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ABSTRACT To promote operational intelligence, improve surface quality, and reduce manpower depen-
dence, a novel high-bandwidth end-effector with active force control for robotic polishing was proposed.
Using this end-effector as a mini robot, a macro-mini robot for polishing processing was constructed,
in which the macro robot provides posture control during polishing operations, whereas the mini-robot
provides constant force control. By minimizing the inertia along the spindle in this configuration, the end-
effector obtains a force control bandwidth of 200 Hz. Through a series of comparative experiments with
different contact forces and feed rates, the proposed design was proven to have a smaller overshoot, a faster
response, and a shorter settling time than the conventional method based on macro robot (KUKA iiwa)
controlled force. The roughness of the workpiece reached 0.4 um after polishing with the macro-mini
robot, indicating the efficiency of this end-effector in high-precision material removal and surface polishing

operations.

INDEX TERMS Robotic polishing, force control, high-bandwidth, macro-mini robot, end-effector.

I. INTRODUCTION
A. CONTEXT
Polishing is widely used to reduce surface roughness and
improve machining precision of workpieces in manufactur-
ing processes, such as die, airfoil, camshaft, crankshaft, and
sculptures [1]. To date, most polishing operations are still
carried out manually, resulting in low efficiency of man-
ufacturing, an inconsistent surface quality of workpieces,
and health problem among workers [2]. This is inconsis-
tent with the global trends of Industry 4.0 and restricts the
development of industrial manufacturing in the pursuit of
intelligence [3], [4].

To solve the low surface quality and manpower shortages
of manual polishing, automatic polishing processes repre-
sented by computer numerically controlled (CNC) machines
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and industrial robots have become the primary solutions.
CNC machines not only offer excellent stiffness and remark-
able positioning accuracy but can also effectively control the
trajectory, posture, and force simultaneously during polish-
ing processes [5]. However, the wide employment of such
machines is limited due to their narrow workspaces, the
difficulty in clamping complex parts, low system flexibility,
and high prices [6]. Compared with CNC machines, industrial
robots have the advantages of a lower cost, higher flexibility,
and greater integrative capabilities with various end-effectors
and sensors. These advantages make industrial robots an
effective and economical solution to the process of complex
surface material removal, regardless of the workpiece size [7].

In the polishing process, numerous factors affect the final
surface quality, such as abrasive topology, tool wear, tool
path, contact force, feed rate, and rotational speed [8]. Among
these factors, the contact force is a critical factor determining
the thermal effect, chip thickness, and final surface roughness
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FIGURE 1. Typical macro-mini configuration for robotic polishing.

during polishing operations [9]. Therefore, numerous
researchers have verified that the contact force between the
polishing tool and the workpiece is the key factor deter-
mining polishing quality and efficiency [10]-[13]. Accord-
ing to different processing requirements and conditions, a
robotic polishing system is required to follow highly variable
contact forces with rapid response and high precision to
avoid workpiece surface damage caused by over- or under-
polishing [14]. To realize contact force control in robotic
polishing, Whitney [15] proposed two primary methods:
passive compliance control and active compliance control. As
Xie et al. [16] proposed, although passive compliance control
is relatively simple to implement (it does not need an actuator)
and has the outstanding characteristic of a low price, it can
only maintain low-precision contact force in short ranges.
Obviously, this method is not suitable for high-precision
polishing operations. Active compliance control, the main
research trend in the robotic force control field [17], can be
divided into two categories: through-the-arm systems and
around-the-arm systems. A through-the-arm system tracks
the desired force by adjusting the whole robot’s posture,
but its high inertia inevitably leads to a slow response for
force control [6]. To improve the force tracking accuracy of
this method, Loris Roveda proposed an on-line estimation
of the interactive environment stiffness between the robot
and the workpiece [18] and a discrete-time formulation
for impedance controlled tasks [19] to overcome the force
overshoot issue. Whereas an around-the-arm system forms a
macro-mini robotic system (Fig. 1) featuring an end-effector
with active force control, which decouples posture control
and force control during the operational process. Hence, this
macro-mini robotic system can increase the force control
bandwidth and then obtain rapid dynamic response perfor-
mance [20].

