when performing the
configuration optimization, and the complex structure greatly increases the difficulty of
stiffness modelling.

The machining vibration of the robot depends on its dynamic performance. Due to the
weak stiffness and asymmetric structure of the robot, it is more prone to chatter (self-excited
vibration), which is one of the biggest obstacles in the pursuit of machining quality [35,36].
In order to prevent the chatter during milling, Chen et al. [18] adopted the stable lobe
diagram under different robot configurations established by the inverse distance weighted
model for configuration optimization. Likewise, Said [17] and He et al. [37] analyzed
the machining vibration and optimized the whole milling trajectory based on the robot
dynamics model, realizing the avoidance of machining chatter with non-process parameters
adjustment. When no chatter occurs, the vibration response of the workpiece should be
reduced as much as possible to further improve the surface machining quality. Li et al. [38]
took the spindle vibration response as the index and combined it with genetic algorithm
to optimize the robot configuration, and reduced the vibration response by changing the
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configuration to realize the improvement of the drilling quality. Considering the above
studies, it can be seen that the robot configuration optimization based on the dynamics
performance can directly reduce the vibration response and improve the machining quality.
However, the existing studies are mainly aimed at the vibration suppression of the robot
machining system with the open-loop structure, and the clamping robot has not been
sufficiently investigated. In addition, when the robot acts as a fixture to fix the cantilever
workpiece on aerospace products, the workpiece forms an approximately closed-loop
structure with the clamping robot system, which increases the difficulty of analyzing the
dynamics performance and selecting the appropriate robot configuration.

Inspired by the above mentioned studies, this paper combines dynamics response
prediction and configuration optimization to improve the vibration suppression effect for
the cantilever workpiece. In order to enable the clamping robot to suppress the vibration
of the workpiece at different positions on the space station, the AGV is used as the carrier.
The established dynamics model of the AGV-robot-gripper-workpiece (ARGW) system can
predict the vibration response of the workpiece in the clamped state. Then, the influence
of different configurations of the clamping robot caused by different clamping directions,
different workpieces, and movement of the AGV on the vibration response of the workpiece
were analyzed. The simulation and experimental results show that the proposed config-
uration optimization method of the clamping robot can not only improve the vibration
suppression effect, but also avoid the degradation of machining quality caused by improper
configuration. The main contributions of this method can be summarized as follows:

• Providing a solution for dynamics modelling of the ARGW system with approximately
closed-loop structure;

• The influence laws of different clamping robot configurations on the vibration re-
sponses of the workpiece are studied;

• The vibration suppression effect on the workpiece is improved by optimizing the
clamping robot configuration.

The rest of this paper is organized as follows. The dynamics model and its topology
structure of the ARGW system are given in Section 2. In Section 3, the solution method
of dynamics responses under different configurations of the clamping robot is deduced
according to the MSTMM. In Section 4, the influence laws of different configurations on
vibration responses are analyzed, and the configuration optimization method based on
the workpiece responses is shown. In Section 5, the vibration suppression effect of the
configuration optimization is verified using simulations and experiments. Finally, the
conclusions are presented in Section 6.

2. System Composition and Dynamic Model

As shown in Figure 1, the large panel is a component sample of the space station cabin.
Due to the good stiffness of the panel and tooling, they are considered a fixed boundary in
this paper. When the AGV is well-positioned, the supporting legs will extend and support
the AGV to improve the stability of the system. At this time, both the supporting legs of
the AGV and the cantilever workpiece are in contact with the fixed boundaries, resulting in
an approximate closed-loop structure of the ARGW system composed of AGV, clamping
robot KR 60 HA, gripper, and cantilever workpiece.

The elements in the ARGW system can be divided into rigid body elements and hinge
elements. Moreover, rigid body elements include single input end and single output end
elements, multiple input ends and single output end elements. Synchronously, hinge
elements are unified as spatial elastic hinge elements with three-direction translational
stiffness and three-direction rotational stiffness.

The dynamics model of the system is described in Figure 2, and its topology figure is
shown in Figure 3. The four supporting legs, AGV, seven links of the robot, gripper, and
workpiece are considered rigid bodies 2, 5, 8, 11, 13, 15, 17, 19, 21, 23, 25, 27, 29, and 31,
respectively. Additionally, the hinge elements are numbered as 1, 3, 4, 6, 7, 9, 10, 12, 14, 16,
18, 20, 22, 24, 26, 28, 30, and 32 in sequence. The ground and the panel are fixed boundaries,
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all of which are numbered as 0. In addition, the workpiece machining surface is a free
boundary, also numbered 0.

