Precision Engineering 55 (2019) 144-153

Contents lists available at ScienceDirect

Precision Engineering

journal homepage: www.elsevier.com/locate/precision

Modelling and investigation of material removal profile for computer R

Check for

controlled ultra-precision polishing™ s

Lijuan Ren, Guangpeng Zhang", Lu Zhang, Zhen Zhang, Yumei Huang

School of Mechanical and Precision Instrumental Engineering, Xi'an University of Technology, Xi'an, 710048, China

ARTICLE INFO ABSTRACT

Computer controlled ultra-precision polishing (CCUP) is widely used for high-precision surface finish processing
with high form accuracy and good surface finish. CCUP is a deterministic material removal process based on the
surface error-profile and the removal characteristic of the polishing tool. Material removal profile is often used to
characterize the material removed in polishing process. Deviation phenomenon is a newly detected feature of the
material removal profile which may contribute to the non-negligible form error of the polished surface. In this
paper, the material removal model is established on the basis of Preston equation to obtain a better under-
standing of the characteristics of material removal in surface polishing. Firstly, contact stress model is estab-
lished using Hertz contact theory. Then, relative velocity in the contact area is analyzed using geometric
methods which can directly reflect the difference of the velocity of points in the contact area. Finally, single
factor analysis and Taguchi method are used to investigate the influence of polishing parameters on the de-
viation feature of material removal profile and to provide a way for parameter optimization. The simulation and
experiment results indicate that the proposed method can describe the deviation features well and parameter
optimization strategies are provided in the conclusions.
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1. Introduction

Free-form surfaces are widely used in many industries with high
surface quality required [1,2], such as engine blades, aspheric optical
lenses, and the surface of the inner cavity of an injection mould. As a
final machining process, polishing is typically used to remove cusps and
stripes left on free-from surfaces and improve the surface roughness.
CCUP is widely used for high-precision surface finish processing [3]
which is a deterministic material removal process based on the surface
error-profile and the removal characteristic of the polishing tool and
characterized by the removal characteristics of the polishing tool [4].
Much research has been performed regarding process modelling [5-71,
process parameters optimization [8-11], etc., but far from complete.

The amount of material removed during the polishing process is
affected not only by the polishing conditions, but also the physical and
geometric characteristics of the polishing tool and the polished part
[12]. Material removal profile (MRP) is generally used to characterize
the material removal feature. MRP prescribes the amount of material
removed from the surface along a direction orthogonal to the tool path
as a polishing tool is moved through the surface [13]. Zhang et al.

* This paper was recommended by Associate Editor Christopher Tyler.

introduced a wear index for polishing to relate the material removal to
the polishing conditions based on the Archard wear equation, and de-
veloped an approach for calculating the MRP of polishing using a soft
tool with fixed abrasives. A convex/concave surface is polished using a
cylindrical/spherical tool with the tool axis parallel to the common
tangent plane of the tool and part surface and the MRP obtained from
simulations and experiments are parabolic [14]. However, interference
occurs regularly with the tool axis parallel to the common tangent plane
in polishing process. Tam et al. focused on the effect of the path cur-
vature on the MRP. Simulation results indicate that the MRP is skewed
and the location of the maximum material removal depth shifts toward
the centre of the curvature of the tool path as the radius of the curvature
is decreased [15]. This is the first time that the deviation phenomenon
of the MRP is put forward, but only the curvature radius of the tool path
is taken into consideration. The deviation characteristics of the MRP for
free abrasive polishing of flat specimen using a sub-aperture pad were
analyzed by Cheng Fan et al. [16]. Polishing parameters, including not
only the process parameters, but also the abrasive grain size, polishing
slurry properties, topographical parameters of the sub-aperture pad, as
well as the tool path curvature, were taken into this proposed model.
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The theoretical and experimental profiles showed a deviation towards
the centre of the tool path curvature, which is attributed to the longer
dwelling time in the contact area near the curvature centre. Cao ZC
et al. studied the material removal characteristics of bonnet polishing
theoretically and experimentally [17]. The results indicate that the
MRP is asymmetrical in the X-cross-section, but no in-depth analysis
related to the asymmetric material removal profile. An asymmetrical
profile of material removed leads to non-uniform material removal on
the surface. The uniformity of the material removed affects the fin-
ishing, and in some cases, the accuracy of the polished surface form.
Non-uniform removal may appear as waviness or texture on the po-
lished surface [18]. It may also contribute to the non-negligible form
error of the polished surface [19]. However, how the polishing para-
meters affect the deviation characteristics of the asymmetrical dis-
tribution of the material removed has not been reported in publication.