B. STATE OF THE ART
In the past years, many researchers have focused on improv-
ing the hardware design and control strategies for macro-mini
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robotic systems. Bone and Elbestawi [21] developed an active
compliant end-effector with a DC servo motor and a lin-
ear ball screw, which achieved an accuracy greater than
0.01 mm but a control bandwidth of only 20 Hz. Lew [22]
proposed a mini robot to achieve a desired contact force,
which smoothed the transition of the mini robot from a free-
space in an unknown environment. Tol et al. [23] integrated
an extendable strut type parallel kinematic mechanism and
a mini robot into a macro-mini robot and obtained superb
performance for low-cost and high-precision deburring oper-
ations. Liao er al. [24] proposed a compliance mini robot
using three pneumatic actuators, whereas the force control
performance was limited by the instability and slow response
of the pneumatic actuators. Arifin et al. [25] introduced a
control framework for a macro-mini robot to enhance com-
pliant force control performance, thereby reducing the impact
when the mini robot contacts the workpieces. Wu et al. [26]
proposed an adaptive neural network control compensator for
a macro-mini robot to estimate and eliminate the coupling
dynamics in real time. Ma et al. [20] established a 3-DOF
parallel end-effector with complex configuration in a macro-
mini robot and obtained a position control bandwidth near
100 Hz. However, Lopes and Almeida [27] indicated that the
bandwidth is one-tenth lower in force control than in position
control. Mohammad et al. [6] proposed a mini robot for
polishing process by reducing the inertia along the spindle.
However, information on bandwidth and polishing quality
was not provided. Chen et al. [28] developed a mini robot
for polishing thin-walled blisks, which contains complex
components such as a positioning table and eddy current
damper. Wu et al. [29] proposed a force-controlled spherical
polishing tool combined with self-rotation and co-rotation
motion for an automatic polishing process, which obtained a
bandwidth frequency of 900 rad/s. Yang et al. [30] designed
a three degree-of-freedom (DOF) (i.e., two-rotational and
one-translational (2R1T)) end-effector to perform continuous
contact operations, which achieved a force control bandwidth
of 15 Hz.

C. PAPER CONTRIBUTION

Although the aforementioned researchers have studied
various aspects of the macro-mini robotic system (e.g.,
control strategies, configuration designs, and the addition
of auxiliary structures like damping), the force control
bandwidth in polishing applications can still be improved.
A reasonable method to improve the bandwidth of force
control is decoupling control between the position and
force through a mini robot with an active force con-
trol [6], [20]. The main contributions of this article are as

follows:
1) Based on investigating the current situation of contact

force control in the robotic polishing field, we propose
a method to increase the force control bandwidth by
reducing the moving inertia. The polishing operation’s
characteristics conformed to the five design philoso-
phies for an end-effector as shown below.
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2) Using a force motor that directly drives the polishing
head without passing other parts (e.g., the polishing
motor, spindle, and force sensor), we propose a novel
end-effector with active force control for robotic pol-
ishing, which minimizes the inertia along the normal
direction of contact.

3) Through frequency domain analysis and force control
experiments of the proposed end-effector, we obtained
the state-of-the-art theoretical and actual force control
bandwidth known by authors in the field of robotic
polishing.

4) Through a series of force tracking and polishing exper-
iments between the proposed end-effector and the
macro robot (i.e., a KUKA iiwa robot with excellent
embedded force control), the force tracking accuracy
and the surface roughness obtained by the proposed
end-effector are shown to be better than the results
obtained by the macro robot. This verifies the feasibil-
ity and rationality of the proposed design in polishing
applications.

The remainder of this article is organized as follows:
Section II introduces the design philosophy, overall config-
uration, and key structural analysis of the proposed design.
The hardware implementations and control method are pre-
sented in Section III. Discussion of the control bandwidth
and the experimental results are given in Section IV. Finally,
Section V concludes this work and introduces the plans for
future work.

Il. MECHANICAL DESIGN

A. DESIGN PHILOSOPHY

Considering the diversity, complexity, and importance of con-
tact force control in the polishing process, the design of an
end-effector with excellent performance needs to match the
following criteria:

1) Individual actuation to decouple movements: One prin-
ciple to realize high-precision active force control is
to decouple the telescopic movement along the spindle
from the rotation around the spindle. Then the contact
force can be individually controlled through this con-
figuration. Therefore, it is necessary to decouple these
two motions in mechanism design.

2) Low translational inertia to accelerate the response:
In the process of polishing force control, each com-
ponent superimposed onto the telescopic movement
increases the inertial mass and reduces the bandwidth
of the dynamic response. For this reason, the transla-
tional inertia of the end-effector should be minimized
to acquire a fast response for force control.

3) Lightweight parts to decrease mass: From the view-
point of system integration, the heavier the end-effector
is, the larger the load capability that the macro robot
needs to provide, which inevitably increases the cost
of the macro robot. Therefore, lightweight optimization
should be seriously considered in end-effector design.
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4) Optimized connector to increase stability: The connec-
tion style between the end-effector and the macro robot
largely determines the system’s stiffness and thus influ-
ences control stability. To obtain a high-performance
macro-mini robotic system, the connection method
needs to be considered in the configuration design.