Figure 1. The composition of the ARGW system.

Figure 2. Dynamics model of the ARGW system.

It can be seen that the topology figure of the system dynamics model is a tree structure,
where the output end 0 of the workpiece 31 is the tip of the system and the elements 1,
4, 7, 10, and 32 are the roots of the system. Arrows and rectangles are divided into hinge
elements and body elements, and the beginning and end of arrows coincide with the output
end of the previous body element and the input end of the next body element, respectively.
Furthermore, the direction of the arrow is the transfer direction of the state vector Z in the
ARGW system.
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Figure 3. Topology figure of the dynamics model.

3. Dynamics Responses of the Workpiece under Different Clamping
Robot Configurations
3.1. Coordinate Systems of the ARGW System

The diagrams of the body element and the hinge element are shown in Figure 4a
and b, respectively, which are located in the same world coordinate system o0x0y0z0. In
particular, the mass of the body element is C, its dynamics parameters are measured by
the model, and the coordinate system of the input end Ix′y′z′ and the coordinate system
of the output end Oxyz are always in same direction. Moreover, the translational stiffness
and torsional stiffness of the hinge element are identified using the mode test, and the
coordinate system of the input end and output end coincide. Furthermore, defining the
coordinate system Oxyz of the body element and the coordinate system Ix′y′z′ of the next
hinge element always coincide; thus, the coordinate system of the ARGW system can be
represented by the Oxyz of the body element.

Figure 4. The diagrams of the body element and hinge element.

As shown in Figure 5, oLixLiyLizLi(i = 1, 2, 3, 4) are the coordinate systems of
four supporting legs, oLixLiyLizLi (i = 1, 2, 3, 4) is the coordinate system of the AGV,
oixiyizi (i = 1, 2, · · · , 6, f ) are the six-link and flange coordinate systems of the robot,
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oendxendyendzend and owxwywzw are the end gripper and workpiece coordinate
systems, respectively.

Figure 5. Coordinate systems of the ARGW system.

When the clamping robot is in the configuration shown in Figure 5, all coordinate
systems have the same direction, and the angles of the six joints of the robot are defined
as 0◦. After the robot’s configuration changes, the transfer direction of the state vector
of each joint will change. Depending on the different rotation directions of six joints, the
transformation matrices of x, y, and z directions are defined as follows:

Hx(θk) =


hx(θk) O3×3 O3×3 O3×3
O3×3 hx(θk) O3×3 O3×3
O3×3 O3×3 hx(θk) O3×3
O3×3 O3×3 O3×3 hx(θk)

, k = 1, 2, 3, 4, 5, 6 (1)

Hy(θk) =


hy(θk) O3×3 O3×3 O3×3
O3×3 hy(θk) O3×3 O3×3
O3×3 O3×3 hy(θk) O3×3
O3×3 O3×3 O3×3 hy(θk)

, k = 1, 2, 3, 4, 5, 6 (2)

Hz(θk) =


hz(θk) O3×3 O3×3 O3×3
O3×3 hz(θk) O3×3 O3×3
O3×3 O3×3 hz(θk) O3×3
O3×3 O3×3 O3×3 hz(θk)

, k = 1, 2, 3, 4, 5, 6 (3)

where θk is the angle of the joint k.

hx(θ) =

1 0 0
0 cos θ sin θ
0 − sin θ cos θ

, hy(θ) =

cos θ 0 − sin θ
0 1 0

sin θ 0 cos θ

, hz(θ) =

 cos θ sin θ 0
− sin θ cos θ 0

0 0 1

 (4)

3.2. Dynamics Response of the Workpiece

In MSTMM [39], the state vector Z used to represent the motion state of the object is
defined as follows:

Z = [X Y Z Θx Θy Θz Mx My Mz Qx Qy Qz]
T (5)

where [X, Y, Z]T,
[
Θx, Θy, Θz

]T,
[
Mx, My, Mz

]T, and
[
Qx, Qy, Qz

]T are linear displace-
ments, angular displacements, internal torques, and internal forces relative to its equilib-
rium position in modal coordinates, respectively [40,41].
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According to the dynamics model and the automatic deduction, the main transfer
equation of the ARGW system is established as follows:

T31−32Z32,0+T31−1Z1,0+T31−4Z4,0+T31−7Z7,0+T31−10Z10,0 = Z31,0 (6)

where Zk,0 are the reprintings of the state vector of the output end of element k, and

T31−32 = U31,32U32

T31−1 = U31,30U30U29U28U27HX(θ6)U26U25HY(θ5)U24U23HX(θ4)U22U21HY(θ3)

U20U19HY(θ2)U18U17HZ(θ1)U16U15U14U13,3U3U2U1

T31−4 = U31,30U30U29U28U27HX(θ6)U26U25HY(θ5)U24U23HX(θ4)U22U21HY(θ3)

U20U19HY(θ2)U18U17HZ(θ1)U16U15U14U13,6U6U5U4

T31−7 = U31,30U30U29U28U27HX(θ6)U26U25HY(θ5)U24U23HX(θ4)U22U21HY(θ3)

U20U19HY(θ2)U18U17HZ(θ1)U16U15U14U13,9U9U8U7

T31−10 = U31,30U30U29U28U27HX(θ6)U26U25HY(θ5)U24U23HX(θ4)U22U21HY(θ3)

U20U19HY(θ2)U18U17HZ(θ1)U16U15U14U13,12U12U11U10

(7)

where Ui is the transfer matrix corresponding to the element i, U31,30 and U31,32 are the
transfer matrices of workpiece with respect to input ends 30 and 32, U13,3, U13,6, U13,9, and
U13,12 are the transfer matrices of the AGV with respect to input ends 3, 6, 9, and 12.

From the topology figure of the ARGW system, it can be seen that the workpiece and
the AGV are multiple input ends and single output end. Therefore, the geometric equation
of the workpiece can be obtained as follows:

G31−32Z32,0 + G31−1Z1,0 + G31−4Z4,0 + G31−7Z7,0 + G31−10Z10,0 = 06×1 (8)

where
G31−1 = H31, 30U−1

31,30T31−1

G31−4 = H31, 30U−1
31,30T31−4

G31−7 = H31, 30U−1
31,30T31−7

G31−10 = H31, 30U−1
31,30T31−10

G31−32 = −H31, 32U32

(9)

Furthermore, the geometric equations of the AGV are

G13−1Z1,0 + G13−4Z4,0 = 06×1

G13−1Z1,0 + G13−7Z7,0 = 06×1

G13−1Z1,0 + G13−10Z10,0 = 06×1

(10)

where
G13−1 = −H13, 3U3U2U1

G13−4 = H13, 6U6U5U4

G13−7 = H13, 9U9U8U7

G13−10 = H13, 12U12U11U10

(11)

The specific form of coefficient matrix Hi,o is

Hi,o =

[
I3

~
l io O3×3 O3×3

O3×3 I3 O3×3 O3×3

]
,
{

i = 13
o = 3, 6, 9, 12

or
{

i = 31
o = 30, 32

(12)

where lio represents the displacement matrix of the output point end o relative to first input

end i,
~
l io refers to the skew-symmetric matrix of lio.
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Equations (8) and (10) are the geometric equations of the ARGW system. By combining
the geometric equations with Equation (6), the overall transfer matrix can be written
as follows:


−I12 T31−32 T31−1 T31−4 T31−7 T31−10
O6×12 G31−32 G31−1 G31−4 G31−7 G31−10
O6×12 O6×12 G13−1 G13−4 O6×12 O6×12
O6×12 O6×12 G13−1 O6×12 G13−7 O6×12
O6×12 O6×12 G13−1 O6×12 O6×12 G13−10





Z31,0
Z32,0
Z1,0
Z4,0
Z7,0
Z10,0

 = 0 (13)

It can be simplified as follows:

UallZall = 072×1 (14)

By removing the 0 element and its corresponding array in the boundary conditions,
Equation (14) is further simplified as follows:

UallZall = 0 (15)

Then, the eigenfrequency equation of the ARGW system can be written as follows:

detUall = 0 (16)

Solving Equation (16), the natural frequency ωk(k = 1, 2, 3 · · · 6) of the ARGW system
can be obtained. Then, the state vector of the workpiece can be solved by taking ωk into
Equation (13). However, to analyze the vibration suppression effect of the ARGW system,
it is necessary to convert the state vector to the physical coordinate system based on the
dynamics model.

