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Abstract

This paper presents a robotic polishing method for compound surfaces comprising plane and curved surfaces to increase
quality and reduce costs, time, and effort compared to manual polishing. The proposed polishing approach is based on smooth
trajectory planning, a constant force algorithm, and removal profile depth modeling. To generate a smooth polishing path
that increases the stability and accuracy of motion during the polishing operation, a cubic non-uniform rational B-spline
interpolation curve is implemented using the harmonic model approach and squad method. An online stiffness and reverse
damping force (OSRDF) impedance controller supported by a gravity compensation algorithm is used to achieve a constant
polishing force. To evaluate the quality of polishing, the removal depth was determined for plane and curved surfaces before
and after polishing. Experimental studies were conducted to polish a manufactured box made of a resin material. The UR
robot manipulator was used to validate the proposed method. The results highlighted the constancy of the polishing force
owing to the OSRDF impedance controller, with only a small fluctuation that is directly proportional to the value of applied
force. The most accurate and uniform removal depth was achieved with an applied force of 20 N. The overall results highlight
the capability of the proposed method for polishing compound surfaces to achieve a shiny and smooth surface finish after
painting 1t.

Keywords Polishing process - OSRDF - Constant force - Removal depth - Compound surface

1 Introduction

The use of industrial robots for machining processes has
become increasingly popular owing to its low cost, good flex-
ibility, high efficiency, and wide workspace [1, 2]. Compared
to manual polishing, automated polishing systems increase
efficiency, reduce costs [3] labor [4], and minimize man-
ufacturing time [6]. Generally, these criteria are important
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considerations when polishing different surfaces such as
manufacturing molds, airfoils, engine blades, and other com-
pound or complex surfaces. Automated robotic polishing
systems describe the interrelated settings and parameters
required to create manufactured workpieces with smooth
and shiny surfaces. These settings and parameters include
robot motion control through trajectory planning and force
control, material removal profile (MRP) modeling, and the
selection of abrasive grain features, the rotating speed of the
tool, etc. The most important factor during a polishing opera-
tion is maintaining the equality and accuracy of the material
removal depth. This can be achieved by providing smooth
motion and controlling the contact polishing force. How-
ever, accomplishing this can be quite challenging, especially
for compound and complex surfaces [7-9]. Invariably, con-
tact force errors produce an excess or insufficient material
removal depth, poor surface quality, and less safety during
polishing operations [10]. Maintaining a constant contact
force is crucial for eliminating these problems. Advanced
force control algorithms are required to control the contact
force for compound and complex surfaces [7, 11]. To realize
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an effective automated robotic polishing system, a smooth
trajectory planning method coupled with a constant polish-
ing force should be implemented to achieve uniform material
removal and high-quality polishing [12, 13].

Several studies have been conducted on automatic robotic
polishing to reduce costs and enhance the polishing quality
of different workpieces. To ensure uniform material removal,
Tasi et al. [15] proposed a robotic polishing system based
on contact force control. They achieved a contact force
with a nearly uniform surface roughness. Zhang et al. [16]
presented a methodology to achieve a constant force by
controlling the dynamic output of the force. Li et al. [17]
proposed a polishing system with a controlled contact force
based on the rising bandwidth of force control. To enhance
the accuracy and quality of polishing curved surfaces, Oba
et al. [18] presented an approach to control the tool posi-
tion and contact force while polishing curved surfaces using
a series-parallel mechanism to enhance control accuracy.
They stated that the rotation of the polishing tool produces
robust vibrations, making it difficult to predict and control
the contact force. Tian et al. [14] studied an automatic polish-
ing platform for curved surface finishing processes, wherein
continuous polishing power was maintained through active
and passive control. The results revealed that their polish-
ing method offered good practicality for polishing curved
surfaces, achieving a mirror impact surface, and maintain-
ing a perfectly uniform removal depth. Fengjie et al. [19]
also investigated an automated polishing platform to enhance
the quality of robotic polishing and ensure stability dur-
ing the polishing process. Considering polishing precision,
Xu et al. [20] designed a hybrid manipulator for achiev-
ing high-precision polishing. The results revealed that their
design could achieve high-precision polishing. Mohammed
et al. [21] presented a new design comprising an automated
electro-mechanical tool attached to an industrial robot for
automated polishing. The surface roughness, reflection pre-
cision, and appearance of the polished surface using this
setup were good. To ensure the accuracy of path planning and
reduce the execution time of the polishing process, Kharidege
et al. [22] proposed a robotic polishing method wherein the
planning approach and programming tool were described
based on the data of a computer aided design system (CADs)
to generate path planning. Ding et al. [23] proposed a tech-
nique for polishing concave workpieces using a robot arm
based on an adaptive proportional-integral force controller
method. The effectiveness of their method was established
through simulations and experiments.

