
Citation: Wahballa, H.; Duan, J.;

Wang, W.; Dai, Z. Experimental Study

of Robotic Polishing Process for

Complex Violin Surface. Machines

2023, 11, 147. https://doi.org/

10.3390/machines11020147

Academic Editors: Yuansong Qiao

and Seamus Gordon

Received: 15 December 2022

Revised: 12 January 2023

Accepted: 17 January 2023

Published: 21 January 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

machines

Article

Experimental Study of Robotic Polishing Process for Complex
Violin Surface
Hosham Wahballa 1,2, Jinjun Duan 1,*, Wenlong Wang 1 and Zhendong Dai 1

1 Institute of Bio-Inspired Surface Engineering, School of Mechanical and Electrical Engineering,
Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China

2 Faculty of Engineering, Karary University, Khartoum 12304, Sudan
* Correspondence: duan-jinjun@nuaa.edu.cn; Tel.: +86-152-5186-8386

Abstract: This paper presents a robotic polishing process for complex violin surfaces to increase
efficiency and minimize the cost and consumed time caused by using labor and traditional polishing
machines. The polishing process is implemented based on modeling a smooth path, controlled contact
force embedded with gravity compensation and material removal depth. A cubic Non-Uniform
Rational Bases-Spline (NURBS) interpolation curve combined with an S-curve trajectory model is
used to generate a smooth polishing path on a complex violin surface to achieve stable motion
during the polishing process. An online admittance controller added to the fast gravity compensation
algorithm maintains an accurate polishing force for equal removal depth on all polished surface areas.
Then, based on Pythagorean theory, the removal depth model is calculated for the violin’s complex
surface before and after polishing to estimate the accuracy of the polishing process. Experimental
studies were conducted by polishing a wooden surface using the 6DOF robot manipulator to validate
this methodology. The experimental results demonstrated that the robot had accurate polishing
force based on the online admittance controller with gravity compensation. It also showed a precise
proportional uniformity of removal depths at the different normal forces of 10, 15, and 20 N. The
final results indicated that the proposed experimental polishing approach is accurate and polishes
complex surfaces effectively.

Keywords: robotic polishing; S-curve trajectory; controlled force; gravity compensation; violin surface

1. Introduction

The polishing process is commonly used in the manufacturing field to handle simple
surface damage, reduce roughness [1,2], and achieve shine [3–5]. Polishing is essential in
many industries requiring accuracy for surfaces, such as manufacturing molds, aircraft
airfoils, ship propellers, and many other complex surfaces [6,7]. At present, the polishing
of these surfaces is performed manually, which is time-consuming and costly, requiring ex-
perienced laborers; plus, a steady polishing process is difficult to maintain manually [8–10].
In addition, manual polishing can cause many diseases related to the respiratory and
musculoskeletal systems [11], negatively affecting worker health. Therefore, an automatic
polishing system is required to eliminate these issues and produce desired properties, such
as improved quality, higher production yield [12,13], reduced time consumption [14,15],
higher accuracy, and better reliability [16–19]. An alternative solution to manual polishing
is an industrial robot [20]. Generally, robotic polishing processes have attracted researchers
and companies in recent years [21]. In addition, a robotic polishing system can finish
different workpiece shapes, such as simple, curved, or complex surfaces. This ability
makes the industrial robot an effective and economical solution for polishing, especially
for surfaces with complex geometries [22]. The robotic polishing system combines various
related robotic sciences to automate the process and achieve high-quality polishing. These
sciences include robot motion planning as a polishing path, force control, and material
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removal depth modeling. The key solution to achieving high-quality polishing is main-
taining a consistent material removal depth over the entire polished surface. To achieve
this solution, a smooth polishing path should be designed in addition to applying accu-
rately controlled constant contact force to improve surface roughness [23–26], which is
challenging on complex surfaces [27–29].

Many studies have been carried out on the robotic polishing of complex surfaces to
minimize cost and enhance the process quality. For instance, Xu et al. [30] proposed a
hybrid force/position controller approach. With the complexity between the robot and
the unknown environment, they added a proportional-integral/proportional-derivative
(PI/PD) controller to maintain constant contact force because the hybrid force/position
control method could not be directly applied to the machining of complex parts. In
addition, the study of [9] offered the methodology adopted for a robotic polishing system
for polishing curved surfaces to minimize cost and improve quality compared to manual
finishing operations. They proposed an algorithm for planning the polishing tool location
and posture with force control. The results showed that the proposed automatic polishing
system could polish a curved surface and achieve a mirror effect on the surface of the mold
part. Similarly, Mohsin et al. [31] studied an effective method for the robotic polishing of a
complex curved surface based on tool path planning with controlled force and polishing
parameters. The proposed method was applied for the polishing of an eyeglass frame. In
a similar direction, the grinding process uses the same methodologies as the polishing
process; however, they exhibit slight differences. For example, grinding removes saw
marks and levels and cleans the specimen surface, while polishing removes the artifacts of
grinding but very little stock. In addition, grinding uses fixed abrasive particles bonded
to the paper or platen for fast stock removal. Polishing uses free abrasives on a cloth; the
abrasive particles are suspended in a lubricant and can roll or slide across the cloth and
specimen. In this direction, Zhu et al. [24,32] presented a robotic belt grinding system
and studied the effects of force components on surface roughness under various contact
force situations. The final results showed that the constant force integrated with the
optimal modeled parameters was effective at accurately grinding the turbine blades as
complex surfaces.

