
Received April 11, 2020, accepted May 10, 2020, date of publication May 27, 2020, date of current version June 22, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2997968

A Novel Force-Controlled Spherical Polishing
Tool Combined With Self-Rotation and
Co-Rotation Motion
XIANG WU 1,2, ZHI HUANG1, YONGJIAN WAN2, HAITAO LIU2, AND XIANG CHEN1,2
1School of Mechanical and Electrical Engineering, University of Electronic Science and Technology of China, Chengdu 611731, China
2Institute of Optics and Electronics, Chinese Academy of Sciences, Chengdu 610209, China

Corresponding author: Zhi Huang (zhihuang@uestc.edu.cn)

This work was supported by the National Key Research and Development Program of China under Grant 2016YFB0500400.

ABSTRACT In order to improve the polishing efficiency and aim at the problem that the positioning error of
industrial robot will cause the fluctuation of polishing force and the instability of removal function, a novel
force-controlled spherical polishing tool combined with self-rotation and co-rotation motion for automatic
polishing process is presented. The spherical polishing tool, which is integrated into the end of arm of an
industrial robot for workpiece profile polishing has a linear voice coil motor to provide compliance and
polishing force in the polishing process. The fluctuation of the polishing force caused by the positioning error
of the robot can be effectively reduced, and a stable symmetric Gaussian removal function can be obtained
by optimizing the ratio of co-rotation to self-rotation speed of the end-effector. The main advantage of the
polishing method is that the polishing force can be actively controlled according to the pre-planned polishing
requirements. By measuring the responsiveness and the stability of the polishing force using the proposed
end-effector, it is verified that the polishing method can better adapt to the fluctuation of the polishing
force and has a good performance in achieving remarkable polishing force tracking. The effectiveness of the
proposed polishingmethod in ensuring the stability of removal function and surface convergence efficiency is
verified through polishing experiments. The robotic flexible polishing method has great application prospect
in processing large-sized optical components. It significantly improves the precision of polishing force and
the surface convergence efficiency of the workpiece.

INDEX TERMS Polishing force, robotic flexible polishing, removal function, spherical polishing tool.

I. INTRODUCTION
Polishing is frequently used as a precision machining process
to improve the surface precision of workpieces. The polishing
efficiency is a key factor, which directly affects the processing
cycle and workpiece performance. However, the existing pol-
ishing processes, especially for complex curved components,
mainly rely on manual polishing, which has the shortcoming
of low processing efficiency, unstable polishing quality and
poor working environment [1], [2]. In order to ensure the pol-
ishing efficiency and precision, computer controlled optical
surfacing (CCOS) was proposed and this method makes the
polishing process more precise and controllable [3].

Nowadays, many scholars havemade fruitful achievements
in the optical polishing based on the CCOS principle [4], [5].

The associate editor coordinating the review of this manuscript and
approving it for publication was Shunfeng Cheng.

Manual polishing is gradually replaced by computer numer-
ically controlled (CNC) machines [6]. In addition, industrial
robots have gradually played an important role in the polish-
ing process. With remarkable positioning accuracy and force
control performance, CNC machines are widely used for the
polishing of various types of workpieces [7]. However, these
machines frequently require special fixtures and techniques
for the machining of complex shaped workpieces, and the
limited available working space usually limits the size of the
workpiece [8].

Huang et al. [9] reported that the application of industrial
robots in automatic polishing process is one of the current
development trends of flexible manufacturing technology.
Industrial robots can not only integrate various types of end-
effectors, but also have the advantages of low cost, large travel
range and better posture control. Moreover, It can process
different types of workpieces with large aperture and complex
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surfaces without using any special fixtures. Therefore, effi-
cient and economical robotic polishing has attracted the
attention of many researchers [10], [11]. The polishing force
affects the quantitative processing of the workpiece, and it
needs to be precisely controlled. Reference [12] also shows
that although robotic polishing has the above advantages,
the low joint stiffness and positioning accuracy are difficult
to meet the accuracy requirements of precision machining
equipment. It will cause the deviation between the actual
polishing force and the theoretical value, and also affect
the polishing precision and processing efficiency. Therefore,
It has crucial practical significance to achieve the compliance
between the robot polishing tool and workpiece in the polish-
ing process.