These studies are primarily related to the control and mod-
eling of robotic polishing processes. The common aspect of
these studies is that uniform material removal was viewed as
the key to achieving an accurate and high-quality surface fin-
ish. The main factor for achieving uniform material removal
is the polishing force, which must be precisely adjusted to
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maintain a constant value along the entire polished surface.
For curved, complex, and compound surfaces, maintaining
constant stress during polishing cannot be achieved through
traditional force control methods. Notably, most of these
studies did not discuss motion smoothness, which has a
significant effect on polishing quality. Herein, we present
an automatic polishing system for compound surfaces com-
posed of sensitive materials (aluminum and resin) that can
be difficult to polish accurately. This problem was encoun-
tered by the one of Chinese factory in China. Through this
study, we aim to introduce an effective polishing process
that can achieve high-quality polishing of compound sur-
faces. The study comprised the following stages: first, a
smooth path was generated through non-uniform rational
B-spline interpolation using the harmonic model; second,
a constant polishing force was implemented based on the
OSRDF impedance controller combined with the fast grav-
ity compensation approach; third, the removal depth profiles
were modeled on plane and curved surfaces based on the dis-
tance between two points formula and Pythagorean theory,
respectively; finally, we conducted experiments and herein
report the results of our evaluation of the proposed polishing
methodology for achieving precise polishing of compound
surfaces.

This paper is organized as follows: the trajectory plan-
ning method is presented in Section 2. The description of
force controller strategy is provided in Section 3. A removal
profiles are showed in Section 4. Then, experimental study
results are explained in Section 5. Finally, the conclusions
were drawn in Section 6.

2 Trajectory planning algorithm

The main target of trajectory planning in Cartesian space
is maintaining the continuous and smooth motion of the end
effector through multiple points [24]. A non-uniform rational
cubic B-spline is used to fit these points in order to generate
a smooth path for the polishing process. Then the harmonic
model is used to guarantee these points’ continuity and easy
interpolation. Finally, squad quaternion is performed to cal-
culate the arc length parameter by obtaining corresponding
discrete points of this algorithm.

2.1 Cubic B-spline curve

In order to achieve the tool center points (TCPs) in a coordi-
nate system, the following formula can describe it.

Q@) =) PiNix(1) ey

i=0
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where P; (i =0, 1,...,n) represents a control points, while k isa
polynomial order of a B-spline curve. The N;  (¢) represents
a B-spline functions; it can be described by the order k; and
t;:1=0,...,n+k which is commonly called the knot sequence.
In addition, Eq. 1 can be described as a non-uniform rational
cubic basis spline curve as:

n
> Nik(tw; P;
i=0

C@) =—,

> Nix(w;
i=0

fr <t <ty (2)

where w; (i=0,1,2,...n) is rational weights of basis spline
curve; where w; > 0 and if w; = 1 the integral piecewises
of polynomial spline will connected and recovered smoothly.
The functions N; x can be written as:

, _Jlifreln, tiqal,
Nia() = {O otherwise. @)
Inacaseof k > 1,
— 1 tivk4+1 — 1
Nix(t) = b N1 () 4+ Ny g1 (1)
litk—1 — I litk — tig1
4)

Noting that the quotient (8) is defined as zero, where ¢ =
(to, 11, t2....., tu-p+1) are knot vector with 1; < #;11, 0 <
i < n+ panditis calculated as: fo = t; = tp = 13, and
ti=w;— (i =4,5,...). By considering { P;}}_, are control
points and assuming the first and last point Py and P, for
start and last point, respectively.

To calculate an arc length of C(¢) on parameters of [a, b],
we can use Simpson’s approach [25], which is described as:

b

s=ff(x)dx (5)

a

where s is approximation of an integral of f(x). Then an
approximated result of the composite Simpson approach can
be used to calculate the arc length of this curve as follows:

X4

b
h
/f(X)dx:fE(f(X0)+4(X1)+2(X2)+4(X3)+(X4))
a X0

(6)

where xo = a,x4 = b,h = b —a,x) = x1+ h,x3 =
x2+h; fi = f(x;),i =0, 1, ..4. Then, through this Boolean
formula, the arc length parameter and total arc length of the
TCPs can be obtained. Figure 1 shows the Simpson rule for-
mula.

N
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Fig.1 Simpson rule principle

2.1.1 Harmonic model

The harmonic trajectory planning provides the smoothness,
continuity, and easy interpolation of segments between any
two points of the curve. A harmonic motion is described by
an acceleration based on the position formula, with a nega-
tive sign [26]. The mathematical expression of the harmonic
formula can be formulated from Fig. 2 below.