The dynamics equation of rigid body element i is as follows:

Mivi,tt + Civi,t + Kivi = fi (17)

where Mi, Ci and Ki are the mass matrix, damping matrix, and stiffness matrix of the rigid
body i. Additionally, vi is the displacement generated by the external forces fi, and vi,t,
vi,tt are the first and second derivatives of vi with respect to time t. By superimposing the
dynamics equation of each rigid body element according to the topology structure of the
ARGW system, the overall dynamics equation can be written as follows:

Mvtt + Cvt + Kv = f (18)

According to the MSTMM, Equation (18) can be expressed as follows:

..
qk
(t) + 2ζkωk .

qk
(t) + (ωk)

2
qk(t) = ∑i

(〈
f(t), Vk

i

〉
/Mk

i

)
(19)

where
..
qk,

.
qk, and qk are the generalized acceleration, velocity, and displacement, respectively.

The eigenvector Vk
i contains only the liner displacement and angular displacement of the

state vector Zk
i . Then, the dynamics responses v can be obtained as follows:

v =
n

∑
k=1

Vkqk(t) (20)

The machining vibration responses of the workpiece can be obtained by bringing the
milling forces into Equation (19). Further, the change laws of clamping robot’s vibration
suppression on the workpiece with different configurations can be analyzed.
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4. Dynamics Simulation and Configuration Optimization Method
4.1. Vibration Suppression Effects of Different Postures

The configuration of the clamping robot can be divided into two parts: the position
xendyendzend and posture RxRyRz of the flange coordinate system relative to the coordinate
system oBxByBzB. Additionally, the values of the position and posture will both affect the
configuration of the clamping robot.

As shown in Figure 6, the gripper consists of a connecting plate, an air cylinder, two
link reinforcement plates, two jaws and two central axes, in which the jaws can adjust
around the central axis. Before clamping, the gripper is left open. When the configuration
of the clamping robot is determined, the cylinder contracts to clamp the workpiece, and the
jaws adaptively adjust the angles to fit the surfaces of the workpiece. The clamping force of
the gripper on the workpiece is only related to the air pressure and cylinder performance,
and will not change with the clamping position and clamping direction. When the spatial
positions of the AGV and workpiece remain unchanged, the gripper can still clamp the
workpiece through both the A and B directions. Apparently, the clamping robot has
different configurations in the two directions of the gripper.

Figure 6. Structure of the gripper and two clamping directions.

The vibration responses of the workpiece depend on the state vector Z31,0 of the output
point Pm, which can be written as follows:

Z31,0 = U31,30Z30,31 + U31,32Z32,31 (21)

As shown in Figure 7, when the gripper is clamping the workpiece in direction A or B,
the input points of two directions are equivalent to Pc. Additionally, Pc is located on the
line over the output point Pm and the input point Pf, and its position is constant relative
to Pm in both directions, A and B. Moreover, the dynamics parameters of the workpiece
are unchanged; thus, the transfer matrix U31,30 is also unchanged. Furthermore, since the
fixed position of the workpiece is always unique, then the transfer matrix U31,32 is also
unchanged. In this case, the vibration responses of the workpiece are only related to Z30,31
and Z32,31 at different clamping robot configurations. In this paper, the acceleration of the
Pm point in the owxwywzw coordinate system is used to represent the vibration response of
the workpiece.

In addition to different RxRyRz for the same workpiece, the configurations of the
clamping robot facing the same type of workpiece with different fixed angles on the panel
will also change. As shown in Figure 8, when the gripper clamping the workpiece in the
B direction, the configuration of the clamping robot is constantly changing with the fixed
angle of the workpiece. At this time, if the position of the AGV and the fixed stiffness of the
workpiece do not change, only RxRyRz changes in the robot configuration. The same is true
for clamping direction A. For the two cases in Figures 6 and 8, the influence of different
RxRyRz on the vibration suppression effect of the clamping robot needs to be analyzed to
obtain the optimal clamping configuration.
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Figure 7. The simplified diagram of the workpiece.

Figure 8. Configuration change in the clamping robot under different workpiece fixed angles.