In other research, Yu et al. [33] developed a new active end-effector for a robotic
polishing system on complex parts; a hybrid force controller based on a fuzzy proportional-
integral-derivative (PID) controller and gravity compensation achieved the contact force
between the polishing tool and the part. The verification experiments were conducted using
the proposed robotic polishing system on a complex polymethyl methacrylate (PMMA) part.
In the same direction, Tian et al. [34] presented a methodology for a robotic polishing end-
effector using position/posture and force-decoupling control. In addition, Ding et al. [35]
proposed a method for polishing complex concave cavity surfaces with an industrial robot
based on an adaptive PI force control algorithm and planning trajectory with the normal
vector. The simulation and experimental results showed that this method could achieve
the polishing of the concave cavity surface. Fengyun and Sheng [36] introduced a robotic
polishing system instead of manual polishing based on trajectory generating. The robot
polishing path was generated from the cutter location information taken from the post-
processor of a CAD system. Hahnel et al. [37] performed an experimental study on a
complex surface sample to show the automated finishing process for molds and dyes. The
test was conducted by defining the tool path approach for automatic processes with guid-
able process parameters, including contact force, feed rate, and spindle speed. In another
study, Huang et al. [38] proposed a polishing system based on force control and performs
offline programming of path planning of blade polishing by the robot through analysis of
the damage of the contact area between the blade surface and polishing wheel using the
Douglas–Peucker algorithm. Mohsin et al. [39] also discussed the robotic polishing process
by organizing and improving the path planning for free-form surfaces under controlled
force. They compared the optimized path planning concept for the symmetrical free-form
surfaces to other techniques in terms of quality and accuracy. Ochoa and Cortesao [40]
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presented a computed torque impedance position and force control method for robotic
assistance mold polishing based on human skills. The approach was validated through
co-manipulation and free-hand modes.

The above-mentioned studies focused on the robotic polishing process on complex
surfaces based on tool path planning under a force control algorithm to achieve a high
accuracy and quality of polished surfaces. An equal material removal rate is considered a
key solution for good polishing results, mainly depending on a smooth polishing path and
an accurate force controller. Regarding a complex surface, maintaining constant contact
polishing force and a smooth path cannot be obtained accurately using traditional force
algorithms and existing motion planning control methods. Motivated by these issues, we
propose a robotic polishing process for a complex surface (i.e., violin) composed of wood
encountered by the Finelegend factory in Taizhou, China.

This study introduces an efficient robotic polishing process to achieve good polishing
results on a violin’s complex surface. The contributions of this approach are a smooth
polishing path methodology through combining the NURBS interpolation curve with an
S-curve trajectory, incorporating a novel accurate admittance force controller combined
with a gravity compensation algorithm, and then calculating the removal depth on a violin
surface before and after the polishing process simply through the Pythagorean theorem.
Finally, we conducted experiments and reported the results achieved by the precision
polishing of the violin’s complex surface.

The rest of this paper is organized as follows: The smooth path polishing approach is
described in Section 2. Next, Section 3 provides descriptions of the force control strategy
and gravity compensation. The material removal profile measurement is presented in
Section 4. Then, Section 5 reports the experimental results, and finally, the conclusions are
drawn in Section 6.

2. Smooth Polishing Path

This section introduces the mathematical model of the path used to polish complex
violin surfaces. First, a combination of NURBS with the S-curve model is utilized to achieve
a smooth and continuous polishing path. Then, the spherical quadrangle interpolation
(squad) quaternion attitude interpolation between two adjacent quaternions is used to
obtain discrete points corresponding to the NURBS curve.

2.1. Nurbs Interpolation Curve

The NURBS comprises control points Pi with number (n), knot vector ui, weights wi,
and the B-spline basis function Ni,p(u) and its order p; the general form of the NURBS can
be described as

C(u) =

n
∑

i=0
Ni,p(u)wiPi

n
∑

i=0
Ni,p(u)wi

up ≤ u ≤ un+1 (1)

where the Ni,p(u) cox-de Boor recursion formula for basis functions can be written as Ni,0(u) =
{

1 when ui ≤ u ≤ ui−1
0 otherwise

Ni,p(u) =
u−ui

ui+p−ui
Ni,p−1(u) +

ui+p+1−u
ui+p−1−ui+1

Bi+1,p−1(u)
(2)

In the NURBS, knot-open uniform vectors interpolate the first and last control points,
ensuring that the robot end-effector can pass through source and destination points. The
multiplicity of the knot vector of the first and last pointx of an open uniform can be
formulated as

ui =

{
0 0 ≤ i ≤ k
i− k k + 1 ≤ i ≤ n + 1

(3)