According to Fig. 2 the harmonic motion can be described
as:

5(0) = R(1 — cos ) (7

The actual position can be formulated as:

(1) = % (1 — cos @) + 0 8)

where Q = g1 — qo is total displacement between any two
points through curve, and T = #] — g, represents a total time,

Q

Fig.2 The harmonic motion diagram
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then velocity, acceleration and jerk can be written as:

§(1) = 38 sin (70700)

. 2 —

§(1) = 59 cos (1070} ©)
.o 3

g0 = -2 sin (272)

2.1.2 Squad interpolation approach

The spherical quadrangle interpolation (squad) here is used
to achieve rotation interpolation curve; the general form of
squad is:

squad(qu, an, Ani1, qui1; 1) =
slerp(slerp(qn, qn+1,1), slerp(qi, qi+1, t); 2t(t — 1))
(10)

where

1 _ 1
= g exp(— 0g(qn * gn 1): 0g(gn *qn+1) (11

where in this formula g, is sequences of quaternions; ¢ is
an interpolation factor which lies between [0,1]; a,, an+1
represent a middle quaternions. Using the squad quaternions
will keep these parts and maintain smooth motion from one
point to another.

3 Force control algorithm

Controlling a contact force between a polishing tool and
work object is essential [7], where the constant controlled
force increases the polished surfaces’ accuracy and quality.
In order to obtain delicate polishing, it is not only possible
to rely on the motion control system to accurately determine
the position and posture of a polishing tool; in addition, there
should be a good force control algorithm between a tool and
a work object. The position-based impedance controller is
assumed as a good methodology to obtain constant force
and adjusting robot end effector position and posture [27,
28] of a polishing tool. Most industrial robots have no prob-
lem with position control, but they have a vital challenge
of force tracking in case of interaction. This issue causes
inaccurate contact between the used polishing tool and work-
pieces, leading to over or under removal depth. Therefore,
the accurate force control strategy solves the force tracking
issue and enhances an end effector’s posture, leading to high-
quality polishing. In this paper, we used our previous work,
the OSRDF impedance controller [29] to solve the problem
of contact polishing force.

@ Springer

3.1 Constant force tracking

The OSRDF variable impedance controller described in
Fig.5 gives constant force to the polishing process and can
adjust the position with high accuracy. The result of this con-
troller is treated as the required normal polishing force. The
force strategy depends on two parameters: firstly, online stiff-
ness is calculated according to desired position and force;
then, merge contact force error with reverse damping force.
For accurate position and contact force, the second order
system (M, B,, K, ) parameters and trajectory X mustaccu-
rately designed. A mathematical expression of the OSRDF
impedance controller can be summarized as follows: firstly,
contact force based on Fig. 3 is:

Fe = Ke(Xe - Xa) (12)

where K, is the environment stiffness, X, is the location of

an environment, and X, is the real location. According to

Fig.3, a robot motion must be analyzed as:
My (X% + B (X9 + K, (X0 —X0) =0 13)
K (X = X0) = Fy

where X¢, X é’ are positions before and after spring respec-
tively and Fj is desired force, by referring to Fig. 7 suppose
that X, = X, = X4 + 8X. Also X¢ — X? = §X, and real
location can be re-formulated as:

Xy =Xg+ X - x? (14)
By rearrangement Eq. (19) and considering matching case

between both desired and environment positions, X = X,
then an error can be written as:

K
(Xa = Xa) = Xa — - (Xa — Xa) (15)
K.
Fd
Xa X :h Br
Environment Robot end-effector

Ke

Fig.3 Contact force model
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The steady-state error of position must be accurately expressed
by a desired position, an environment stiffness and robot mass
based on Eq. 15 as:

X KeXd

_ 16
ess Kr + Ke ( )

The estimation of a force value is calculated by merging a
position error and a robot stiffness as follows:

F K K.X
F;B:< dBe )( eAd ) (17)
K. Xg+ Fy K, + K,

An online robot stiffness is calculated based on the following
expression:

®
KGB:F_d:(

‘ (18)
e

FaK. )
KeXaqg+ Fyq
The following expression represents the force error before
compensation:

F =F, —Fg=Ke(Xe — Xo) — Fy (19)

The reverse reference damped force can be represented by
Fx, = B, X4, in order to reduce force error to zero, this
expression must be added to Eq. 19 yield:

SF = 8F+Fx, = Fy — K.(X, — X4) + Fx, (20)

A practice force control by the OSRDF controller can be
concluded as follows:

Xi(t) = Xa(0) + 1/ M, (Fa(t)—

B (X,(t — 1) = 2X4(1)) — K®X4(0)
Xi(t) =Xt = ) + X, (DT

X (1) = X; (t = D) + X: (0T

21

3.2 Gravity compensation

A force sensor measures the force between a tool and a
work object during polishing. This study utilized a 6D force
and torque sensor which can measure three-dimensional
forces/torques (Fy, Fy, F;, Ty, Ty, T;), where Fig.4 shows
a gravity analysis. The coordinates system of gravity com-
pensation is represented by (xyz).