5) Modular design for fast replacement: To meet the pol-
ishing requirements for various workpieces, diverse
operation scenarios and macro robots are needed. Mod-
ular design of the end-effector could form an inde-
pendent and universal component that can be easily
integrated with different robots or flexibly applied to

workpieces with various shapes.
Based on the aforementioned design philosophy, to design

an end-effector without compromising performance, an
improved configuration was proposed, as shown in Fig. 2.
The most important feature of the proposed configuration
is that an active force motor directly drives the polishing
head to track the desired force (Fig. 2(a)). In a conventional
configuration, however, besides the polishing head, the motor
also needs to drive many other parts during telescopic move-
ment, such as the polishing motor, spindle, and force sensor
(Fig. 2(b)) [6]. In this novel configuration, the moving inertia
along the spindle is reduced to the lowest level, thereby
offering excellent control bandwidth. In addition, shortening
the distance between the macro robot’s flange and the pol-
ishing head helps to improve the stability of the polishing
process [31].

B. END-EFFECTOR CONFIGURATION

A sectional view of the proposed configuration is shown
in Fig. 3, which consists of three components: a rotational
component, a telescopic component, and a macro-mini con-
nector.

1) Rotational component: The rotational movement
originating from the polishing motor (1) is transmitted
to the spline nut (17) through the polishing spindle (3).
The spline nut (17) drives the polishing head (16) to
rotate, thereby realizing the movement of the polish-
ing pad (18). During the transfer of rotational motion,
there is no redundant intermediate transmission part
besides the necessary polishing spindle (3), which
greatly reduces energy loss and increases structural
compactness. In this configuration, the combination of
the spline nut (17) and bearing III (15) is the key to
decoupling the rotational and telescopic motions of the
polishing head (16). To reduce the impact of the longer
spindle and improve the configuration’s stability and
stiffness, bearings I (4) and II (8) are used to limit the
axial and radial movements of the spindle (3), respec-
tively. The polishing pad (18) is designed as a mod-
ular part to make it easier to handle various complex
workpieces and polishing paths by changing its size.
A pneumatic motor was selected as the polishing motor
because it weighs only one-third of a servo motor with
the same power. The whole mass of this end-effector
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(a)
FIGURE 2. Proposed configuration versus conventional configuration. (a) The proposed configuration
minimizes the inertia along the spindle, reduces the middle connection for force transfer, and adopts a L-type
connector to shorten the distance between the macro robot’s flange and polishing head. (b) The conventional
configuration, whose force transfer needs to pass through multiple middleware sections with a relatively large

inertia, and connect with the macro robot’s flange at the top, resulting in a relatively larger distance and
reducing system stiffness.

©
©® ®
C/

M 1-Macro robot connector
M 2-Polishing motor
M 3-Holder

4-Force sensor
M 5-Force motor base
B 6-Force motor
M 7-Spindle
M 8-Polishing head

(b)

FIGURE 3. Configuration details of the proposed end-effector. Part names in the picture: 1-Polishing motor, 2-Motor
bracket, 3-Spindle, 4-Bearing |, 5-Force sensor, 6-L-type connector, 7-Connector |, 8-Bearing II, 9-HVCM housing, 10-Sliding
rod, 11-Linear encoder, 12-HVCM magnetic housing, 13-HVCM Coil, 14-Connector Il, 15-Bearing lll, 16-Polishing head,

2)

17-Spline nut, and 18-Polishing pad.

is 5.12 kg, which is far less than that of conventional
end-effectors with active force control in the polishing
filed. Thus, this end-effector can be connected to most
industrial robots’ flanges.

Telescopic component: To construct a closed-loop
force control system and minimize the axial inertia,
a linear hollow voice coil motor (HVCM) is utilized
for active force control. The HVCM housing (9) is
connected to the force sensor (5), which is fixed to the
framework (L-type connector (6)) through connector
I (7), and the coil (13) is connected to the polishing
head (16) through connector II (14). The inertia along
the spindle is minimized by this method. Notably, the
active part of the HVCM is the coil (13) that moves
along a straight line relative to the magnetic hous-
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3)

ing (12), realizing telescopic motion along the polish-
ing spindle (3) to provide the contact force towards
workpieces. To ensure structural rigidity and mini-
mize operational vibrations, the coil (13) is mounted
to connector II (14) with sliding rods (11), and a
linear encoder (10) is utilized to ensure the accuracy of
the telescopic motion. During the polishing processes,
the sensor (5) feeds back the contact force signals
in real-time, whereas the HVCM controls the contact
force through the coil’s (13) telescopic motion.

Macro-mini connector: The L-type connector (6) is
designed to keep the polishing motor (1), the polishing
spindle (3), the force sensor (5), and other compo-
nents stationary. Unlike the conventional configura-
tion, by using the L-type connector (6), the connection
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FIGURE 4. FEA results of the key parts of the proposed end-effector. (a) Total deformation result of the L-type connector.
(b) Equivalent stress result of the L-type connector. (c) Total deformation result of the spindle. (d) Equivalent stress result of the

spindle.

section between the macro robot and the mini robot is
moved from the top to the middle of the mini robot.
Shortening the distance between the macro robot’s
flange and the workpiece is conducive to suppressing
vibrations and improving stability during the polishing
process [31].