Machines 2023, 11, 147 4 of 20

The knot vector here is assumed at k = 3 (cubic NURBS) as the following: u0 = u1
= u2 = u3 = 0 and ui = i− k, at i = 4, 5, . . . , n. Assume that the sampled tool center points
(TCP) are {Ci}n

i=0 by taking the first and end points c0 and cn as the source and destination
control points of the NURBS interpolation curve, respectively. Then, considering the
midpoints c2, c3, . . . , cn−2 as the segments of the cubic NURBS interpolation curve, c1 and
cn−1 are the points on the first and last segments, respectively; then, the control points are
calculated as n + 1. To determine the arc length of curve c(u) of two parameters between
[a, b], Simpson’s approximation approach is used [41], which can be expressed as

s =
b∫

a

f (x)dx (4)

The Simpson approximation formula in more detail can be described as

s =
x4∫

x0

h
12

( f0 + 4 f1 + 2 f2 + 4 f3 + f4) (5)

where x0 = a, x4 = b, h = b− a, x2 = x1 + h, x3 = x2 + h; fi = f (xi), i = 0, 1, . . . 4.

2.1.1. S-Curve Velocity Planning

To establish the continuity and easy interpolation of junctions between successive
NURBS curves, the S-velocity shape is used. Parameters q0, q1, v0, and v1 are the position
and velocity of the starting and end points, respectively, while vmax and amax are the
maximum speed and acceleration, respectively. At the uniform of acceleration segment
of t0 ≤ t ≤ Ta, take a constant value of amax, so that the speed increases from v0 to vmax.
In the period Ta ≤ t ≤ Ta+Tv, the speed is constant at vmax. In addition, at a uniform of
deceleration, where Ta + Tv ≤ t ≤ Ta + Tv + Td, slow down acceleration occurs at −amax
to reduce the speed from vmax to v1.

2.1.2. S-Shape Speed Curve Algorithm Steps

1. First, the total displacement between any two points according to [42] should be
calculated by

hamax ≥ v2
max −

v2
0 + v2

1
2

(6)

where h is the total displacement, which is equal to (q1 − q0). From Equation (6), the
peak velocity can be described as

vlim =

√
hamax +

v2
0 + v2

1
2

≤ vmax (7)

In this casewhen vmax is actually reached and maintained during the constant velocity
phase, vv = vmax; otherwise, vv = vlim, where vv according to [42] can be described as

vv =
1
2
(v0 + v1 + amaxT −

√
a2

maxT2 − 4amaxh + 2amax(v0 + v1)T − (v0 + v1)
2 (8)

2. Next, we calculate the length of the acceleration/deceleration periods and total time;
so, in the case of vv = vmax; then,

Ta =
(vmax−v0)

amax

Td = (vmax−v1)
amax

T = h
vmax

+ vmax
2amax

(1− v0
vmax

) + vmax
2amax

(1− v1
vmax

)

(9)
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3. Then, we determine the formula of each stage of the S-shaped speed curve as

t ∈ (0, Ta): 
q = q0 + v0t + amax

2 t2

dq
dt = v0 + amaxt
d2q
dt2 = amax

(10)

t ∈ (Ta, Ta + Tv): 
q = q0 + v0

Ta
2 + vv(t− Ta

2 )
dq
dt = vv
d2q
dt2 = 0

(11)

t ∈ (Ta + Tv, Ta + Tv + Td):
q = q1 + v1(t1 − t) + vv−v1

2Td
(t1 − t)2

dq
dt = v1 +

vv−v1
2Td

(t1 − t)
d2q
dt2 = − vv−v1

2Td
= −amax

(12)

2.2. Quaternion Pose Squad Interpolation Method

The squad is a spline-based interpolation of rotation vectors: if the qn is a sequence
of N quaternions, where n = 0 to N − 1, then smooth interpolation is given by the
following equation

Squad(qn, an, an+1, qn+1; t) = Slerp(Slerp(qn, qn+1; t), Slerp(Slerp(qi, qi+1; t); 2t(1− t)) (13)

where Slerp is shorthand for spherical linear interpolation, and

an = qn exp(− log(qn ∗ qn−1) + log(qn ∗ qn+1

4
) (14)

where qn and qn+1 are the start and end points of rotation, t is the interpolation parameter
that lies in the interval [0, 1], and an and an+1 are intermediate quaternions. Then, the use
of squad can keep these two sections and transition smoothly.

3. Admittance Force Control Method with Gravity Compensation

Adjusting the contact force between the polishing tool and the workpiece is critical,
where an accurate contact force results in the high quality of the polishing process. A
proper force control method should be used to yield precise polishing results because the
motion control system alone cannot polish surfaces accurately. The admittance controller is
used in many applications that require a controlled interaction force [43] to regulate the
applied force during polishing. The robot’s manipulator suffers from inaccurate contact
force during an interaction, leading to poor polishing quality; thus, the controlled force
method fixes this problem.