The relationship between forces and moments can be
derived using the right-hand rule [30] by referring to Fig.4
as:

Ty, =Gy xz—G; xy
Tgy:GZxx—Gxxz (22)
T, =Gy xy—Gy xx

Fig.4 Force sensor gravity compensation analysis

When the load has no external force, the measured values of
the forces and torques by the force sensor have the following
relationship:

zeFx_Fxo
Gy =Fy = Fy,
Gz:Fz_on

23
Tgszx—TxO (23)
Te, =Ty — Ty
TgZZTz_Tzo

By combining Egs. 22 into 23, then substituting gravity com-
ponents, yield:

Ty =Fyxz—F, xy+Ty+F,yxy—Fy xz
Ty=F, xx—F,xz+Ty+Fyxy—F,xz
T,=F,xy—Fy,xx+T,+ Fyy xy—Fy Xz

(24)

In Eq.24, Fy,, Fyy, F7y, Ty, Tyy, Tz in X, y, and z are all
constants, then:

ki =T+ Fpy xy—Fy, x2
ky =Ty + Fyy xy — Fpy xx (25)
k3 =T, + Fyy xy—Fyy xy

The feedback of the sensor is composed of a zero point, the
force and moment components caused by a load of gravity,
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and the external force as follows:

Fo. =F—Fyy— Gy
Fe, = Fy = Fy, = Gy
Fe, =F2_F20_Gz

E : ' ' 26
Tex = Tx - Tx() - Tgx ( )
Te, =Ty =Ty, — Ty,

I, =T.—T ng

Figure 5 describes the OSRDF force controller with gravity
compensation.

4 Material removal profiles

A material removal process is a manufacturing process in
which the finishing product is obtained after removing mate-
rial from the surface of workpiece. The fundamental theory
of the successful polishing process is to distribute the normal
force evenly over all parts of the workpiece to maintain an
equal material removal rate. This section describes the mod-
eling of removal depth on the plane and curved surfaces of
the box workpiece. The contact models are designed as plane
and curved surfaces to calculate the removal depth based on
the measurement of the z-axis value for each point before and
after polishing. These models consider that a contact area is
a flat and arc surface, so maximum contact normal force in
the case of a flat surface is equal for all tool areas while con-
centrated around the center of the arc for the curved surface.
This workpiece’s mathematical model of a material removal

depth is divided into two parts 1) material removal depth on
plane and 2) material removal depth on arc surface.

4.1 Material removal depth on plane

The distance between points of Py = (xg, Yo, z0) and P; =
(x1, ¥1, z1) in Xyz space is given by the following formula:

di(Po, Py = /(1 = 0% + (1 — y0)? + (1 — 20)° (27)

Equation27 can be rewritten as:

21— 20 = Jd2(Po, P) — (11 —x0)* — (1 = y0) (28)
Similarly, for calculating serial multi- distances to n points
as (Po, P1), (P1, P2),....,(Py—1, Py), the z-distances before
polishing can be represented as:

21 —20 = \/dlz(Po, Py) — (x1 —x0)* — (y1 — y0)*
-2 = \/d§(P1, Py) — (x2 — x1)* = (y2 — y1)?

(29)
in —Zn-1=
\/dnz(Pn—lv Py) — (xp — xn—l)2 —(n — yn—l)2

After polishing a plane surface the overall distances:
d*(Py, P1), d3(Py, P)---d2(P,_1, P), x-distances: (x| —
x0), (x2 — x1), -+, (x, — x,—1) and y-distances: (y; —
v0), 2 — ¥1), -+, (Vn — Yn—1) should be taken same val-
ues, while z-distances will take different values named as

\J
E:

Gravity Force
compensation sensor

Fig.5 Schematic diagram of an OSRDF variable impedance controller with gravity compensation
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(Z1—-70),2—71), -, (@n—21n_1), then Eq.29 can be
represented after polishing as:

71—7o= \/dlz(Po, P1) — (x1 —x0)* = (y1 — y0)*
2y =21 = JBPr, Py — (6 —x)* = (2 — m)?

’ /
in —Zn-1=

VAPt P) = (e = 20) = O — yue)?

(30)
By combining Eqgs. 29 and 30 we can get:
z1—21=z20—70
n—7r=u-71
(€2Y)

/ /
In —2n=2n—1—2n-1

where (z0 — z'0), (z1 — 2'1), (z2 — 22), -

(zn—1 — Z'n—1), (zn — 7’) are removal depth of the points:
Py, Py, P»,..., P,_1, P, respectively. Equation 31 shows the
equality condition of the material removal depth on plane
surface, which mainly depends on the measurement of z-
axes values for all selected points before and after polishing
(as shown in Fig. 6).

4.2 Material removal depth on arc
In the same manner, the length of arc between any two points

on curved xyz space is calculated by the Pythagorean theo-
rem as:

S = \/ (Ax)? + (Ay)? + (A2)? 32)

Z-axis

(a)

Yy

y (xn'yn'zn)
(xn—lﬂ Yn—1 Zn—l) Sn

Axq

Fig.7 Multi-points lengths on arc

Therefore, lengths of arc for (n) points (as shown in Fig.
7) in a general form can be written according to Eq.29 and
Fig.8 as:

$1 = (Ax)? + (Ay) + (Az)?
52 = (Ax)® + (Ay)* + (Az2)

(33)

Suct =/ (Axu-)? + (A1) + (Azy-)?
S0 = (Axa + (Ayn)? + (Az,)?