This study focuses on the influence law of the polishing parameters
on the deviation characteristics of material removal profile. Firstly, the
contact stress modelling of the contact area was established using the
Hertz contact theory. Then, the relative velocity distribution in the
contact area was analyzed using a geometric method, and a normalized
mathematical model of the relative velocity was implemented, taking
the deformation of the polishing tool into consideration. Thirdly, the
material removal model of fixed spot polishing was build on the basis of
the Preston equation. Simulations and experiments were conducted,
focusing on the effects of the polishing conditions on the deviation
characteristics of the MRP. The purpose of this paper is to provide a
quantitative description of the relationship between the major polishing
parameters and the deviation characteristics of the MRP, and to provide
theoretical basis for polishing parameter optimization and trajectory
planning ensuring an uniform material removal on the polished surface.

2. Material removal profile modelling

The Preston equation is a currently used mathematical model to
describe the law of material removal through polishing [19,20]. Preston
stated that the material removal rate is determined based on the in-
teractions among the pressure distribution, relative velocity, dwelling
time and the Preston coefficient, which is related to the physical and
geometric characteristics of the polishing tool and workpiece [21]. The
Preston equation can be written as:

H(x’ y) :AtKP(xs Y)V(x’ y) (1)

where H(x, y) is the material removal depth at point (x, y) in the contact
area, At is the dwelling time, K is the Preston coefficient, P(x, y) is the
instantaneous positive pressure at point (x, y) in the contact area, V(x,
y) is the relative velocity between the tool head and the workpiece
surface at point (x, y), and x and y are coordinates relative to the x- and
y-axes with the origin at the centre of the contact area.

In this study, the contact stress and relative velocity distribution in
the polishing contact area are analyzed in this section based on fol-
lowing assumptions: 1) the polishing tool is an elastic and smooth
spherical surface neglect micro-protrusion of the abrasive grains, 2) the
part surface is absolutely rigid, 3) the surface of the part has two
identical principle radii of curvature.

2.1. Contact stress modelling

It is the contact stress that determines the quality of the polished
part not the force exerted on the polishing tool [22]. The contact si-
tuation between the polishing tool and the polished part is complex
because of the complicated topography of the abrasives on the tool
surface [23] and the changing geometry of the part surface. Previous
research work [4,20] shows that the distribution of contact pressure
appears to be in the shape of a Gaussian function, which is obtained
using statistics. Hertz contact theory is extensively used to establish the
pressure distribution model [15,22,24]. A contact model between two
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Fig. 1. Contact model of two curved surfaces (a) Two curved surfaces pressed
against each other [25] and (b) Elliptic contact area.

curved surfaces was described by Hertz in 1927. Based on the Hertz
contact theory, the contact area between two curved surfaces with
different principle radii of curvature is an ellipse. The contact model of
two curved surface is shown in Fig. 1. Fig. 1 (a) is a schematic of two
curved surfaces with different principle radii of curvature pressed
against each other. Fig. 1(b) is a sketch of the elliptic contact area. R4,
Ry, Ry and Ry’ are two principle radii of curvature at the point of
contact of the two curved surfaces respectively. P is the normal load
exerted on the two bodies. a and b are the semi-minor axis and semi-
major axis of the elliptic contact area respectively.