3.1. Controlled Contact Force

In this paper, the online admittance controller provides an accurately controlled
contact force to the polishing process. To this end, an online environment stiffness uses the
reference position and desired force and merges the contact force error with the damping
force as a compensation procedure. For accurate interaction control, admittance parameters,
mass-damper-spring (Mr, Br, Kr), and desired position Xd must be precisely calculated; the
contact and desired forces according to the Figures 1 and 2 can be written as{

Fe = Ke(Xe − Xa)
Fd = MrδẌ + BrδẊ + KrδX

(15)
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where Ke is the environment stiffness, Kr is robot stiffness, Xe is environment location, and
Xa is the actual position of the end-effector. Assume that the robot is ideal; then, Xa should
equal Xt, where Xt is transmitted position. With Xa = Xt, we obtain

Ke(Xe − Xt)− Fd = MrδẌ + BrδẊ + KrδX (16)

where δX = Xt − Xd. By considering the steady-state position error for both sides,
Equation (16) can be simplified as

Ke(Xe − Xd)− Ke(Xt − Xd) = Kr(Xt − Xd) (17)

The steady-state position error is exactly (δX), as

Krep
ss = Ke(Xe − Xd)− Keep

ss (18)

By rearrangement of Equation (18) yields

ep
ss =

Ke(Xe − Xd)

Kr + Ke
(19)

Based on ep
ss and desired force Fd, the desired Kr can be calculated as

Kr = (Fd)/(Xt − Xd) =

(Fd)/ep
ss =

Fd(Kr+Ke)
Ke(Xe−Xd)

(20)

Reversing Equation (20), we can obtain the estimated environment stiffness by

_

Ke =
FdKr

Kr(Xe − Xd)− Fd
(21)

Actually, to achieve an accurate contact force Ke � Kr according to the steady-state
force error, the stiffness ratio is Ke

Kr
� 1 to obtain an online environment stiffness from

Equation (21) in accordance with the condition of contact force accuracy. Then, to make
environment stiffness adjustable according to the robot stiffness, we can express it as

K∗e =

(
Ke

Kr

)
_

Ke =

(
Ke

Kr

)(
FdKr

Kr(Xe − Xd)− Fd

)
(22)

where K∗e is online stiffness and Ke is the constant environment stiffness, which is always
considered as a large rigid value compared to robot stiffness. This method calculates an
online environment stiffness using the above constant environment stiffness and some
selected robot stiffness values to achieve accurate position tracking.

The proposed damping force law used to adapt an online environment stiffness to
help eliminate force error as a second step of this controller as

Fe Fd

Figure 1. Contact force model.
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δF′ = Fd − F∗e + BrẊd (23)

Equation (23) can be rewritten by the following expression:

δF′ = Fd − K∗e (Xe − Xt) + BrẊd (24)

For a practical interaction control of the robot and its environment, the modified
admittance controller in discrete form can be determined as

Ẍt(t) = Ẍd(t) + 1/Mr(δF′(t)−
Br(Ẋt(t− 1)− 2Ẋd(t))− KrXd(t)
Ẋt(t) = Ẋt(t− 1) + Ẍt(t)Ts
Xt(t) = Xt(t− 1) + Ẋt(t)Ts

(25)

3.2. Gravity Compensation

The force sensor must precisely measure the contact force between the polishing
machine tool and the work object precisely to ensure accuracy during the polishing process.
In this paper, a six-dimensional (6D) force/torque sensor was used with UR10 to sense 3D
forces and moments (Fx, Fy, Fz, Tx, Ty, and Tz). In this work, a fast gravity compensation
identification method was used based on our previous research of payload identification
and gravity/inertial compensation for a six-dimensional (6D) force/torque sensor with a
fast and robust trajectory design approach [44]. The schematic diagram of the load gravity
in the 6D force/torque sensor is shown in Figure 3, where the sensor coordinate system
is the Cartesian coordinate system with the origin point O, and the load gravity is G. The
coordinates center of gravity coordinates for the load in the sensor coordinate system are
(x, y, z), the load gravity components in the sensor coordinate system (X, Y, Z) components
in the axial direction are Gx,Gy, and Gz, and the load acceleration is (a), where ax, ay, and
az are the axial components of load acceleration.

Gravity compensation is used to maintain the balance during the robot’s motion to
reduce the loads on the actuators caused by end-effector loads. Furthermore, gravity
compensation with a contact force controller is developed in this study to enhance the
measurement accuracy of the contact force between the polishing tool and this workpiece
relative to desired values using a force sensor. Therefore, gravity compensation in the case
of the polishing process is significant. In addition, it is essential for any surface type; a
robot must interact with its environment, whether the surface is simple, curved, complex,
or very complex.

In this method, the unknown parameters of the gravity/inertia force are identified
by changing the attitude of the end-effector using axes (4–6). For the selected attitude to
represent the identification space, an optimal joint space of reference trajectory is required.
To excite the relevant parameters of the end (4–6) axis joint, the equations related to the
joint parameters are found; that is, the moment equations under the inertia force as Tax

Tay
Taz

 =

 0 az −ay
−az 0 ax
ay −ax 0




G
g x
G
g y
G
g z

 (26)

The load acceleration is the summation of vector accelerations generated by the load
rotating around the coordinate system, as described by ax

ay
az

 =

 x
y
z

× α +

 ax0

ay0

az0

 (27)
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Figure 2. Schematic diagram of an online admittance controller with gravity compensation.
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Fz

Y

X

Z (x, y, z)

G

Gx Gy

Gz

Force sensor

Ty

Tx

Tz

ax
ay

az

a

Figure 3. Schematic diagram of gravity compensation in six-dimensional force sensor coordinate system.