Based on the aforementioned design, by utilizing various
polishing paths and polishing pads, the proposed end-effector
can process workpieces of numerous materials, such as metal,
wood, and soft materials, as well as workpieces of diverse
surface shapes, such as flat, slope, free-form and complex
irregular surfaces.

C. FINITE ELEMENT ANALYSIS

Since the proposed design targets for contact force and cutting
torque range up to 50 N and 3.5 Nm during the polish-
ing process, it is necessary to ensure a reliable connection
between the macro robot and the mini robot, as well as stable
torque transmission from the polishing motor to the polish-
ing pad. Therefore, finite element analysis (FEA) modeling
and simulations were employed to analyze the structure of
the L-type connector (6) and the spindle (3) using ANSYS
Workbench 18.0. As the L-type connector (6) connects the
macro robot and the mini robot and carries the full weight of
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the mini robot, to analyse the deformation and stress (with
C45 steel), the side connected to the macro robot was fixed,
and then an 80 N payload (safety factor 1.6) was applied to
the upper surface. It can be seen in Fig. 4(a) that the total
deformation of the L-type connector is only 21.50 um, while
Fig. 4(b) shows that the equivalent stress is 5.88 x 10° Pa,
which is far smaller than the yield stress of C45 steel
(3.55 x 108 N/m?). The spindle (3), which transfers the
rotation from the polishing motor (1) on the top of the mini
robot to the polishing pad (18) on the bottom, was also
analyzed to determine its deformation and stress through
FEA with the chosen material of Q235 steel. We fixed the
bottom section of the spindle contacting the spline nut (17)
and employed a torque of 6 N/m (safety factor 1.7) to the
shaft sleeve connected to the polishing motor (1); the anal-
ysis results are shown in Fig. 4(c-d). It can be seen from
Fig. 4(c) that the total deformation of the spindle is only
0.42 pum, while Fig. 4(d) shows that the equivalent stress is
1.66 x10° Pa, which is far lower than the yield stress of
Q235 steel (2.35 x 108 N/m?). From the results shown
in Fig. 4, it can be concluded that the stress and deformation
of the L-type connector and the spindle are within a safe
range, which indicates that the proposed design is reasonable
and reliable.
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FIGURE 5. Macro-mini robotic polishing platform for experiments.

ill. HARDWARE IMPLEMENTATION AND

CONTROL METHOD

A. HARDWARE IMPLEMENTATION

A macro-mini robotic polishing platform was established to
verify the proposed design, as shown in Fig. 5. A KUKA
LBR iiwa 7 R800 robot with excellent force control was
employed as the macro robot, controlled by KUKA Sunrise
OS running on KUKA Sunrise Cabinet control hardware.
The weight of the proposed design (5.12 kg) is within the
payload (7 kg) limits of the KUKA iiwa, and the weight of
the telescopic part (2 kg) of the end-effector is supported
by the workpiece during the contact operation, reducing the
payload of the KUKA iiwa. Therefore, the weight of the
proposed device will not affect the performance of the KUKA
iiwa. Moreover, the KUKA iiwa used in this article has two
independent position and impedance (force) control modes.
When the position control mode is adopted, the force control
mode is ineffectiveness, and vice versa. These characteristics
make the KUKA iiwa a good counterpoint to verify the
performance of the proposed design.

The mini robot includes a pneumatic motor (model
JC-260) as the polishing motor, which has a power of 640 W,
a torque up to 3.9 Nm, and a rated rotational speed up to
2100 rpm. The polishing pad utilized for the experiments has
a diameter of 25 mm. An HVCM (model TMEC0070-015-
000) with a 27.9 N continuous output force (peak force up to
70 N) and a 15 mm stroke was employed as the force motor.
The HVCM was run in the current control mode with a force
amplifier gain (K,;) of 17.7 N/A. Once the coil was energized,
contact force was generated between the polishing pad and
the workpiece. Then, the contact force in the normal direction
(as shown in Fig. 5) was measured by a force sensor (model
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LH-LN-01 with a sampling rate of 2.5 kHz) and fed back to
the control platform (i.e., MATLAB R2019a under Windows
10 OS in this study) through a voltage amplifier (model
170LH-FD-S) and a data acquisition card (model USB-231).
After being processed by the control platform, the control
signal was sent to a Copley controller (model ACJ-055-18
with a sampling rate of 1.3 kHz) to drive the HVCM and thus
realize the closed-loop force control. The integrated hardware
platform for validating the force control performance of the
end-effector is shown in Fig. 6.