Tian et al. [13] proposed an industrial robot polishing
system. The polishing force of the system is detected and fed
back through a force/torque sensor, and the polishing pressure
is controlled by adjusting the robot’s posture and position.
Shi et al. [14] designed an automated polishing approach
using a novel posture control mode to obtain a constant
polishing pressure. Jin et al. [15] designed a gasbag polishing
tool that is capable of adjusting air pressure and downward
depth of the robot. These polishing methods implemented
by the robot’s controller have typical passive compliance,
which can be represented as hybrid position/force control or
impedance control method [16]. The precise force control and
strict position control of the robot need to be implemented,
and the existence of the force-position coupling makes the
control of the robot more complicated and difficult. In addi-
tion, the robot itself cannot respond to the force fluctuations,
and the strong specificity of passive compliant devices lim-
its its application [17]. Due to the shortcomings of passive
control, active compliance control is required.

Some researchers have proposed that the active compliance
control approach can be used [18]. Reference [19] revealed
that the polishing force adjustments of the around-the-arm’s
force control system are performed by the polishing tool.
This polishing method has lower inertia, faster response and
higher bandwidth of the system compared with the through-
the-arm technique. Liao et al. [20] proposed a polishing tool
whose force is adjusted by three pneumatic cylinders, which
are evenly distributed on the polishing tool. Cheng et al. [21]
designed a machine-type magnetorheological polishing tool,
and itsmain characteristic is a dual-axis wheel which is driven
by a gearbox. The rotation of the wheel around the horizontal
axis and the revolution around vertical axis are respectively
driven by different motors. The polishing tool has a large
inertia and does not have force control performance, and it
is not suitable as a robot polishing tool.

Yu and Fang [22] controlled the cating force between the
lapping tool andworkpiece through using the binocular visual
serving and force feedback. The polishing force of the pol-
ishing tools proposed in reference [23] and reference [24] is
controlled by a combination of linear motor and force sensor.
Wang and Lin [25] designed a miniaturized polishing tool,
and the polishing force is controlled by a belt drive system.

To achieve remarkable polishing force tracking, we
designed a novel force-controlled spherical polishing tool
combined with self-rotation and co-rotation motion, and the
polishing force is directly controlled by the end-effector.
The effectiveness of the polishing tool is demonstrated by the
experimental results. In this paper, we first established the
mathematical theoretical modeling and introduced the design
of the proposed polishing tool in Section 2. The system
modeling and polishing force characteristics are described
in Section 3. The stability of material removal function and
actual polishing results for the proposed polishing method are
depicted in Section 4. Finally, the conclusion and the possible
future work are given at the end.

II. THEORETICAL MODELING AND STRUCTURAL DESIGN
OF THE PROPOSED POLISHING TOOL
A. THEORETICAL MODELING
The material removal at any point on the workpiece is deter-
mined by material removal function and dwell time of the
polishing tool along the polishing path on the workpiece
surface. The material removal on the workpiece can be
expressed by the well known relationship called the Preston’s
equation [26]:

R(x, y) =
1
T
K

T∫
0

P(x, y) · V (x, y) · dt. (1)

where R(x, y) is the material removal function which is
defined as the material removal generated by polishing tool
in unit time;T is polishing time;K is the Preston coefficient,
which is related to the processing conditions such as the
material characteristics of the workpiece and polishing tool,
polishing liquid and environment;V (x, y) and P(x, y) are the
relative polishing speed and polishing pressure between the
polishing tool and the workpiece respectively. To obtain
the removal function modeling, we established the instan-
taneous geometric motion relationship of the contact area
between the workpiece and the proposed polishing tool.

FIGURE 1. Schematic diagram of the spherical polishing tool.

As shown in Fig. 1, ωz is the angular velocity of the co-
rotationmotion (around the Z-axis).ωy is the angular velocity
of the self-rotation motion (around the H-axis). vx is the
velocity vector generated by self-rotation motion and vy is
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the co-rotation velocity vector at arbitrary point A(x, y) of the
polishing head.