The variable α represents the angular acceleration of the robot coordinate system,
and

[
ax0 ,ay0 ,az0

]T is the acceleration of the end coordinate system itself. Substituting
Equation (27) into Equation (26) yields Tax

Tay

Taz

 =

 0 xαy − yαx + az0 −zαx + xαz − ay0

−xαy + yαx − az0 0 yαz − zαy + ax0

zαx − xαz + ay0 −yax + zαy − ax0 0




G
g x
G
g y
G
g z

 (28)

Equation (28) can be expressed as

Ta = a · p (29)

The acceleration parameter (a) is described as a function of θ4, θ5, and θ6, denoted
as a = f (q4, q5, q6), where p is the part unless in the above formula. The function of the
optimization is denoted as min f (a), where the physical concept of this expression is to fill
the whole space with the end-effector as much as possible. More details of this method are
described in [44].
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4. Removal Depth

In order to achieve an equal removal depth on all points of the violin surface, the
polishing path and applied normal force must be precisely adjusted. In this section, the
removal depth on the violin surface is calculated based on the Pythagorean theorem
as shown in Figure 4. The contact model is considered a curved surface based on the
measurement along the z-axis before and after the polishing process.

Removal Depth of Violin Surface

The arc length approximation between any two points in xyz coordinates can be
determined as

Sn =

√
(∆xn)

2 + (∆yn)
2 + (∆zn)

2 (30)

(x0, y0, z0)

(x1, y1, z1)

(x2, y2, z2)

(x3, y3, z3)

(xn-1, yn-1, zn-1)

(xn, yn, zn)

S1

S2
S3

S4

Sn-1

Sn

𝜟𝒙𝟏

𝜟𝒚𝟏

𝜟𝒚𝟐

𝜟𝒙𝟐𝜟𝒙𝟑

𝜟𝒚𝟑

𝜟𝒚𝟒

𝜟
𝒙
𝟒

𝜟𝒙𝐧−𝟏

𝜟𝒚𝐧−𝟏 𝜟𝒚𝐧

𝜟𝒙𝒏

Figure 4. Multi-selected points on violin surface.

The general form of Equation (30) is

S1 =
√
(∆x1)

2 + (∆y1)
2 + (∆z1)

2

S2 =
√
(∆x2)

2 + (∆y2)
2 + (∆z2)

2

...

Sn−1 =
√
(∆xn−1)

2 + (∆yn−1)
2 + (∆zn−1)

2

Sn =
√
(∆xn)

2 + (∆yn)
2 + (∆zn)

2

(31)

where ∆xn= xn− xn−1, ∆yn= yn− yn−1, and ∆zn= zn− zn−1. Equation (31) can be re-written
to express the z-positions of the violin surface points before polishing as

∆z1 =
√

S2
1
− (∆x1)

2 − (∆y1)
2

∆z2 =
√

S2
2 − (∆x2)

2 − (∆y2)
2

...

∆zn−1 =
√

S2
n−1
− (∆xn−1)

2 − (∆yn−1)
2

∆zn =
√

S2
n − (∆xn)

2 − (∆yn)
2

(32)

After polishing, the z-positions take different values, while the x- and y-positions do
not change; therefore, the z-positions after polishing are
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∆′z1 =
√

S2
1
− (∆x1)

2 − (∆y1)
2

∆′z2 =
√

S2
2 − (∆x2)

2 − (∆y2)
2

...

∆′zn−1 =
√

S2
n−1
− (∆xn−1)

2 − (∆yn−1)
2

∆′zn =
√

S2
n − (∆xn)

2 − (∆yn)
2

(33)

Combining Equations (33) and (32) and substituting these values yields

∆′z1 = ∆z1
∆′z2 = ∆z2

...
∆′zn−1 = ∆zn−1
∆′zn = ∆zn

(34)

where ∆z′1 = z′1 − z′0, ∆z′2 = z′2 − z′1, . . . , ∆z′n = z′n − z′n−1 and ∆z1 = z1 − z0,
∆z2 = z2 − z1, . . . , ∆zn = zn − zn−1. By substituting these expressions in Equation (34)
we obtain 

z‘
1 − z‘

0 = z1 − z0 → z‘
1 − z1 = z‘

0 − z0
z‘

2 − z‘
1 = z2 − z1 → z‘

2 − z2 = z‘
1 − z1

...
z‘

n−1 − z‘
n−2 = zn−1 − zn−2 → z‘

n−1 − zn−1 = z‘
n−2 − zn−2

z‘
n − z‘

n−1 = zn − zn−1 → z‘
n − zn = z‘

n−1 − zn−1

(35)

where z′0 − z0, z′1 − z1, z′n−1 − zn−1, and z′n − zn are the removal depths after polishing for
points (0,1,. . . ,n− 1,n), respectively, which means that the z-coordinates of these points
change after polishing process. Therefore, Equation (35) shows that removal depths for
these points are equal on the complex violin surface after polishing. Figure 5 represents
removal depths before and after polishing.