According to the Hertz contact theory, the contact stress modelling
in the contact area can be expressed as follows:

_3F 3

P(x,y) = R,E* 3 x3 —y2

(x.y) =R, \/(an€5*) y -

The expressions of E* and R, are given as:

11
R, A+B 3)
1 _1- vl L 1= v3
E* E E, (€3]

where E;, E,, 0y, and v, are the elastic modulus and Poisson's ratio of
the tool head and the polished part respectively. In addition, A and B
are positive constants that depend on the principal radii of curvature of
the two curved surfaces at the point of contact.

2.2. Relative velocity modelling

Relative velocity is the velocity difference between the rotating tool
and the workpiece. For spherical polishing tool, the relative velocity is
the product of the rotation speed and the rotation radius, also known as
linear velocity. Before contact with the part, the linear velocity of
points on the spherical surface varies because of the different rotation
radius shown as Fig. 2. After the tool is pressed on a stationary part, the
relative velocity distribution becomes more complex caused by the
deformation of the flexible tool.

The polishing tool is pressed and rotated on the workpiece with a
spherical surface as shown in Fig. 2. The tool is always tilted by an
angle to avoid the zero velocity of the centre point in the contact area. §
is the deformation of the polishing tool. w is the rotation speed of the
polishing tool around the tool axis. S is the spot size of polishing. Tilt
angle is defined as angle between tool axis and the Z axis. Or is the
Geometric centre of the spherical tool. O, and Op are the rotation
centre of points A and B at the contact area, respectively. Therefore,
OaA and OgB are the rotation radius of point A and B, and the length of
rotation radius of point in the contact area varies from OsA to OgB. For
free-form surface, the distribution is much more complicated due to the
variation of the radii of curvature.
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Fig. 2. Schematic diagram of the rotation radius.

Any workpiece surface can be approximated locally by a convex,
concave or flat geometry. The material removal models are different for
these three shapes, since the contact conditions between the workpiece
and the polishing tool are different leading to varying deformations of
the polishing tool.

Fig. 3 illustrates the contact state of the polishing tool with a convex
surface and a concave surface. The compliant polishing tool is pressed
on the rigid part surface. Surface of the tool has a good fit with the part
surface shown as the red line. Cartesian coordinates O-XYZ and O'-X'Y'Z’
are established, as shown in Fig. 3. Plane XOY is the common tangent
plane with the origin at the contact centre on the surface of the part.
Plane X'O'Y’ is parallel to plane XOY and passes through point (x, y) in
the contact area. Distance h', as shown in Fig. 3, can be obtained ac-
cording to the following geometrical relations:

h' =6+100' ()

where ‘4’ applies to concave surface, and ‘-’ applies to convex surface.
h' represents the coordinates of Z axis of point (x, y). |00’ is the dis-
tance between origin point O and O’, which can be expressed as Eq. (6)
supposing that the curvature centre of the part at the contact point

Convex surface

Concave surface

Fig. 3. Contact state of convex/concave surface with polishing tool.
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Fig. 4. Illustration for the calculation of the rotation radius and velocity v,,.

locates on Z axis.

00l = R, — \|[RZ — x2 — 6)

where R, is the curvature radius of the part at the contact point. In
addition, & expresses the maximum deflections of the polishing tool as
they approach each other. The expression of deflection § is given
through the following equation [25]:

3kFK (k')
27

A+ B
Yy 7)

Fig. 4 shows a schematic diagram of the rotation radius of a point P
with a coordinates of (x, y) with the origin locating at the contact centre.
Here, Oy is the geometric centre of the polishing tool, a is the inclina-
tion angle of the polishing tool axis, and the tilt direction is towards the
X’ axis. The polishing tool rotates at a constant speed . In addition, Op
is the rotation centre of point P. Therefor, relative velocity caused by
the tool rotation can be given as:

5= (

)

v, = w-L (8)

In right triangle OpGP, length of the hypotenuse OpP can be ex-
pressed as

L = 10pPl = {/IOpGP + y? 9)
In right triangle OpGI, length of line OpG can be given by

|0pGl = cos a x (IIO'l + x) (10)
In right triangle O;I0’, length of line IO’ can be obtained by