The spherical polishing tool can be regarded as an elastic
body and the workpiece surface is assumed to be rigid and
flat. Since the shape of the polishing head is spherical, its
two principle radii of curvature are equal. According to the
Hertz spherical contact theory [27], the circular radius of the
contact area is related to the polishing force, the radius of
the polishing head, and the material characteristics of the
part and polishing head. The corrected instantaneous pressure
distribution obeys the following equation [10]:

P(x, y) =
5F
2πa2

[
1−

(
x2

a2
+
y2

a2

)] 3
2

. (2)

The radius (a) of the tool-workpiece contact area can be
defined as equation (3), and F is the polishing force which is
applied to the workpiece by the proposed end-effector.

a =
(
3(d1 + d2)RF

4

) 1
3

. (3)

where R is the radius of the proposed spherical polishing tool.
d1 and d2 can be calculated by (4).

di =
1− µ2

i

E2
i

, i = 1, 2. (4)

where E1,E2 and µ1, µ2 are the elastic modulus and
Poisson’s ratio of the spherical tool head and the workpiece
respectively. Since the contact area is small, it is assumed that
the velocity vectors generated by self-rotation motion in the
contact area can be regarded as identical. The velocity vector
of point A(x, y) can be represented as

V (x, y) = vx + vy. (5)

In equation (5)

vx = ωy × R. (6)

vy = ωz × r . (7)

where r is the polar radius of the arbitrary point A(x, y) in the
contact area. Substituting equations (6)∼(7) into equation (5),
the polishing absolute velocity is

V (x, y)=
√(∣∣ωy∣∣R)2+(|ωz| r)2+2 ∣∣ωy∣∣R |ωz| r cos θ. (8)

where θ is the angle between vx and vy. It can be easily
known from the geometric relationship of triangles that the
angle in equation (8) is equal to the θ angle shown in Fig. 1.
In addition, θ is the product of ωz and polishing time, that is,
θ = |ωz| · T . Substituting equation (2) and equation (8) into
equation (1), the removal function can be defined as

R(r) =
5FK

2�πa2

�∫
0

(
1−

r2

a2

)3/2
·

√(∣∣ωy∣∣R)2 + (|ωz| r)2 + 2
∣∣ωy∣∣R |ωz| r cos θ · dθ.

(9)

here, � = T |ωz|.

FIGURE 2. The removal functions for different velocity ratos.

The shapes of the normalzed removal functions for differ-
ent angular velocity ratios (ωz : ωy) are shown in Fig. 2.When
the velocity ratio is relatively large, the profile of the removal
function is concave. As the ratio decreases, the removal func-
tion tends to be a symmetric Gaussian shape.Moreover, when
the ratio is less than 10, the shapes of the removal functions
are similar, and it indicates that the removal function is more
stable under this conditions. At the same time, the existence
of the self-rotation motion can prevent the velocity and mate-
rial removal at the center of the contact area from being
zero.

FIGURE 3. 2D profiles of the removal functions.

According to the Preston hypothesis, the material removal
can be calculated as the convolution between the dwell time
and removal function, which preferably presents a symmet-
rical Gaussian shape. Reference [28] indicated that a stable
symmetrical removal function not only contributes to planing
the polishing path, but also helps to optimize the dwell-time
distribution. As shown in Fig. 3, when the ratio is in the range
of 1 to 10, the profiles of the removal functions are substan-
tially coincident, and it indicates that the material removal
efficiency has been less affected by the co-rotation motion.
Furthermore, when the ratio is less than 1, with the co-rotation
velocity increasing, the polishing efficiency increases grad-
ually. Therefore, in order to obtain a symmetrical Gaussian
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removal function and have a highmaterial removal efficiency,
the angular velocity ratio (ωz : ωy) of the polishing tool
designed in this paper was selected as 1: 4.

FIGURE 4. The mechanical structure of the force-controlled spherical
polishing tool.

B. STRUCTURAL DESIGN
Figure 4 shows the three-dimensional assembly drawing of
the mechanical structure of the proposed force-controlled
spherical polishing tool combined with self-rotation and co-
rotation motion. It is mainly composed of a rotating mecha-
nism and an electric control mechanism. The polishing tool
is mounted to the end of an industrial robot as an end-effector
and its position is controlled by the robot. The end-effector
is responsible for controlling the axial force to achieve the
polishing of the workpiece. As shown in Fig 4, The driven
synchronous pulley is connected to the driving synchronous
pulley through a synchronous belt. The polishing spindle
mounted to the driven synchronous pulley is connected to the
ball spline shaft through a coupling. The ball spline flange
is fixed to the support frame through bolts. The synchronous
pulley is driven by the servo motor to rotate, and the support
frame with a polishing head makes a co-rotation motion.
At the same time, the helical gear rolls on a fixed gear plate
and the polishing tool obtains a self-rotation motion. The
polishing force between the polishing pad and the workpiece
is controlled by a linear voice coil motor. The polishing
force is stably transmitted to the polishing area through three
force transmitting supports. During the polishing process,
the polishing force is measured by the force sensors. The
force transmitting supports connected to a slider can move
on a linear guide rail in the direction of force. The existence
of the ball spline, sliders and linear guide rails enables the
end-effector to obtain the decoupling between the co-rotation
motion of the polishing tool and the verticalmotion controlled
by the force. The outer layer of the spherical polishing head
is a polyurethane polishing pad. This method improves the
tool compliance and reduces the impact of low stiffness and
low positioning resolution of industrial robot on the polishing
force.