B. CONTROL METHOD

Under the current mode, the output telescopic force of the
HVCM F,, is proportional to the input current i, i.e., F), =
Ki. Considering the gravity of the polishing head, the con-
tact force F, is the sum of the motor force F,, and the pre-
load F), provided by the polishing head (i.e., F. = Fy, + F))
and is measured and fed back by the force sensor. Assuming
the desired contact force is Fy, the force tracking error F,
between the measured force and the desired contact force can
be expressed as:

Fo=Fq—F.=Fq—Kpi—F, (1

To eliminate F,, a closed-loop force control was con-
structed through the PID control algorithm, and the force
control scheme is shown in Fig. 7. The feedback signal uy
is shown below:

d dF,
uy Z(Fd_Fp+KpFe+Ki/() Fedt'i‘KdE)/Km 2)
where K),, K; and K are the proportional, integral and deriva-
tive gains of the PID algorithm, respectively. By choosing
suitable K,, K; and K values, Eq. (2) is asymptotically stable,
while Eq. (1) tends to be zero; in this way, the desired contact
force F; can be reached. To eliminate high-frequency noise
during polishing, a low-pass filter was employed to process
the feedback force signals. The electromechanical model of
the end-effector during polishing processes is shown in Fig. 8,
and the transfer function between the telescopic motion and
the control signal can be expressed as:
X(s) K

U(s) = Lms3 + (Lc + Rm)s? + (Rc + K2)s )

As the stator inductance L is very small, its impact can
be neglected [32]. Hence, Eq. (3) can be described by the
following dominant second-order transfer function:

X(s) _ K,
U(s)  Rms? + (Rc+ K2)s

“

Eq. (4) is the system’s open-loop transfer function. Hence,
by integrating the PID controller G.(s) = (de2 + Kps +
K;)/s and the force F(s) = Ky X (s), the closed-loop transfer
function for the end-effector’s force control can be expressed
as Eq. (5), as shown at the top of the next page, where F;(s) is
the Laplace transformation of Fy, and Ky is the equivalent
stiffness of workpiece.
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FIGURE 6. Hardware platform for force control performance validation.
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FIGURE 7. Scheme of the proposed force control system.

IV. SYSTEM PERFORMANCE VALIDATION

A. DYNAMIC RESPONSE PERFORMANCE

During polishing processes, the macro-mini robotic system
needs to maintain the desired contact force. Especially with
highly variable or non-uniform surfaces, the system needs to
adjust its contact force with a fast response to avoid over- or
under-polishing.

The frequency response spectrum is a good method to
evaluate the dynamic response performance (DRP) of the
end-effector [20]. It is generally known that the DRP of an
actual system is influenced by many factors, such as PC
performance, the programming mode, the software platform,
hardware transmission, and signal processing. To better ana-
lyze the DRP of the proposed design without losing gener-
ality, we only considered the response of the end-effector
and neglected all the factors related to signal transmission
and processing. The key parameters were put into MATLAB
for calculations. According to the force tracking effect
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FIGURE 8. Electromechanical model of the end-effector. U-total voltage
of the coil, L-stator inductance coefficient, R-resistance coefficient,
e-counter electromotive force, i-motor current, x-motor position,
c-damping coefficient, and m-total mass of all moving parts.

corresponding to various K, K; and K; parameters in a
simulation model of the proposed end-effector force tracking
constructed based on Simulink, K),, K; and K, were selected
as 4000, 20, and 0.01, respectively. Substituting these three
parameters with K, = 17.7, R = 6.8, ¢ = 0.2, m = 2 and
Kgip = 200 (the value of common steels elastic modulus)
into the closed-loop transfer function Eq. (5), the theoretical
bandwidth of the end-effector was obtained (Fig. 9(a)) based
on the Bode function in MATLAB R2019a.

From Fig. 9(a), it can be seen that the frequency response
of the proposed end-effector was attenuated to —3 dB with
a theoretical bandwidth of 1510 rad/s, which is a signif-
icant increase of 67.77% from the theoretical bandwidth
of 900 rad/s obtained in a recent robotic polishing theoretical
analysis [29]. When using the whole system shown in Fig. 6
to perform force tracking experiments under different control
periods (20-2000 Hz), it was found that the shortest settling
time of the target force can be obtained at a bandwidth
of 200 Hz, as shown in Fig. 9(b). As mentioned above,
because the actual force control experiment inevitably has a
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FIGURE 10. Force tracking results under different control bandwidths.

delay, the actual bandwidth of 200 Hz is slightly smaller than
the theoretical value of 240 Hz (i.e., 1510 rad/s). However,
compared to the actual control bandwidth of 100 Hz obtained
in the recent robotic polishing research [20], the bandwidth
obtained in our proposed design has a significant improve-
ment of 100%. This is coincident with the proposed design
philosophy, which involves achieving a high bandwidth by
minimizing the moving parts related to the contact force
control. Exhausting the author’s knowledge, this design pro-
vides the state-of-the-art bandwidth in the field of robotic
polishing. Such a high bandwidth can satisfy most polishing
applications requiring high-speed dynamic responses.