Equation 33 is re-described to give positions of z before pol-
ishing as:

Azy = /82— (Ax)? — (A1)

Ay = /83— (Ax)? — (Ay)?

3 : (34)
Mgyt = /S2, = (A1) = (Ay,1)?

Azy = /82— (Ax)? — (Ay)?

Z-axis

(b)

Fig.6 Removal depth on plane surface (a) z-position before polishing (b) z-position after polishing
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(@

Fig.8 Material removal depth on arc surface (a) z-position before polishing (b) z-position after polishing

After the polishing process, the z-dimensions will change
to various values, while x and y dimensions will remain con-
stant (as shown in Fig. 8), so z-positions after polishing can
be described as:

Nz = /82— (Ax)? — (Ay)?
Nz =8 = (Ax)® — (Ay)

: (35)
Nzyoy = /S2, — (Axy)? = (Ayu-1)’
Alzy = /82— (A — (Ay,)?
by combining Eqs. 34 and 35 yield:
A'zy = Az
ANz = Az
(36)

A/Zn—l = Azy—1
ANz, = Az,

In the same manner, Eq. 36 can be described as the removal
depth on arc surface for points (0, 1,2, ...,n — 1, n).

To make the removal depth is equal to all surface points of
the workpiece, the distance between tracks designed by the
trajectory method is adjusted according to the dimensions of
the used polishing tool. The theoretical and practical assump-
tion of trajectory designation for polishing uniformity is that
the distance between the trajectories and the polishing tool
diameter must be identical to prevent the process of overlap-
ping the varnished areas.

5 Experimental study

In this section the experiments are conducted on the com-
pound surface in order to validate the proposed polishing

@ Springer

Z-axis

(b)

methodology. The compound surface is divided into three
parts: top plane, side plane and arc surface with four equal
areas, so the experimental results focused on one plane
surface and one arc surface. This experiment aims to cal-
culate polishing paths, normal contact forces, and removal
depth, assess surface roughness before and after polishing,
and evaluate the final polishing effect. Firstly, this section
describes the experimental setups used in these experiments,
then showing the results and discussion.

5.1 Experimental setup

Figure9 shows the experiment setup; which including the
hardware and software of a robotic polishing system.

5.1.1 Hardware and software implementation

The hardware components of the polishing system are as
follows:

e An UR robot manipulator.

An industrial computer that contains the software sys-

tems.

An UR control system.

A force sensor with accuracy of 2.3%.

A force/torque modulator (Net F/T).

A polishing tool-type APT-127N with attached abrasive

paper of aluminum oxide(A L, O3) type of P240 and rect-

angular polisher piece has dimension of 95%65 mm.

e The air pressure source with pressure regulator.

e Compound box workpiece composite material of alu-
minum and resin with hardness of 6061-T651.

While softwares can be described as follows:

e Windows 7 operating system.
e Qt graphical user interface (GUI) system.
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UR control unit

UR robot arm

Air pressure source

Fig.9 Experimental setup

e UR motor motion control system.
e User diagram protocol (UDP).

5.1.2 Working principle of automatic polishing system

The working principles of a system shown in Fig.9 can
be described as follow: the Qt is used to identify gravity
compensation parameters in real-time, collects and saves
the coordinate system of taught points on the workpiece,
adjusts desired normal force and executes the actual path
through taught points by the robot on a workpiece. To control
the robot’s motors, trajectory planning algorithm, and force
control strategy with gravity compensation method were pro-
grammed using C++ codes. The UDP connects the force
sensor and industrial PC through speed reaches to 9000Hz.
Then, the force control algorithm calculates the error and
generates a correction of the force value. The communica-
tion between industrial computer and robot controller via
(TCP/1P) protocol through Ethernet due to high-speed pro-
cessing in real-time of 2 ms clock cycle. The polishing tool
is attached to the force sensor and powered by air pressure.
During the polishing process, the Qt environment saves the
data of forces and torques in three dimensions (x, y, z), in
addition to gravity compensation information and generated
path of taught points. The paths generated by the C++ pro-
gram can be saved and used for other similar workpieces on
the condition that they are placed in the exact coordinates.

TCP/IP
Protocol

Software system

Industrial PC

f[ Qt platform (GUI) P

[ UR motion control ]

User Diagram Protocol
(UDP)

J Windows 7 (0S) L

Work-object

Figure 10 (a), (b), and (c) show the automatic polishing
setup for top, side plane, and the arc surface, respectively.

5.2 Results and discussion

This section describes the experiments results and then dis-
cussion of it.