IOl =tana x (R, — 1) (11D

Therefore, the rotation radius of a point (x, y) in the contact area
can be expressed as

\/[(Rl -

The rotation of the tool leads to relative motion between the tool
head and the part. v,, is the velocity vector at point P generated by self-
rotating motion of the polishing tool. It can be written as

L = 10pGl = h)sin a + x cos al* + y? 12)

v, = wL = w\/[(Rl — hW)sina + x cos a> + y? 13)

The direction of the relative velocity v,, is perpendicular to the ro-
tation radius OpP, and v,, lies on the plane formed by OpP and OpG. In
addition, v,, can be decomposed along two orthogonal directions as the
tangential velocity v, and the normal velocity v, shown as Fig. 5. Only
the tangential component of relative velocity on the polishing area
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Fig. 5. Illustration for the calculation of tangent velocity v..

affects the local removal rate [13].

Fig. 5 shows an illustration of calculating the tangent component
velocity v,. Lines OpG, OpP, PD, and DC lie in the same plane formed by
OpP and OpG. Line GC is the intersection of planes OpGC and O'X'Y". In
addition, PD represents the direction of the relative velocity v,,, and PD
is perpendicular to OpP. Line DC is parallel to line OpG. The tangent

velocity can then be given by
Vr = V,co8 B (14)

where f is the angle between vector v,, and v,. Owing to the geometrical
relationship shown in Fig. 5, this angle can be given by

cosf3 = PA/DP

(15)

In right triangle PAC, PA can be expressed as

PA = JPC? + AC? (16)
In right triangle DPC, PC can be obtained by

PC = DP X cosy 17)
In right triangle DAC, AC can be given as

AC = DC X cosa = DP X siny cos a (18)
Combining Egs. (15)—(18), it can be derived that:

cosf3 = m (19)

where vy is the angle between line OpP and OpG, and can be given as

_ .l
y = arcsin( I (20)

Based on the assumptions mentioned above, combine formula (14),
(19) and (20) yields

x
Flat part -

ForCe sénsor
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v = cu\/y2 cos? a + [(R, — h')sin a + x cos a]? 21)

2.3. Material removal modelling

Applying formulas (2) and (21) to formula (1), the mathematical
model of the material removal depth of a point in the contact area for
spot polishing can be obtained as follows:

H(x,y) = At-Ka)ReE*\/y2 cos? a + [(R1 — K')sin a + x cos B)?

3F 2/
3 _ x2 —v2
\/ (ZﬂReE*) Y

According to formula (22), the depth of the material removed is
related to the normal force, spindle speed, tilt angle, and physical and
geometric characteristics of the polishing tool and workpiece. Material
removal profile can be obtained by taking coordinates lying on the
section line of the contact area into formula (22). For example, X-X
section profile can be obtained by taking y = 0 and x = -a: a into for-
mula (22), where a is the radius of the contact area.

(22)

3. Experimental verification
3.1. Experimental setup

A series of experiments was carried out to verify the effectiveness of
the proposed method of MRP modelling. The experiments were con-
ducted on a five-axis NC machine tool, including three linear movement
axes and two rotational axes (B- and C-axes). The setup is as shown in
Fig. 6. The B-axis fixed on the X-axis provides rotational movement to
ensure the tilt angle of the tool axis. The polishing spindle is mounted
on the B-axis with a maximum rotational speed of 30, 000 rpm and
maximum power of 4.5 kw. A force sensor is mounted between the
specimen and a specially designed fixture fixed on the C axis. The force
sensor is a FUTEK TH400 with a resolution of 0.01 N, and is used as a
feedback to control the normal polishing force. The force exerted on the
part is determined based on the polishing depth, which can be adjusted
through the up and down movement of the Z-axis.

The specimens are cylinder with a machined size of @ 60 X 30 mm.
The surfaces were turned using a lathe tool to an average roughness of
475 um. The polishing tool head is a polyurethane ball with a radius of
15mm covered with a polishing film. The average grain size of the
abrasive used is 35um. Each experiment was carried out using a new
polishing film. The projection of the tool axis on the plane overlaps with
the X-axis shown as the enlarged view.