In order to analyze and predict the vibration suppression effect of different clamping
robot configurations on the workpiece, the dynamic milling force model of spiral slotting
end mill is used as the input, and the instantaneous milling force in xw, yw, and zw direction
is as follows: 

Fx =
N
∑

j=1

M
∑

l=1

(
−dFtjl cos φjl − dFrjl sin φjl)

Fy =
N
∑

j=1

M
∑

l=1
(−dFrjl cos φjl + dFtjl sin φjl)

Fz =
N
∑

j=1

M
∑

l=1
dFajl

(22)

where jl represents the lth cutting microelement on the cutting blade j, φjl is the angular
displacement of the microelement, while dFtjl, dFrjl, and dFajl are the forces on the feed,
normal, and axial direction, respectively.

The milling parameters in Table 1 are adopted to simulate the vibration suppression
effects of different RxRyRz at three heights, and the variation laws of the overall workpiece
responses are shown in Figure 9a–c, respectively. where xend = 1.8 m, yend = 0 m, and
zend = 1.0 m, 1.2 m, 1.4 m.

Table 1. Milling parameters.

Feed Rate
(mm/s)

Rotational Speed
(r/min) Milling Width (mm) Milling Depth

(mm)

2.5 6000 8.0 1.0
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Figure 9. Overall responses under different RxRyRz: (a) zend = 1.0 m, (b) zend = 1.2 m, (c) zend = 1.4 m.

The three axes in Figure 9 represent the angles of Rx, Ry, and Rz, and the color
represents the amplitudes of the responses, which are determined by the acceleration
response legend on the right side of the figure. Each figure is composed of six faces, of which
the middle three groups of intersecting faces are the responses of different configurations
when Rx = 0◦, Ry = 0◦, and Rz = 0◦, and the three faces at the edge are the responses when
Rx = 45◦, Ry = −45◦, and Rz = −45◦. From the face corresponding to Ry = 0◦ in Figure 9a, it
can be seen that as Rz gradually changes from −45◦ to 45◦, the responses tend to gradually
increase, indicating that the vibration suppression effect of the clamping robot is gradually
reduced. In addition, it can be seen from the face of Rx = 45◦ and Rz = −45◦ that when
Ry > 0◦, the responses are greater than Ry < 0◦. Moreover, Figure 9b,c presents the same
pattern of response changes.

As can be seen from the simulation results of different heights, the overall responses of
the workpiece show a downward trend as the height increases from 1.0 m to 1.4 m. Addi-
tionally, the maximum values of the overall responses at the three heights are approximately
55 m/s2, 54 m/s2, and 53 m/s2, respectively. The maximum change range of responses
throughout the simulation interval is 7 m/s2. Furthermore, the change ranges caused by Rx
and Rz are significantly smaller than that of Ry. This is because the conversion around Rx
is mainly completed by the robot’s fourth and sixth joints, which will not produce a large
configuration change. Moreover, the RxRyRz of the robot are almost symmetrical when
rotating around the positive and negative directions of Rz, and the differences of vibration
suppression effect of the corresponding RxRyRz are minor. In contrast, the configuration
change around Ry is large and asymmetric, and responses also change greatly. It can be seen
from Figure 9 that when Ry is greater than 0, the responses are significantly greater, which
indicates that the vibration suppression effect corresponding to the clamping direction B in
Figure 7 is better than the clamping direction A.
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4.2. Vibration Suppression Effects of Different Positions

As indicated in Figure 10, the movement of the AGV in the x0o0y0 allows the robot to
clamp the same workpiece in different configurations. In addition to the movement along
the direction of y0 in Figure 10, it can also move along the direction of x0, which provides
great freedom for the choice of the clamping robot configuration. Although the positions
of the coordinate system o0x0y0z0 and oendxendyendzend are constant, the xend and yend of
the clamping robot changes. Moreover, the height of the end zend changes when facing the
workpiece at different positions in space. Therefore, it is necessary to comprehensively
analyze the vibration suppression effect of different xendyendzend.

Figure 10. Configuration change in the clamping robot under different AGV positions.

Similarly, based on the conditions in Section 4.1, a simulation is conducted to analyze
the influence of the configuration changes caused by xendyendzend on vibration responses,
and the results are depicted in Figure 11.

Figure 11. Overall responses of the workpiece under different xendyendzend.