(x0, y0, z`0)
(x1, y1, z`1)

(x2, y2, z`2)

(x3, y3, z`3)

(x0, y0, z0)(x1, y1, z1)

(x2, y2, z2)

(x3, y3, z3)

(a) (b)

Figure 5. Material removal depth on violin surface (a) z-position before polishing (b) z-position
after polishing.

5. Experimental Study

The polishing process is characterized by the following: improving part quality by
reducing the surface roughness as much as possible; handling the fatigue and corrosion
resistance of the workpieces; and preparing a surface for other processes, such as painting,
as in the case of a violin surface. In addition, the process equipment is relatively simple
and low-cost.

In this study, we performed pre-treatments, such as attaching a soft circular curved
sponge piece with a 20 mm diameter to the polishing tool such that the polishing process on
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the surface is more flexible, then attaching abrasive paper type P1000. Next, we conducted
air pressure tests for the polishing tool and selected suitable values according to the desired
polishing quality and safety of the rotating tool, where the desired value was 45 psi with a
rotating speed of 3300 rpm. In addition, we selected a suitable contact force of 10 N based
on the experiment results after testing at 10, 15, and 20 N. After the violin surface is first
machined from the raw material wood, the surface roughness is very high value, ranging
from 200–250 µm, while the required roughness should be 55–25 µm for a surface more
suitable for the next step of daubing.

The following subsection describes in detail the experimental setup and polishing results.

5.1. Experimental Setup

Manual polishing in Figure 6 shows the traditional manual polishing methods for
violin surfaces at the Finelegened company, Taizhou, China, while Figure 7 shows the
proposed automatic robotic polishing setup, which is composed of software and hardware
devices. Figure 8 shows the experimental setup on path1; point-0 and point-4. The
software includes the Windows 7 operating system, Qt platform, UR-10 motion control,
INtime system, and user diagram protocol (UDP). Which are provided by Lihang company,
Nanjing, China. The UR-10 motion control contains algorithms for path planning, force
control, and gravity compensation. The Qt platform graphical user interface (GUI) is for
robot motion control, where the INtime system is used as a real-time methodology for this
application. The hardware implementation includes the following: UR-10 manipulator,
industrial computer, UR control unit, force/torque sensor (type XLH93003ACN) with
1000 N in the z-direction and accuracy of 2.3%, UDP named NET F/T, polishing tool (type
S-rima), and air pressure pump source. The polishing tool has a maximum air pressure
of 75 psi, no-load speed of 10,000 rpm, air tube diameter of 1/4 in’, and mass of 600 g.
The laser microscope device OLYMPUS was used to assess surface roughness before and
after polishing.

Manual
+

Traditional 
Machine
polishing

Manual 

polishing

Figure 6. Manual polishing of violin surface.

The automatic polishing system is undertaking performs the following stages steps
for a polishing process: (1) performing gravity compensation in real -time, (2) identifying
the coordinates system (xyz) of points on the work-piece, (3) generateing smooth path
polishing, and (4) adjusting contact force. The connection between the industrial computer
and robot control system through (TCP/IP) protocol is via Ethernet. The NET F/T connects
a force sensor with an industrial computer via transmission speed reaching to 9000 Hz,
which transfers the analogue force signal to a digital value and sends it to an industrial
computer to compare it with the desired value. Then, the online admittance controller
algorithm computes the error and compensates by correcting the force value. The polishing
machine tool is linked to the end-effector after a force sensor. The Qt environment platform
registers and saves control points, the gravity compensation information, force data, and
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generated paths. For the S-curve trajectory, the time parameters are assumed as: T = 1.25 s,
t0 = 0, Ta = 0.5 s, Td = 2 s, h = 0.25 m. The admittance parameters were assumed as
Mr = 1 (N.s2/m), Kr= 0.6 (N/m) Br = 40 (N.s/m), Fd = (10, 15, 20)N and Xt = 0.15 m.

UR control unitUR robot arm

UR motion control

Qt platform (GUI)

User Diagram Protocol 

(UDP)

Windows 7 (OS)

Software system

Industrial PC

TCP/IP 

Protocol

NET F/T
Force sensor

Polishing tool Violin surface

Air pressure source

Display Screen

Figure 7. Experimental setup.

(a) (b)

Figure 8. Experimental setup on path 1 (a) P0 and (b) P4.

The violin surface discussed in this paper is not easy to polish by the robot using
traditional control methods because it includes a mixture of various surface types, such as
concave, convex, and curved; for this reason, we classify it a complex surface, as shown
in Figure 9. The polishing experiment was performed to show the effectiveness of an
automatic system over traditional manual systems.
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Out top view

Inside top view

Side view

Convex part

Figure 9. Violin complex surface.