5.2.1 Results:

The experiments results can be described as follows:

1) Firstly, the planning trajectory is done on top plane
surface with 21 control points, side plane with 10 points and
arc surface with 10 points as shown in Fig. 11(a) using weight
of w,, = 1 for all points and a=0, b=1 for Simpson formula.
While harmonic model parameters were assumed as follows:
q0o =0,91 =5cm, qo =0, g1 =0, gmax = 15¢cm/s and
Gmax = 20cm /s2. Figure 11(b), (c), and (d) represent the
actual experimental paths for top plane, side plane, and arc
surfaces, respectively. Table 1 shows the coordinates system
(xyz) for these surfaces before the polishing process.

2)Secondly, operating the automatic polishing system
using the applied normal forces of 10N, 20N, and 30N in
the Z-direction for both cases,where the Fig. 12(a) and (b)
shows simulation results of an OSRDF impedance controller
and experimental results shown in Fig. 13(a)and (b) for pol-
ishing overall top plane and one arc surface with 60 s and 12
s respectively. An impedance parameters used were M,=1
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Fig. 10 Automatic polishing of
compound surface (a) top plane
(b) side plane, (c) arc surface
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Fig. 11 The polishing paths (a) control points on workpiece (b) path on top plane, (c) path on side plane and (d) path on arc surface
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Table 1 The taught control points (mm) on the box work object

Point Xtop plane Ytop plane Ztop plane Point Xside plane Yside plane Zside plane Point Xarc Yarc Zarc
PO —665.33 260.51 203.48 PO —827.46 209.12 449.13 PO —707.13  207.28 422.61
Pl —720.60 263.40 203.56 Pl —831.41 143.79 448.98 P1 —708.44  239.90 460.38
P2 —801.58 246.29 203.3 P2 —832.39 101.63 449.24 P2 —709.30  —264.10  410.57
P3 —867.85 262.90 203.47 P3 —835.13 49.46 449.20 P3 —709.80  286.99 405.91
P4 —995.10 250.60 203.38 P4 —840.67 243 447.00 P4 —713.25  295.37 393.50
P20 —742.61 6.53 203.50 P9 —902.51 234.97 448.61 P9 —=792.15 20791 415.63

(N.s*/m), B, = 40(N.s/m), Fz= (10,20, 30)N, constant
environment stiffness K,= 5000 N /m and X; = 0.15m; with
identified gravity of 12.7606N /kg.

3) Thirdly, measuring the z-positions of all points after
the polishing process by automatically moving the robot to
these points and reading new values of z-axes by the Qt
platform (GUI). Tables 2, 3 and 4 show the z-axis posi-
tions after polishing for top plane and arc surface using the
normal forces 10N, 20N, and 30N, respectively. Where the
symbol z refers to depth before polishing, while z/,z”,7"”
refer to the depth after polishing by 10N, 20N, nd 30N,
respectively over the same points. Actually, in these exper-
iments, the box workpiece was polished three times: the
first time was polished using 10N; the second time was pol-
ishing with 20N (onto polishing of the first time); and the
third time was polishing with 30N (onto the polishing of
second time). Therefore, symbol z refers to depth before
polishing.

3.1) The surfaces of this workpiece were polished under
the effect of a normal force of 10N, and then the depth will
be changed from z to 7" after polishing.

3.2) The 7’ becomes the new depth of surface before pol-
ishing by 20N; after polishing by this force value, the new
depth will become z”.

40 FeatFd=10N| |
| Fe at Fd=20N i
- 35 Fe at Fd=30N
Z 30
[]
E 25 1
E 20
S15- .
o
10}
5 J
0 10 20 30 40 50 60

Time(s)

(a)

3.3) The 7" became the new depth before polishing by
30N, and also after polishing the surface for the third time
by this value, the depth will become z””.

Then calculated the removal depths by subtracted the val-
ues of z-axes positions before polishing form values after
polishing as resulted in Sections 4.1 and 4.2. Figure 14(a) and
(b) show removal depths for the first five points on the plane
and arc surfaces, receptively. Finally, selecting suitable nor-
mal force to polish the surface with specific times to achieve
the needed requirements quality for this workpiece.

4) Fourthly, the final polishing process was conducted
based on the machining parameters and a force value of 20N
as the normal force in the z-direction for all surfaces of a
box workpiece. Then, assessing the surface roughness using
3D measuring laser microscope device type (OLS5000) to
evaluate the surface. Figures 15, 16, 17, 18, 19, 20, 21, and
22 show the surface roughness description on plane and arc
surfaces before and after polishing. Two points were selected
for these measurements, one on the plane and other on the
arc surface, and by using laser measurements technology,
horizontal/vertical center-lines (X,Y) were focused on to
measure the roughness of a surface in 2D and 3D, as in
Figs. 15 and 19 before polishing and Figs. 17 and 21 after pol-
ishing. The results of a surface roughness on the plane show