To test the suppression effect of the high-speed dynamic
response produced by the high bandwidth of the force vibra-
tion caused by unknown interference factors during the force
control process, we employed 20 Hz, 50 Hz, 100 Hz, and
200 Hz control bandwidths to perform force tracking exper-
iments at 10 N and 40 N, as shown in Fig. 10. Notably,
to ensure a fair comparison, the changed parameter in each

VOLUME 8, 2020

experiment was only the control bandwidth. It can be clearly
seen in Fig. 10 that regardless of the level of contact force,
as the control bandwidth increases, the tracking accuracy is
also improved accordingly. This also means that a control
scheme with high bandwidth can suppress the noise generated
during force control.

B. FORCE CONTROL PERFORMANCE

The contact force is a critical parameter influencing polishing
quality and efficiency, which should be adjusted according to
the polishing process with a rapid response and a minimized
overshoot [33].

To further validate the proposed design, this article
designed force tracking experiments under different con-
tact forces and feed rates. In these experiments, the macro
robot carried the mini robot to contact a flat stainless steel
workpiece (240 x 120 x 8 mm), and horizontally polished
along the long side of the workpiece through a polishing pad
(25 mm diameter) with a 240 grit size sandpaper. Notably,
since the situation during the actual force control process
is more complicated than in the above simulation, to make
the proposed design work efficiently, we have re-selected
the PID parameters in the following experiments as follows:
K, = 0.15, K; = 5 and K; = 0.01. In addition, a Sth-order
Butterworth low-pass filter with a cut-off frequency of 10 Hz
was used to suppress the high-frequency noise in all control
loops. Moreover, according to the analysis results in the above
subsection, to make the proposed design work in an optimal
state, the control bandwidth of all subsequent force control
experiments was 200 Hz.

To ensure that results of the force control experiments
were not affected by the workpiece surface’s topography,
the steel plate used in this article was pre-processed via
milling, as shown in Fig. 11. Due to the characteristics of
milling, machining marks will inevitably be left on the work-
piece surface, such as the slashes shown in Fig. 11(a-b), which
were obtained with the Olympus LEXT OLS4000 under
10 times magnification. These slashes were used to ver-
ify the effect of subsequent polishing experiments. Then,
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FIGURE 11. Workpiece surface after milling without polishing. (a) 2D topography of the workpiece surface after milling (before polishing), with
a scale bar of 400 um. (b) The corresponding 3D topography of (a), where the colored scale bar (unit xm) denotes the height of the workpiece
surface. (c) Roughness measurement values of 20 selected areas on the entire surface of the workpiece.

we divided the milled workpiece into 20 areas and measured
the surface roughness of each area with Mahr XT-R 20. The
measurement results are shown in Fig. 11(c). It can be seen
that the measurement results are in a narrow range around
1.2178 ~ 1.2214 pm. This can be considered a consistent
surface with a surface roughness of 1.2197 um (the aver-
age of 20 surface roughness values), which is the baseline
for evaluating the surface roughness of the workpiece after
polishing.

1) LOW-HIGH FORCE TRACKING TEST
To better determine the performance of this design, a group of
contrastive tests were conducted, in which the contact force
was controlled using a macro robot (i.e., KUKA iiwa) with
excellent force control performance. To ensure a fair compar-
ison, when the macro robot performed force tracking or pol-
ishing experiments, the force driving motor (HVCM) of the
mini robot was turned off and only provided rotational motion
during the polishing process without participating in contact
force control. Conversely, when the mini robot performed the
force tracking and polishing experiments, the macro robot
only provided feed motion and did not participate in the con-
tact force control. For a better comparison, the contact forces
of both tests were measured by the force sensor integrated into
the mini robot (i.e., part 5 in Fig. 3). To verify the force control
performance, the proposed end-effector and the macro robot
were required to track two force step signals under the same
feed rate of 15 mm/s. The first / second step signal of desired
force started at 7 / 37 N, then followed by a rising edge to
15 /45 N, and reduces back to 7 /37 N by a falling edge.
First, we validated the force tracking performance without
rotational movement, and the results are shown in Fig. 12(a).
It can be clearly seen that whether the desired contact force
is low or high, compared with the proposed end-effector, the
tracking results of the macro robot have a larger overshoot and
need a longer stabilization time. Moreover, when the contact
force is low, the macro robot reveals a state of performance
degradation. These situations occur because the macro robot
controls the force via the through-the-arm system, whose
large inertia limits the response capability. Therefore, it is
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difficult for the macro robot to accurately track the desired
force, especially in the case of fine-tuning (low contact force
tracking), when vibration and overshoot occur at the same
time. Conversely, in the proposed end-effector, the moving
inertia is greatly reduced, enabling it to respond faster to
compensate for disturbance while retaining strong tracking
performance.