Similar to the presentation in Figure 9, the three axes are xend, yend, and zend, and
the figure is composed of six faces too. However, the difference is that the vibrational
response caused by the xendyendzend changes more regularly. The overall response showed
a decreasing trend from the boundary of x = 0.5 m and z = 0.4 m to the boundary of
x = 1.5 m and z = 1.4 m. It can be intuitively seen from Figure 11 that as the configuration
of clamping robot changes, the overall responses of the workpiece vary from 46 m/s2 to
60 m/s2, and the change range reaches 14 m/s2. Compared with RxRyRz, the change in
xendyendzend has a more obvious effect on the vibration suppression of the clamping robot.
In addition, the responses of the workpiece decrease with the increase in zend, which is
consistent with the result shown in Figure 9. Additionally, the effect of yend change on
vibration responses is not as obvious as that of xend and zend. This is because the robot is
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approximately symmetric along yend = 0, and the configuration change caused by the of
yend is not as obvious as that of xend and yend. In short, the law in Figure 11 shows that
the closer the workpiece is to oBxByBzB, the worse the vibration suppression effect of the
corresponding configuration of the clamping robot is.

4.3. Configuration Optimization Mothed of the Clamping Robot

The configuration optimization process can be divided into two parts: dynamic
responses solving and configuration adjustment, where configuration adjustment can
be achieved by changing the clamping direction of the gripper and the position of the
AGV. When the workpiece and its clamping direction are determined, the configuration
of the clamping robot is only related to xend and yend. In addition, the current z′end and
R′xR′yR′z need to be kept unchanged in the optimization of the same clamping direction.
Additionally, the specific process is shown in Figure 12. The blue dotted box is the dynamics
modeling and response analysis, the red dotted box is the configuration optimization part,
and the milling force model is the external force input of the entire optimization process.
Additionally, after each configuration change, a dynamic response solution is required.

Figure 12. Configuration optimization process of the ARGW system.

During configuration optimization, the overall response Aall of the workpiece output
point Pm is taken as an index, which can be expressed as follows:

Aall =
√

a2
x + a2

y + a2
z (23)
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where ax, ay, and az are the responses in three directions of the Pm.
With reference to the technical parameters of the KR 60 HA robot, the joint limit of

the clamping robot can be determined. Then, the configuration optimization model of
clamping robot was established as follows:

min(Aall)

s.t. (zend, Rx, Ry, Rz) = (z′end, R′x, R′y, R′z)
θk ∈

[
θpmin, θpmax

]
, k = 1, 2, · · · , 6

(24)

where [θkmin, θkmax] is the movable range of joint k.

5. Verification Experiments
5.1. Verification of the ARGW System Dynamics Model

To verify the accuracy of the dynamics model and the effectiveness of the configuration
optimization method, the experimental platform is built in Figure 13. The milling robot is
KR 210 R2700, and the workpiece milling surface is 6061 aluminum alloy. In the middle of
the clamping robot flange and gripper is a six-dimensional force sensor that can be used to
collect the forces applied on the clamping robot during milling. In addition, the clamping
status of the workpiece by the gripper can be monitored using the data on the force sensor.
When the configuration of the clamping robot remains unchanged, the data of the force
sensor after clamping is equal to the previous clamping, it means that the clamping force of
the workpiece is consistent and determined by the gripper. In this way, the influence of the
clamping force on the vibration suppression effect is excluded. Moreover, the responses
of the workpiece are collected by the three-component acceleration sensor and DHDAS
dynamic signal collector.

Figure 13. The experimental platform.

In the verification experiment, the [xend, yend, zend, Rx, Ry, Rz] of the clamping robot
were [0.78 m, 0.36 m, 1.03 m, 140.79◦, 67.89◦, 40.54◦]. The workpiece was milled using
the process parameters in Table 1, and the responses of the workpiece in the experiment
were collected using the acceleration sensor. The forces information collected by the force
sensor is converted into the owxwywzw coordinate system, and the forces are presented in
Figure 14 after compensating the initial forces information and gravity. In general, the feed
and radial forces are greater than the axial forces. Since the milling direction in this paper
is the negative direction of zw, the forces in xw and zw directions are significantly greater
than those in yw direction. By inputting the milling forces into the ARGW system dynamics
model, the workpiece acceleration response can be obtained. Compared with the responses
collected by the acceleration sensor, the results are shown in Figure 15.
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Figure 14. Milling forces in xw, yw, and zw directions.

Figure 15. Responses of the experiment and simulation: (a) xw direction, (b) yw direction,
(c) zw direction.