Fe at Fd=10N
40 |- Fe at Fd=20N
Fe at Fd=30N
3 _
T 30
4
]
o
S 20 S
o}
s |
O1ofF S
o _
0 2 4 6 8 10 12

Time(s)

(b)

Fig. 12 Simulation of contact forces on (a) plane and (b) arc surfaces based on OSRDF impedance controller
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Fig. 13 Real polishing contact forces on (a) plane and (b) arc surfaces based on OSRDF impedance controller

that this surface was rough before polishing with minimum—
maximum of —20.934 to 33.370 uwm and —17.539 to —5.940
pm for vertical and horizontal lines, respectively, as shown
in Fig. 16(a) and (b). In the same manner for arc surface is
rough and fluctuated between the minimum—maximum mea-
sured values were —91.468 to 90.485 um and —91.468 to
90.485 wm for same sequences as shown in Fig.20(a) and
(b). Then, after polishing the roughness for both points were
reduced around zero as shown in Fig. 17(c, d), Fig. 18(a, b),
Fig.21(c, d), and Fig.22 (a, b) for plane and arc surfaces,
receptively. Figure23(a), (b), and (c) show a surface before
polishing, after polishing, and after painting, respectively in
order to show final evaluation of the polishing experiment.
The main reason causing the large removing depth for
some points is not at the beginning and turning of the tran-
sition point is that the contact force applied at this point has
a large fluctuation, especially when the surface is polished
at 30N. In addition, the removing depth is found at the mid-
dle of the smooth transition point because the measurement
of these depths is made on the same points vertically along
the z-axis after polishing by 10N as shown in Fig. 15 —red

Table 2 z-axes positions (mm) of top plane and arc surfaces after pol-
ished by 10N

line; then 20N as shown in Fig. 15 —yellow line; and 30N as
shown in Fig. 15 —purple line.

5) Fifthly, given that, the rotating speed of the polishing
tool is directly affected by the value of applied air pressure,
in these experiments, the air regulator with a scale of 0-10
bar is used to control air pressure. In fact, the material of this
workpiece is composed of a resin which has a high sensitivity
to polishing stress produced by rotating the polishing tool.
Experimentally and refer to manual user of used polishing
tool found that:

1. At 0-2.5 bar, the speed is reached to 0-2500 rpm, and
this range of speeds is not enough for the required level
of polishing.

2. At2.7-4.75 bar, the speeds reach 2700-4750 rpm; these
range of speeds are suitable for polishing and have a good
result.

3. At 5-10 bar, the speeds reach 5000-10,000 rpmy; this
range of speeds led to an over-cut polishing level and poor
results. For this reason, it was found that at 5000rpm and

Table 3 z-axes positions of top plane and arc surfaces after polished
by 20N

Point 2, e Redepth Point /. R.depth Point 2/, iane R.depth Point  z;,, R.depth |

(Ztop plane (ZAre — Z’ar[) Zmp plane (Zarc - Zarc)
’ ”

Ztop plane) Ztop plane)

PO 203.05 0.43 PO 422.10 0.51 PO 202.27 0.78 PO 421.15 0.95

P1 203.15 0.41 P1 420.10 0.58 P1 202.32 0.83 P1 419.09 1.01

P2 203.07 0.40 P2 410.05 0.52 P2 202.30 0.77 P2 409.07 0.98

P3 203.15 0.32 P3 40535 0.56 P3 202.36 0.79 P3 40442 093

P4 202.99 0.39 P4 393.00 0.50 P4 202.22 0.77 P4 392.01 0.99

P20 203.14 0.36 P9 415.08 0.55 P20 202.42 0.72 P9 414.14 0.94
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Table 4 z-axes positions of top plane and arc surfaces after polished
by 30N

Point Z;Zp plane R.,(,lepth Point  zJ\. R./(/iepth .

(Zmp plane (Zarc - ZtlrL‘)
"

Ztop plane)

PO 201.17 1.1 PO 41994 121

P1 201.36 0.96 P1 417.61 1.48

P2 201.51 0.79 P2 407.40 1.67

P3 200.89 1.47 P3 40292 1.50

P4 201.34 0.88 P4 39023 1.78

P20 200.82 1.60 P9 412.87 1.27

above, the result was experimentally not good according
to the appearance of a workpiece surface after polishing.

6) Lastly, the effect of robotic polishing using adjustment
methods compared to traditional polishing without these
methods were as follows:

e Manual polishing reduces surface roughness from around
(+40) — (—20) to about (4+15) — (—15)um according to
results obtained by the factory, while for robotic polishing
using adjustment methods the roughness is reduced from
(+40) — (—20) to about (+5) — (—5)um.

e Inaddition, the efficiency of the polishing process for this
workpiece is improved in the factory because the manual
work cannot be reliable and accurate for long periods,
but using the adjustment methods through the robot arm
can provide it.

e Moreover, it reduces the time consumption of the polish-
ing process. According to manual polishing, the overall
time to polish this surface depends on the laborer’s expe-
rience. It takes approximately 7.5 min for manual pre-
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treatment polishing. However, robotic polishing com-
pletes the process in around 3.53 min.

e Similarly, the number of laborers in this factory can be
reduced by 70%, i.e., using two robots for every section
minimizes the number of laborers from ten to three, lead-
ing to decreased production costs.