5.2. Results and Discussion

The experiment results can be described in three stages: first, showing used polishing
paths and clarifying removal depths; second, explaining applied normal contact forces; and
lastly, evaluating the surface roughness of the violin workpiece before and after polishing.

First, Figure 10a shows the planned control points for three polishing paths used to
polish the violin surface, with eight control points for every path. Here, P01, P02, and P03
represent the first control points for path1, path2, and path3, respectively, and similarly for
the other points. Figure 10b–d show the polishing paths—path1, path 2, and path 3—used
to polish the violin surface. These paths had equal spacing between them to reduce the
overlap between the polished areas. Based on Figure 10b–d, these paths were sufficiently
smooth, which means that the proposed path-planning method achieved its aim. While
Figure 11a–c, where the Figure 11b shows the material removal depth before and after
polishing based on applying these forces. Table 1 shows the coordinates system (xyz) for
these paths before the polishing using our methodology through a GUI designed with Qt
software. Thus, when the operator teaches the specific control point on the surface, the Qt
design (GUI) can identify and save the position of this control point. Table 2 shows the z-
positions of path1 on its eight points, where Z′curve1, Z′′curve1, and Z′′′curve1 are z-coordinates of
the eight points of path1 after polishing at 10, 15, and 20 N, respectively. Then, the removal
depths R.d′, R.d′′, and R.d′′′ were calculated by subtracting the values of z- positions as
follows: (Z′curve1− Zcurve1), (Z′′curve1− Z′curve1), (Z′′′curve1− Z′′curve1), respectively, where Zcurve1
could be obtained from Table 1. Figure 11a lists the depths on the eight control points of
path1, which indicated the change of z-coordinates after applying different normal forces,
while x- and y-coordinates did not change.

Second, Figure 11b–d show the measured results at applied normal forces at 10, 15,
and 20 N. These values indicated that the proposed force controller could apply accurate
contact force with some fluctuations caused by machining parameters during the polishing
process. At 10 N, the fluctuation reached ±2 N; for 15 N, it reached ±3.5 N; and for 20 N, it
reached ±4.8 N. Therefore, 10 N had the least fluctuation and good polishing performance.
As a result, the complete polishing of this surface used this value.

Lastly, two points on the polished surface, P01 and P41 of path1, were considered
to assess the surface roughness. In the laser measurement process, the middle-horizontal
and vertical lines were used to show the roughness of these points in 2D, as shown in
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Figures 12 and 13 before and after polishing for P01 and P04, respectively. The surface
roughness results before polishing ranged from 201.206 to −176.604 µm and 244.945 to
−201.950 µm for the vertical and horizontal lines, respectively, for point P01. After polish-
ing, the surface roughness was reduced to 55.633 to −17.755 µm and 46.40 to −47.154 µm,
respectively. For point P04, the surface roughness was 214.805 to −157.686 µm and 255.802
to −236.961 µm, respectively, while the roughness after polishing reduced to 31.751 to
−31.143 µm and 43.420 to −53.877 µm, as shown in Figures 14 and 15, respectively. The
obtained roughness according to ISO grade, is the Roughness average (Ra) which is usually
expressed in micrometers. This is the most globally known and used universal standard
of roughness measuring. Figure 16 shows the experimental setup of the surface rough-
ness measurement.
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Figure 10. The polishing paths (a) control points on work-piece (b) path1 , (c) path 2 and (d) path3.

Table 1. The control points (mm) on the violin surface.

Point Xcurve1 Ycurve1 Zcurve1 Point Xcurve2 Ycurve2 Zcurve2 Point Xcurve3 Ycurve3 Zcurve3

P01 −508.72 88.12 212.35 P02 −524.10 82.09 219.05 P03 −546.72 79.40 221.70
P11 −560.85 160.33 212.01 P12 −554.81 147.57 218.48 P13 −556.53 120.20 221.44
P21 −669.15 119.84 216.67 P22 −663.76 119.60 222.83 P23 −664.31 −99.54 226.69
P31 −749.56 141.78 212.74 P32 −773.46 129.72 219.33 P33 −767.00 115.97 221.54
P41 −815.76 84.26 213.18 P42 −794.32 82.50 220.70 P43 −764.94 84.60 223.66
P51 −762.77 19.06 211.56 P52 −764.33 31.20 217.62 P53 −750.53 54.10 222.15
P61 −680.64 38.68 214.55 P62 −668.29 45.57 220.59 P63 −7663.47 66.33 226.12
P71 −561.96 −2.43 211.79 P72 −546.95 25.30 218.13 P7 −542.65 47.62 219.74
P81 −508.72 88.12 212.52 P82 −524.10 82.09 219.05 P83 −546.72 79.40 221.70

According to the overall results, we can conclude that the proposed method achieved
smooth polishing paths and accurate polishing force. These achievements helped obtain
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equal removal depths that led to a surface roughness at the minimum required values that
were suitable for the next finishing step, the painting process.