FIGURE 5. The control system hardware (upper part) and software (lower
part) used to implement the force control of the designed polishing tool.

III. SYSTEM MODELING AND POLISHING FORCE
CHARACTERISTICS
A. SYSTEM MODELING
The designed polishing tool is mounted to the end of an
industrial robot, which performs machining operations based
on predetermined polishing trajectories. Fig. 5 (upper part)
shows schematically the control system hardware, which is
used to control the polishing force of the proposed polish-
ing tool. During the polishing process, the polishing force
between the polishing tool and workpiece is measured by the
force sensor. The force signal amplified by the amplifier is
collected by the data acquisition card. The polishing force
between the end-effector and the workpiece can be controlled
by the system in real time. In this study, for the linear voice
coil motor with a current control mode, the control voltage
signal is proportional to the motor current. The relationship
between the force provided by the motor and the control
voltage signal within the specifiedworking range of themotor
is as follows:

fm = Kmu. (10)

where fm,Km and u are the force generated by the linear voice
coil motor, force sensitivity of the motor and control voltage
signal, respectively. Considering the inertia load fG of the
polishing tool, the actual polishing force f measured by the
force sensor can be expressed as

f = fm + fG. (11)
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The needed polishing force is given as fn, and the force
tracking error ef of the polishing tool is

ef = fn − f . (12)

Substituting Eqs. (10) and (11) into (12), the polishing force
tracking error ef can be expressed as follows:

ef = fn − Kmu− fG. (13)

In order to reduce the polishing force tracking error from the
modeling error, the controller is proposed as

u =
(
fn − fG + Kpef + Ki

∫ t

0
ef dt + Kd

def
dt

)/
Km. (14)

whereKp,Ki andKd are the proportional, integral and deriva-
tive gains, respectively.

In this paper, the linear voice motor (model No.
VCAR0140-0150-00A) is selected with a stroke of 15 mm
and a force constant coefficient of 26.7 N/A. The model is
mass-damped type with a differential equation of the system
shown below:

mẍ = fm + fG − fd − fc. (15)

where fd is dynamic friction and fc is damping force of the
polishing tool. In the actual polishing process, the sliding
friction is negligible and the gravity can be balanced by the
supporting force. The system has the following relationship:mẍ = Kmia − cẋ

u = La
dia
dt
+ Raia + Kmẍ.

(16)

where m, x, ia,La,Ra and c are the mass of mover and its
connected parts, displacement of mover, current of motor,
inductance of motor, resistance of motor and damping coef-
ficient of the system, respectively.

By performing Laplace Transform on the differential equa-
tions of the system, the open-loop transfer function of the
system can be obtained:

G(s)=
x(s)
u(s)
=

Km
Lams3 + (Ram+ Lac)s2+(Rac+K 2

m)s
. (17)

Neglecting the inductance parameter of the electromechan-
ical system, the closed-loop transfer function of the system
can be expressed as

φ(s) =
G(s)

G(s)+ 1
. (18)

The analysis model shown in the lower part of Fig. 5 can be
established in simulink. By analyzing the dynamic model of
the robotic force-control polishing tool designed in this paper,
the frequency domain characteristics of the closed-loop sys-
tem are shown in Fig 6. As shown in Fig. 6, the frequency
response of the polishing tool is attenuated to 0 dB with a
frequency of 900 rad/s. Therefore, the bandwidth frequency
of the polishing tool’s actuator is relatively high.

FIGURE 6. Frequency characteristic Bode diagram.

B. THE STEP RESPONSE CHARACTERISTIC
It can be seen from the measured robot position error that in
order to achieve precise control of the polishing force and
reduce the force error caused by the position fluctuation,
it is necessary to have a high force response in time of
polishing the workpiece. The proposed end-effect is attached
to the robotic arm (Fig. 7). The polishing force is detected
through a force detecting platform (accuracy 1%) [30]. The
step response curves of the polishing force in the range
of 10∼40 N are shown in Fig. 8.