Figure 15a–c presents the responses in the xw, yw, and zw directions, respectively. From
the acceleration responses in the three directions, it can be seen that the responses increase
rapidly and then decrease at the beginning stage, and the responses in the middle stage
tend to be stable, finally decreasing slowly at the end stage. This is because when the tool
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first enters the workpiece, the instantaneous excitation will make the workpiece produce
a large response. As the tool moves away from the workpiece, the response decreases as
the amount of cutting decreases. It can be seen from the local magnification diagram that
the responses of the experiment and the simulation agree well overall. Specifically, the
maximum error is 4.6 m/s2, appearing in the xw direction, whereas the average errors in
the three directions are only 2.9%, 3.4%, and 2.3%. The comparative results demonstrate the
accuracy of the dynamics model of the ARGW system. Moreover, the simulated responses
are always smaller than the experimental responses in either direction. This is because
there are various environmental noises in the experiment, while the simulation is carried
out in an ideal environment without additional interfering factors.

5.2. Verification of the Configuration Optimization Method

Under the experimental conditions in Section 5.1, the xend and yend are changed to
realize the vibration suppression with different configurations of the clamping robot. Then,
the vibration suppression effects of different configurations are analyzed and predicted by
the dynamics model, and the result is represented in Figure 16.

Figure 16. Response prediction under different clamping robot configurations.

Figure 16 is the acceleration response plane when zend = 1.03 m in Figure 11. In
order to show the amplitude of the response more intuitively, a vertical coordinate named
acceleration is added in this figure on the basis of retaining color features. In addition, the
two axes in the horizontal plane are xend and yend. The responses in Figure 15 show a trend
of gradually decreasing from the highest point Pmax to the surrounding, and its overall
change law is almost consistent with that shown in Figure 11. Under current conditions,
the response is up to 67.98 m/s2 of the Pmax, and the response can be reduced by 45.35%
to 37.15 m/s2 after configuration optimization of the clamping robot. At the maximum
response point Pmax, the corresponding xend of the clamping robot is only 0.5 m, and yend
is basically close to 0 m. At this time, the gripper of the robot is closest to the base as
shown in Figure 16. Therefore, in order to obtain a better vibration suppression effect, the
configuration of the clamping robot should be as far away from Pmax as possible.

According to the simulation result, a series of experiments are carried out to verify the
accuracy of the response prediction and the effectiveness of the configuration optimization
method. Including a group of non-clamping experiments and four groups of clamping
experiments with different configurations, the experimental scenes are shown in Figure 17.
The configuration of the clamping robot in Figure 17e is the optimized configuration,
while Figure 17b–d shows the controlled experiments with three groups of gradually
decreasing responses.
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Figure 17. The experimental scenes: (a) non-clamping, (b) Config. 1, (c) Config. 2, (d) Config. 3,
(e) Config. 4.

In Figure 17, it can be observed that the angles of six joints of the milling robot are
(−16.49◦, −63.64◦, 77.45◦, 168.90◦, 63.04◦, −224.17◦), and the slight configuration changes
caused by the different milling processes are ignored. Additionally, the configurations of
the four groups of the clamping robot are listed in Table 2. Moreover, the values of xend
and yend corresponding to Config. 1 to Config. 4 gradually move away from point Pmax.
The responses of the experiments and simulations are indicated in Figure 18.

Table 2. Configurations of the clamping robot.

Group θ1 (◦) θ2 (◦) θ3 (◦) θ4 (◦) θ5 (◦) θ6 (◦)

Config. 1 56.85 −54.88 95.82 −248.27 42.74 −147.21
Config. 2 61.13 −58.51 101.86 −241.47 40.89 −152.49
Config. 3 47.09 −52.77 92.24 102.02 49.46 −142.27
Config. 4 37.73 −29.41 49.91 86.66 36.88 243.70

Figure 18. Experimental and simulated results under different configurations.

As can be seen from Figure 18, the response gradually decreases as the Config. 1 runs
to Config. 4, which is consistent with the change in the response prediction result observed
in Figure 16. Moreover, the experimental responses are 2.55 m/s2, 1.71 m/s2, 2.16 m/s2,
and 2.01 m/s2 larger than the simulated responses, respectively, which agrees with the
comparison results in Figure 15. The above results also verify the accuracy of the response
prediction based on the ARGW system dynamics model. The response corresponding to
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the optimized Config. 4 is the smallest of the four sets of configurations. The experimental
result is 46.78 m/s2, and the simulation result is 44.77 m/s2. Furthermore, the simulated
and experimental responses were reduced by 15.37 m/s2 and 15.91 m/s2 after configuration
optimization, demonstrating the effectiveness of configuration optimization in improving
the vibration suppression effect.