The benefits of robotic polishing compared to traditional polishing processes used in
the Taizhou factory include improved quality of the polished surface. In addition, while
conventional polishing reduces surface roughness from 250–200 to 90–80 µm, our robotic
polishing reduced surface roughness from 250–200 to 55–30 µm. Furthermore, the opera-
tional efficiency of this workpiece is increased in the factory because the manual process can-
not be reliable and accurate for extended periods, but the robot can provide these features.
Moreover, decreasing the time-consumption of surface polishing is decreased. According to
traditional polishing methods, the total time to polish this surface depends on the laborer’s
experience. It takes around 5 min for manual pre-treatment polishing and about 5.5 min
using the traditional polishing machine. However, robotic polishings complete the process
in around 3.25 min. Similarly, the number of laborers in this factory can be reduced by
60%, i.e., using two robots for every room reduces the number of laborers from ten to four.
Finally, the result of lowering labor production costs is also reduced.
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Figure 11. Removal depths and polishing forces (a) removal depths at (10, 15, and 20) N (b) polishing
force at 10 N, (c) polishing force at 15 N, and (d) polishing force at 20 N.

Table 2. Z-axes positions (mm) of path 1 after polished by 10, 15 and 20 N.

Point Z′
curve1 R.d′ Z′′

curve1 R.d′′ Z′′′
curve1 R.d′′′

P01 212.11 0.24 211.87 0.36 211.15 0.72
P11 211.76 0.25 211.36 0.40 210.82 0.54
P21 216.45 0.22 216.17 0.28 215.72 0.45
P31 212.50 0.24 212.11 0.39 211.45 0.66
P41 212.92 0.26 212.50 0.42 212.04 0.46
P51 211.33 0.23 210.98 0.35 210.61 0.37
P61 214.34 0.21 213.97 0.37 213.42 0.55
P71 211.54 0.25 211.19 0.35 210.77 0.42
P81 212.26 0.26 211.90 0.36 211.30 0.60
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Figure 12. Surface microstructure on P01 of path1 in 2D (a) before polishing, (b) after polishing.
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Figure 13. Surface microstructure on P04-path1 in 2D (a) before polishing, (b) after polishing.
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Figure 14. Surface roughness analysis of P0-path1 before and after polishing.
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Figure 15. Surface roughness analysis of P4-path1 before and after polishing.
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Figure 16. (a) OLYMPUS laser microscope, violin surface (b) before polishing, and (c) after polishing.

6. Conclusions

The problem of the automatic polishing process for complex geometry parts such as
violin workpieces using robotic technology was studied. An advanced mathematical model
for the robotic polishing process was proposed.
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Three key factors for the presented mathematical model were considered: smooth
polishing path, accurate constant contact force, and material removal depth profile. The
integrated NURBS and S-curve models generated a smooth polishing path. A modified
admittance control law based on constant admittance control was improved based on an
online environment stiffness to adapt to any complex environment. To address the contact
force error, the force damping law based on force feedback by adjusting the damping
parameter was studied. A simple removal depth profile model based on the Pythagorean
theorem was proposed.

We conducted an experimental study to verify the feasibility of the presented method-
ology. The experimental results showed that the generated polishing paths were very
smooth, where the overall violin surface was polished through three paths, and every
path contained eight control points. In addition, an online admittance controller achieved
accurate constant contact force with fluctuations reaching ±2 N, ±3.5 N, and ±4.8 N for
10, 15, and 20 N, respectively. An equal removal depth using a force of 10 N was chosen
because it exhibited the least fluctuation. The surface roughness evaluation showed that
the proposed polishing methodology effectively achieved the required surface roughness
for the violin surface, which ranged from 55–30 µm. The presented polishing strategy is
valid for different surfaces, such as simple, curved, complex, and very complex, which
represent challenges in the polishing process for some companies in China.

Author Contributions: Conceptualization and methodology, H.W., Z.D. and W.W.; Software, H.W.
and J.D.; Validation, H.W.; Formal analysis, J.D.; Writing—original draft preparation, H.W.; Writing—
review, Z.D.; Visualization, H.W.; Supervision, formal analysis, review and edits, Z.D. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China under key
project No. (62233008 ) and No. (52205017).

Data Availability Statement: Not applicable

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Li, J.; Guan, Y.; Chen, H.; Wang, B.; Zhang, T.; Liu, X.; Hong, J.; Wang, D.; Zhang, H. A high-bandwidth end-effector with active

force control for robotic polishing. IEEE Access 2020, 8, 169122–169135. [CrossRef]
2. Mohsin, I.; He, K.; Li, Z.; Zhang, F.; Du, R. Optimization of the polishing efficiency and torque by using Taguchi method and

ANOVA in robotic polishing. Appl. Sci. 2020, 10, 824. [CrossRef]
3. Xie, X.; Sun, L. Force control based robotic grinding system and application. In Proceedings of the 2016 12th World Congress on

Intelligent Control and Automation (WCICA), Guilin, China, 12–15 June 2016; pp. 2552–2555.
4. Lin, W.; Xu, P.; Li, B.; Yang, X. Path planning of mechanical polishing process for freeform surface with a small polishing tool.

Robot. Biomim. 2014, 1, 24. [CrossRef]
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