FIGURE 7. The detection of the polishing force.

According to Fig. 8, the proposed polishing tool has a
step response time about 0.1 s with the force in the range
of 10∼40 N, and its response speed is as high as 200 N/s. For
another, the response curves of the polishing force adjusted by
using the positioning of robotic joints are shown in Fig. 9 [13].
Although the polishing forces are small (2 N and 3 N),
the polishing method (through-the-arm force control) has
longer settling time and bigger overshoot of the polishing
force. The fast response for this polishing method using
the proposed polishing tool improves the processing effi-
ciency. Furthermore, small overshoot can effectively reduce
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FIGURE 8. The step response curves of the polishing force.

FIGURE 9. The real-time polishing force during polishing processing.

workpiece damage. This also proves that it can better achieve
the response of the polishing force to the position error of
industrial robot in the polishing process. Besides, as shown in
Fig. 8, when the force value is greater than 30 N, the response
speed becomes slower with the increasing of the polishing
force. Therefore, in order to ensure a high force response and
improve the stability of removal function, the polishing force
should be controlled to be less than 30 N.

C. THE STABILITY CHARACTERISTIC OF
POLISHING FORCE
In the actual processing process, the polishing force is
one of the important process parameters. Apart from the
response speed of polishing force, its accuracy and stability
can directly affect the roughness of the polished workpiece.
Figure 10 shows the fluctuation curves of the polishing force
in different conditions (the fixed point polishing/Static and
the polishing using a spiral path/Dynamic). The force value
is in the range of 10∼60 N.

As shown in Fig. 10, the actual polishing force fluctuation
is close to the theoretical value, and the error amplitude
increases with the increase of the force. In addition, compared
with the static state, the force error and changing frequency
in the dynamic state are larger. This situation may be due
to the effects of the uneven surface of the workpiece. When
the force is in the range of 10 N to 40 N, the relative error
of the polishing force is less than 5%. Moreover, the force
fluctuation range of the proposed end-effector is less than
10%, and the experiment results show that the polishing force
has great stability.

To verify the effectiveness of the proposed polishing
method, we compared it with the polishing force response

TABLE 1. Experimental conditions.

proposed by Liu [31]. When the polishing force (25 N)
is adjusted by the pneumatic cylinder, the response curves
of fixed point polishing and spiral polishing are shown
in Fig. 11. The magnitude of the polishing force is large,
especially when a spiral polishing path is used. Due to the
interference of the cylinder piston on the system, the polish-
ing force has a lower valley value. It is not conducive to the
deterministic polishing of the workpiece and also shows that
this polishing method using the proposed polishing tool in
this paper has certain advantages.

IV. POLISHING EXPERIMENT RESULTS AND DISCUSSION
A. THE STABILITY OF MATERIAL REMOVAL FUNCTION
According to the Preston theory and the constructed mate-
rial removal modeling as described above, the polishing
force error will directly affect the polishing process. The
fluctuation of the removal function will cause a difference
between the theoretical removal and the actual removal of the
workpiece. Therefore, the stability of the removal function
determines whether the surface accuracy of the workpiece
converges or not. In order to verify the effectiveness of the
proposed end-effector on polishing force control, five sets of
fixed spot polishing experiments were conducted on a SiC
specimen with a diameter of 130 mm. Meanwhile, the stabil-
ity of the removal function was analyzed. The experimental
conditions are listed in Table 1. As shown in Fig. 12, the actual
material removal profile of the polishing spot is a symmet-
ric Gaussian shape, which is consistent with the simulation
results.

The five sets of removal functions were divided by their
respective peak value to get the normalized removal func-
tions. The normalized actual removal functions and the theo-
retical profile are shown in Fig. 13. The theoretical removal
function is more plump, and it may be due to the fact that
the rotation motion of the proposed polishing tool makes
it difficult for some slurry to immerse into the polished
area. In addition, the wear of the polishing pad leads to the
change of the contact state between the polishing head and the
workpiece during the actual polishing process. The volume
removal rates of the fixed point polishing experiments vary
from 80.22 to 80.45 µm · mm2/min, and its error fluctuation
is only 0.27%. The experimental results indicate that the
removal function using this polishing method is stable and
its effectiveness in polishing force control is verified.

B. POLISHING PROCESS
To explore the actual performance of the proposed robotic
polishing method using the spherical polishing tool com-
bined with self-rotation and co-rotation motion, a parabolic
carbon-fiber workpiece was polished. The effective aperture
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FIGURE 10. The step response curves of the polishing force: (a) 10N; (b) 20N; (c) 30N; (d) 40N; (e) 50N; (f) 60N.