5.2.2 Discussion:

According to the polishing results shown in Fig. 13(a) and (b),
found that at the normal force of 10N, the polished surfaces
were not good enough. While at 20 N, the polishing effect
is quite suitable for needed requirements; on the other hand,
using 30 N will lead to over-cutting and unequal polishing. In
addition, according to the force results, we can notice that the
force fluctuation is directly proportional to the applied force
value because the contact force is one of machining param-
eters causing vibration during polishing process; while the
other machining parameters such as rotating speed of tool,
abrasive paper, and contact stress. So, at low value of force,
the fluctuation will be low while at high value, the fluctu-
ation will be high. Also, in the case of plane surface, the
force results for three values are regular around desired value.
In contrast, the arc surface has varying regularity of forces
curves, shown in periods between 2—4 s and 8—10 s because
of suddenly changing position polishing tool between side
plane and arc surfaces. The deviations occurred during these
periods because the surface of a head of the polishing tool
is not as circular as the surface itself. However, the results
of polishing on this surface were good enough. So, we can
conclude that the suitable polishing force for this workpiece
is 20N according to resulted force behavior and polishing
effect. In the same manner, using different forces will affect
removal depth as shown in Fig. 14(a) and (b), the removal
depth has some varying at 10N and 30N while using 20N
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Fig. 14 Removal depth measurement of five first points on (a) top plane and (b) arc surfaces with effect of three contact forces
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Fig. 15 Surface microstructure
of plane before polishing in (a)
2D, (b) 3D, (c) surface
roughness on Y-axis and (d)
X-axis

Fig. 16 Surface roughness
analysis on plane before
polishing on (a) X-axis, (b)
Y-axis
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Fig.17 Surface microstructure
of plane after polishing in (a)
2D, (b) 3D, surface roughness
on (¢) Y-axis and (d) X-axis

Fig. 18 Surface roughness
analysis on plane after polishing
on (a) Y-axis and (b) X-axis
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Fig. 19 Surface microstructure
of arc before polishing in (a) 2D,
(b) 3D and surface roughness (c)
Y-axis and (d) X-axis

Fig.20 Surface roughness
analysis for arc surface before
polishing on (a) Y-axis and (b)
X-axis
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Fig.21 Surface microstructure
of arc after polishing in (a) 2D, (a) 15579 (b)
(b) 3D and surface roughness on I
(c) Y-axis and (d) X-axis
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Fig.23 Box work object surface (a) before polishing, (b) after polishing and (c) after painting

gives more equality of removal depth for the different points.
This result supports the suitability of using 20N for the pol-
ishing process.

6 Conclusions

Manual polishing is characterized by low efficiency, less sur-
face uniformity, high effort, and high costs. Therefore, we
proposed a new automatic robotic polishing system for com-
pound surfaces.

The proposed polishing approach includes theoretical
models for trajectory planning, force control, and material
removal, and was validated experimentally. The proposed
approach can be used to polish different complex surfaces.
The experiments focused on the combined surface between
flat and curved parts, as shown in the box workpiece, because
it represents a challenge for manual polishing processes at
the one of Chinese factory in Guangzhou city.

In the proposed method, the non-uniform rational B-spline
curve is interpolated with the harmonic model to generate
smooth and automatic paths for the polishing process to
enhance stability. The constant contact polishing force is
combined with fast gravity compensation to enhance the
accuracy of the polishing force control on the workpiece
surface and reduce the vibration of the polishing tool. The
material removal profiles are modeled on a plane and arc
surface, wherein the removal depth primarily depends on the
positions of the z-axes at all the selected points before and
after polishing. An equal removal depth at all the selected
points indicates accurate polishing.

The proposed polishing methodology was successfully
implemented to automatically polish compound box parts
made of a composite aluminum and resin material. The key
feature of the proposed approach is executing the real-time
constant polishing force, which can enhance the accuracy of
achieving a uniform removal depth and reduce the surface
roughness as much as possible.

@ Springer

Experimental tests were conducted using polishing forces
of 10 N, 20 N, and 30 N. The results revealed that high-
quality polishing can be achieved with a normal polishing
force of 20 N as it reduces fluctuations and has a suitable
polishing effect on the composite material. Normal forces
of 10 N and 30 N had a lower polishing stress effect and
high fluctuations, respectively, leading to a poor-quality sur-
face finish. The results proved the efficacy and ability of the
proposed approach in achieving a smooth polished surface.
After painting, a high-quality surface finish was achieved on
the music box, further validating the experimental results and
the efficacy of the proposed approach.

Supplementary Information  The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00170-024-13319-
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