When the rotational movement was included in the tests,
the polishing motor of the proposed design (i.e., part 1 in
Fig. 3) was turned on with a rotational speed of 1100 rpm,
which is the continuously and smoothly output rotational
speed of the employed pneumatic motor. The force tracking
results are shown in Fig. 12(b). The macro robot here shows
poor force control performance when the polishing motor
is turned on. Especially, when the desired contact force is
low, it can hardly follow the value. When tracking high con-
tact force, there is larger overshoot and vibration. Moreover,
the tracking curve of the macro robot shows larger overshoot
in tracking the falling edge signal. This can be interpreted
as the macro robot adopting impedance control to achieve
force control. Therefore, the robot needs to move towards
the opposite direction to reduce the contact force, which is
different from following the rising edge signal. Due to the
large inertia of the robotic body, the reverse motion control
process is relatively easy to over-adjust, resulting in a larger
overshoot in tracking the falling edge than the rising edge.
In contrast, the proposed end-effector tracks the desired force
with a smaller overshoot and faster response due to the inertial
reduction.

We also compared the control currents of HVCM when the
polishing motor was turned on or off, as shown in Fig. 12(c).
When the rotational polishing movement was excluded,
the control current was much gentler, reflecting good con-
trol performance. Although the rotational motion has an
impact on force tracking, the end-effector still maintains
good stability and smoothness in following the desired
force.

Employing the Olympus LEXT OLS4000 with 10 times
magnification, Fig. 13(a-b) shows the three-dimensional (3D)
topographies of the workpiece surface after polishing using
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FIGURE 12. Force tracking results under different step signals. (a) With a feed rate of only 15 mm/s: using the proposed end-effector (left) and the
macro robot (right). (b) With a feed rate of 15 mm/s and a rotational speed of 1100 rpm: using the proposed end-effector (left) and the macro
robot (right). (c) The control current of HVCM under different step signals: using (a)-left without rotational movement (left), and (b)-left with
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FIGURE 13. 3D topographies of the workpiece surface after polishing; the
colored scale bar (unit xm) denotes the height of the workpiece surface.
(a) Results of Fig. 12(b)-left. (b) Results of Fig. 12(b)-right. All pictures
were obtained by an Olympus LEXT OLS4000 under 10 times
magnification.

the proposed end-effector and the macro robot controlling the
contact force. Figure 13 demonstrates that both the proposed
end-effector and the macro robot can decrease the machin-
ing marks from the milling processing shown in Fig. 11(b).
Comparing the 3D topographies on the left and right sides
of Fig. 13, we observe that when using the macro robot to

VOLUME 8, 2020

track the polishing force with a small value, the workpiece
surface shows some remained undulating. When the desired
contact force increased, the surface fluctuation became more
severe. Therefore, there are still some slashes visible in the
3D topography in Fig. 13(b). The results clearly show that
the surface consistency of the workpiece obtained by the
proposed end-effector is much better than that obtained by the
macro robot regardless of the desired force value, and this is
consistent with the results of the force following performance
shown in Fig. 12(b).

2) SLOW-FAST FEED RATE TRACKING TEST

Experiments were also carried out to verify the performance
of the proposed design in tracking the desired force under
different feed rates (i.e., 5 and 30 mm/s). The end-effector
and the macro robot were required to track a step force signal
starting at 25 N, followed by a rising edge to 35 N, and a
reduction back to 25 N with a falling edge.

Similarly, the rotational polishing movement was also
excluded in first validation, and the experimental results are
shown in Fig. 14(a). With a slow feed rate of 5 mm/s, it can
be seen that the macro robot needs a longer settling time
to deal with steady-state errors, while the proposed end-
effector presents only small overshooting oscillations in the
rising and falling edges, as well as a shorter settling time.
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FIGURE 14. Force tracking results under different feed rates. (a) With a 25-35-25 N step signal and without rotational polishing movement: using the
proposed end-effector (left), and using the macro robot (right). (b) With a 25-35-25 N step signal under rotational polishing movement (1100 rpm):
using the proposed end-effector (left) and using the macro robot (right). (c) The control current of the HVCM under different feed rates with a
25-35-25 N step signal: (a)-left without polishing movement (left), and (b)-left with polishing movement (right).
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FIGURE 15. Topographies of the workpiece surface. (a) and (b) are the 3D
topographies obtained in Fig. 14(b)-left and Fig. 14(b)-right, respectively.
The colored scale bar (unit xm) denotes the height of the workpiece
surface. All pictures were obtained by an Olympus LEXT OLS4000 under
10 times magnification.