FIGURE 11. Pneumatic response of fixed point polishing and spiral
polishing.

of the workpiece is 5 m, the focal length is 2000 mm and
the central aperture is 300 mm. For the purpose of improving
polishing efficiency, the rough polishing was first conducted.

FIGURE 12. The actual material removal profile.

The self-rotation speed is 600 rpm, the co-rotation speed
is 150 rpm, the polishing force is 15 N and the robot feed
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FIGURE 13. The normalized actual removal functions and the theoretical
profile.

speed is 2 mm/s. The workpiece surface is measured by
a coordinate measuring machine. After 10 cycles of rough
polishing, the surface accuracy of the workpiece is improved
from 277.680 µm PV (29.943 µm RMS) to 22.136 µm PV
(3.032 µm RMS), and the convergence rate of the rough
polishing process is fast.

FIGURE 14. The convergence process of the workpiece surface: (a) initial
surface; (b) after 2nd cycle; (c) after 4th cycle; (d) after 6th cycle; (e) after
8th cycle; (f) after 10th cycle.

In order to improve the surface precision, the rough-
polished workpiece is smoothed and the precision polishing
experiment is conducted. The self-rotation speed is 360 rpm,
the co-rotation speed is 90 rpm, the polishing force is 5 N and
the feed speed of the robot is 1 mm/s. The convergence pro-
cess of the precision polishing is shown in Fig. 14. As demon-
strated in Fig. 14, after 10 cycles of precision polishing, the
form error is improved from 0.723 µm PV (0.117 µm RMS)
to 0.223 µm PV (0.028 µm RMS), and the higher surface
accuracy is achieved.

FIGURE 15. The convergence curves of the workpiece surface: (a) PV
value; (b) RMS value.

Fig. 15 shows the convergence curves of the precision
polishing. In the early stage of the processing cycles, the PV
and RMS values are decreased rapidly, the surface accuracy
of the carbon-fiber workpiece is greatly improved and the
remarkable polishing efficiency can be obtained. In the mid-
dle of the processing cycles, the PV and RMS values are
gradually reduced overall and the convergence rate of the sur-
face accuracy decreases. Finally, the directional texture of the
workpiece surface is removed, and a high surface accuracy
can be obtained. The effectiveness of the proposed robotic
polishingmethod using the spherical polishing tool combined
with self-rotation and co-rotation motion is verified.

V. CONCLUSION AND FUTURE WORKS
Various automatic polishing technologies play an important
role in the modern precision industries. Robotic polishing
has broad application prospects due to its unique advantages.
During the polishing process, the polishing force is a key fac-
tor affecting the surface roughness. The positioning error of
the robot will change the required contact condition between
the end-effector and workpiece, and it thereby affect the
actual polishing force. In this paper, a novel force-controlled
spherical polishing tool combined with self-rotation and co-
rotation motion is presented.

The polishing force is controlled by the contraction and
extension of the voice coil motor on the end-effector, and
this polishing method has a higher compliance for the robotic
polishing tool. The effectiveness of the proposed robotic
polishing method was verified by the experiments. It can
be seen from the fixed point polishing experiments that the
symmetrical Gaussian removal function can be obtained by
optimizing the angular velocity ratio of the polishing head,
and the removal function is relatively stable. We detected
the ability of the proposed end-effector to track the polish-
ing force, and the force fluctuation curves were obtained.
The experimental results show that this polishing method
has large response speed and smaller force overshoot. The
remarkable convergence ability of the proposed robotic pol-
ishing tool is verified by the polishing experiments.

The advantage of the proposed polishing method is that
the end-effector can be integrated into the robotic arm to
directly control the force, and it can reduce the influence of
the positioning error of industrial robot on the polishing force.
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Both the research on the suppression of the mid-frequency
errors using a designed Gaussian-perturbed polishing path
and the process optimization using the robotic polishing
tool proposed in this paper will be presented in a separate.
In future work, in order to achieve non-constant polishing
force process, reduce the time of polishing cycle and improve
polishing efficiency, the instantaneous polishing force will be
adjusted in real time on the basis of the form error. In addition,
because there are some screwing and rotation actions during
the robot manipulation process, a predictive approach for
sensorless bimanual teleoperation under random time delays
with adaptive fuzzy control will also be studied.
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