Experiments were carried out under polishing conditions listed in
Table 1. Young's modulus E; and Passion's ratio v; of the polyurethane

[Force monitor

Fig. 6. Experimental set-up.
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Table 1 Unit: m/s
Polishing parameter settings. 3 Y I

Description Parameters

3.5

Polishing tool E; =5MPa, v; = 0.3, R; = R;' = 15 mm.
Workpiece E, = 206 GPa, v, = 0.3, R, = R,' = infinite.
Polishing conditions F = 20N, @ = 2000 rpm, a = 30°, At = 5s.

Y-axis (mm)
=<1

S
)]

25

-

Yl
-2 0 2
X-axis (mm)

Contact stress (MPa)
o
wn

o

0 0 (a) Top view of the simulation result

y axis (mm) x axis (mm)
Fig. 7. Distribution of contact stress.

X-X section

material are 5 MPa and 0.3 with a hardness of Shore A 65 [26]. The 4 T
material of the workpiece is 40Cr with a hardness of 50 HRC. In ad-
dition, E, and v, are 206,000 MPa and 0.3 respectively.

3.5

3.2. Simulation and experimental results

3.2.1. Contact stress

Formula (2) was simulated with parameters shown in Table 1 to
determine the characteristic of the pressure distribution in the contact
area. From the result shown in Fig. 7, it can be seen that the pressure
mapping is symmetrical about the contact centre. This is consistent with
result given in Ref. [17].

Relative velocity (m/s)
N
)

2 L 1 1 L

3.2.2. Relative velocity -3 -2 -1 0 1
Fig. 8 is the simulation result of the tangent velocity shown as x-axis (mm)

formula (21) with parameters listed in Table 1. Fig. 8 (a) is the top view
of the three-dimensional of the velocity distribution. Fig. 8 (b) is the X-
X section result and Fig. 8 (c) is the Y-Y section result. In the polishing (b) X-X section result
area, the velocity values are almost the same along Y axis with small
level of variation (minimum velocity 2.97 m/s and maximum velocity
3.08 m/s). In the X-X direction, the velocity values in positive X axis are Y-Y section
larger than those in negative X axis and the velocity values of points on 3.1 T T T T
the X-axis display a linear relationship.

N
w

3.2.3. Material removal profile

Formula (22) was simulated using the same polishing parameters
shown in Table 1. Fig. 9 (a) shows the experimental data of a polished
spot measured by a Keyence 3D Optical Surface Profiler, while Fig. 9 (b)
is the material removal distribution predicted by the material removal
model of fixed spot polishing. Fig. 9 (c) and (d) are profiles obtained
from the predicted and measured 3D data in X-X and Y-Y sectional
plane, respectively. The experimental data and simulation results were
fitted to determine the Preston coefficient K. Fig. 9 shows that the
geometrical profile obtained from material removal model shows a 2.95 ‘ ' ' ' '
good agreement with the experimental results. This implies that the -3 -2 = 0 1 2 3
contact stress and kinematics modelling proposed in this study can x-axis (mm)
provide a reasonable explanation for CCUP with spherical polishing
tool. :

The profiles both obtained from experiment and simulation show a (C) Y-Y section result
deviation toward X-axis positive direction which is agreement with the Fig. 8. Simulation result of the relative velocity.
direction of the tool axis inclined. This is because the relative velocity in
the contact area is not symmetrical distribution, shown as Fig. 8 (a).

3.05¢ 1

Relative velocity (m/s)
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Fig. 9. Experimental and predicted results of material removal characteristics.

The material removal depth of a point in the contact area is propor-
tional to the relative velocity and the contact stress which is symme-
trical distribution in the contact area illustrated as Fig. 7.
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3.3. Evaluation criteria

In this paper, an index is firstly defined to evaluate the deviation
degree of the MRP, offering a quantitative description of the deviation
characteristics. It is defined as

ISig — Sral
§ = 81 = S
Sid + Srd

X 100%

(23)
where Sj4 is the sum of the material removal depth corresponding with
discrete points on the negative X axis, and S,4 is the sum of the material
removal depth corresponding with discrete points on the positive X
axis. The value of S is greater than or equal to 0% and less than hun-
dred-percent. A small value of S represents a probably symmetrical
MRP, which is rewarding for uniform material removal in CCUP. The
larger the value of S is, the more the inclination of the MRP.