After increasing the feed rate to 30 mm/s, the macro robot
shows more severe overshoot, oscillations, and unsteadiness
in its force control. Especially in tracking the falling edge,
there is a large overshoot, which indicates that an increase in
the feed rate aggravates the influence of inertia. In contrast,
the proposed end-effector tracks the desired force well, even
at a low feed rate.

The experimental results for rotational polishing move-
ment (1100 rpm) under actual polishing condition are pre-
sented in Fig. 14(b). As seen in Fig. 14(b), compared to the

169132

macro robot, the proposed end-effector tracks the desired
force more accurately with a smaller overshoot and a shorter
settling time, regardless of the feed rate.

The HVCM control currents with the polishing movement
included or excluded are shown in Fig. 14(c). Similar to
the results shown in Fig. 12(c), the control current is much
smoother and more stable without the rotational movement
because this motion does most of the work in material
removal during polishing processing, generating mechanical
vibrations and increasing control difficulty.

From the 3D topographies of the polished workpiece sur-
face shown in Fig. 15, it can also be seen that the surface of the
workpiece obtained by the proposed end-effector controlling
the contact force is smoother and more consistent (Fig. 15(a)).
However, the 3D topographies of the workpiece surface after
polishing with the macro robot controlling the contact force
still retain a few slashes from the milling processing, as shown
in Fig. 15(b). We believe this result is related to the poor force
control effect shown on the right side of Fig. 14(b).

The surface roughness (measured by Mahr XT-R 20) of the
workpiece after five times of repeated polishing experiments
is shown in Table 1. The roughness of each experiment is the
average value of four measurements using different surface
areas. As can be seen in Table 1, the surface roughness
obtained by the proposed end-effector is greatly improved
over that obtained by the macro robot, which is consistent
with the results for the polishing force control in Figs. 12(b)
and 14(b), and the 3D topographies in Figs. 13 and 15.
Compared to the macro robot, the roughness was improved
by 24.70%~34.17% by utilizing the proposed end-effector,
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TABLE 1. Polished surface roughness comparison using the proposed end-effector and the macro robot.

Processing parameters Initial roughness Obtained roughness by Obtained roughness by ~ Improving
Rotational speed  Feedrate  Contact force  Time  before polishing  the proposed end-effector the macro robot ratio
rpm mm/s N S Ra (um) Ra (pm) Ra (pum) %
15 7-15-17 0.3498 0.4899 28.60
15 37-45-37 0.3977 0.6041 34.17
1100 5 25-35-25 40 1.2197 0.3557 0.4755 25.19
30 25-35-25 0.3868 0.5137 24.70

reflecting the proposed end-effector’s efficiency in obtaining
better surface quality.

V. CONCLUSION AND FUTURE WORK

To realize intelligent polishing operations and improve the
surface quality of a workpiece, robotic polishing is an impor-
tant and promising method that has been widely used. In pol-
ishing processing, the contact force is an important parameter
that determines the operational efficiency and final surface
quality of a workpiece.

In this article, a novel end-effector with active force control
was proposed as a mini robot, and a macro-mini robotic sys-
tem was constructed to handle the polishing process. Unlike
conventional macro-mini robotic polishing systems, the pro-
posed design greatly reduces the inertia along the spindle.
Through frequency domain analysis and force control exper-
iments, the proposed system obtains a theoretical bandwidth
of 1510rad/s (i.e, 240 Hz) and an actual bandwidth of 200 Hz,
respectively. This represents a significant increase of 67.77%
and 100% compared to the theoretical and actual bandwidth
of recent research on robotic polishing, respectively. To the
authors’ knowledge, the proposed design obtained the state-
of-the-art bandwidth in the robotic polishing field in terms
of dynamic responses in polishing force tracking. Based on a
series of contrastive force-tracking experiments between the
proposed end-effector and the macro robot, the results when
using the proposed end-effector showed a smaller overshoot,
a faster response, and a shorter settling time when following
the desired force, as well as better surface quality (a surface
roughness improvement of 24.70%~34.17%).

Although the proposed end-effector is more convenient
in force control than the macro robot, we also found that
the tracking effect of the contact force degraded when the
rotational movement is included. High bandwidth can indeed
achieve better control effects than low bandwidth under the
same experimental conditions (as shown in Fig. 10). In differ-
ent experimental conditions, however, a force control strategy
based only on the conventional PID method or the fixed
value of the controller parameters has certain limitations,
especially in the actual polishing process. Therefore, we plan
to investigate the use of methods such as fuzzy adaptive
control to achieve more robust force control strategies for
dynamic polishing processing and the real-time adjustment of
control parameters. Moreover, since the polishing operation
is a complicated process, besides the contact force, there are
many other factors that can affect the final surface quality,
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such as abrasive topology, tool wear, thermal effect, rotational
speed, tool path, and feed rate. How these factors influence
the final surface quality is also a future research priority.
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