The milling experiment effects of different configurations are illustrated in Figure 18;
in addition, the surface roughness of the corresponding milling path is listed in Table 3.
Additionally, C1 to C4 are abbreviations of Config. 1 to Config. 4.

Table 3. Surface roughness of the milling path.

Group Non-
Clamping Config. 1 Config. 2 Config. 3 Config. 4

Ra (µm) 1.684 0.921 0.801 0.611 0.576

It can be intuitively observed from Figure 19 that the non-clamping milling surface
has obvious tool marks, and its surface roughness reaches 1.684, which is significantly
higher than that of the other four groups of clamping experiments. The result proves that
the mobile clamping robot system is an effective solution for the vibration suppression
of the cantilever workpiece. From Config. 1 to Config. 4, the experimental vibration
response of the workpiece is 62.9 m/s2, 59.36 m/s2, 51.63 m/s2, 46.78 m/s2 successively,
decreasing by 3.54 m/s2, 7.73 m/s2, 4.85 m/s2, respectively. The corresponding surface
roughness values were 0.921, 0.801, 0.611 and 0.576, which decreased by 0.12, 0.19 and 0.035,
respectively. It can be observed that with the decrease in workpiece vibration response,
surface machining quality is gradually improved because the surface roughness is not only
affected by vibration, but also related to the geometry of the tool, the workpiece material,
the product chipping and so on. Therefore, the amplitude of vibration response reduction
cannot be directly mapped linearly to the roughness value. In addition, compared with the
milling track in Config.4, burrs appeared on the edges of other tracks, which also confirmed
that the occurrence of burr defects in the workpiece was affected by the response amplitude.
The changes in surface roughness and burrs prove that the robot configuration optimization
based on workpiece response in this paper can effectively improve the machining quality
of workpiece.

Figure 19. Milling results under different clamping robot configurations.

6. Conclusions

This paper aims to improve the vibration suppression effect on the cantilever work-
piece through configuration optimization. Due to the complex structure and poor stiffness
of the robot and the AGV, as well as the approximate closed-loop structure of the ARGW
systems, it is difficult to predict the vibration response. For the optimal vibration suppres-
sion, the dynamics model of the ARGW system was established based on the MSTMM
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considering the robot stiffness changing with configuration, and the configuration opti-
mization was carried out with the workpiece response as the index. Through simulation
analysis and experimental results, the following conclusions can be drawn.

Through simulation and experimental comparison, it is found that the response ob-
tained from the dynamics model is approximately 1.5% to 3.4% lower than the experiment;
however, the overall agreement is good. The comparison results verify the accuracy of the
ARGW system dynamics model established in this paper. The influence laws of different
clamping robot configurations on the response were simulated based on the dynamics
model. According to the simulation results, the closer the robot end is to the base coordinate
system, the worse the vibration suppression effect on the workpiece will be. When the
gripper clamping the workpiece in zend = 1.03 m, the maximum response obtained using
the simulation is located at Pmax point (xend = 0.5 m, yend = 0 m), reaching 67.98 m/s2.
Then, the response of the workpiece was reduced to 44.77 m/s2 using the configuration
optimization method. In the experiments, the workpiece’s surface roughness decreases
from 0.921 to 0.576 as the response decreases from 62.69 m/s2 to 46.78 m/s2 after the config-
uration optimization of the clamping robot. Although the workpiece vibration response is
not linearly related to the surface roughness, optimizing the configuration of the clamping
robot based on the workpiece response can effectively improve the machining quality.

In fact, in addition to the configuration of the clamping robot, there are many factors
that affect the vibration response of the workpiece. In order to further improve the vibration
suppression effect of the system in the future research, influence factors such as the gripper
position, clamping force, and machining parameters should be considered. In addition,
it is necessary to further establish the dynamics model of the dual-robot cooperative
machining system and analyze the influence of the milling robot on the machining quality
of the workpiece. Furthermore, the mapping relationship between workpiece vibration
response and surface roughness can be explored to provide the basis for obtaining the ideal
machining quality.
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