3.4. Results and discussions

3.4.1. Inclination angle

A set of simulations for inclination angles ranging from 10° to 90°
are carried out to investigate the effect of the tilt angle on the MRP. The
other polishing conditions are F = 20N, w = 2000 rpm, and At = 5s.
Only points on the X-axis are applied into these simulations.
Experiments were conducted with values of inclination angle from 10°
to 90°, and other polishing parameters were kept the same. Fig. 10
shows the comparison results of values of S obtained both from simu-
lation and experimental results. The value of S decreases significantly as
the inclination angle increases. This means a larger inclination angle
leads to a more symmetric material removal profile which is favorable
for uniform material removal. However, in real polishing process, a
larger inclination angle results in a restricted working space causing
interference between the polishing tool and the polished part. The ex-
perimental results are consistent with the simulation results calculated
through formula (22) with a maximum absolute error of 4.13%. For
inclination angle larger than 70°, values of S of the measured profiles
show larger than the simulation data. This is because that even if the
maximum point of the profile falls in the centre of the contact area,
there will be a gap between the two sides due to the waviness of the
profiles and the measurement error.

3.4.2. Normal force

The normal force plays a key role in the material removal rate. The
simulations were conducted with the normal force varied from 10 to
40 N, based on other parameters including ® = 2000 rmp, a = 30°, and
At =5s. Values of S of profiles obtained from simulations and

50 -

45

40-
=354
S
— 30
wn i
5 25 .
o7
3204
© i
> 154

—u— Predicted data
—e— Measured data

10
5_
0

\.\.\.

5 1015202530 35404550556065 707580859095
Inclination angle ( °)

Fig. 10. The effect of inclination angle on the deviation feature of MRP.
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Fig. 11. The effect of normal force on the deviation feature of MRP.

experiments are calculated using formula (23) and are fitted as shown
in Fig. 11. There is a big difference between the experimental and si-
mulation results. This may be caused by the vibration and the system
error of the machine tool during polishing process. The values of S
shows an approximate linear relationship with normal force.

3.4.3. Spindle speed

It is obvious from formula (22) that the material removal depth is
proportional to the spindle speed w. That means spindle speed of the
polishing tool significantly affects the relative velocity, but has a little
effect on the distribution feature of the MRP in the contact area. The
experimental and simulation results indicate that the material removal
depth increases as the spindle speed increases, showing a linear re-
lationship between the spindle speed and material removal depth and
the value of S has a little change with different values of the spindle
speed.

3.4.4. Dwelling time

The material removal mechanism of polishing process is quite dif-
ferent from that of other ultra-precision machining processes such as
single point diamond turning and raster milling. With the model of
material removal, the polishing tool can be commanded where it should
stay longer or shorter for moving more or less materials from the sur-
face, respectively [4]. It is found that the removal volume increases
linearly with increasing polishing time for all cases and this infers that
the material removal rate is constant when using only polishing time as
a variable parameter while keeping other parameters constant [17].
Hence, dwelling time of polishing process has no effect on the deviation
feature of the MRP.

3.4.5. Physical feature of the tool material

The shape of the MRP is also determined by the physical properties
of the polishing tool material. Simulations were conducted with para-
meter E; as the single variable other parameters kept constant. Value of
S of the simulation results are shown in Fig. 12. It shows that the value
of S decreases sharply as the modulus increases. It is obvious that a
larger modulus leads to a smaller value of S which means a less skewed
profile. It can be inferred that a rigid polishing tool generates a para-
bolic material removal profile. However, in real polishing processes, a
compliant polishing tool is much more advantageous because the tool
compliance allows for a certain degree of misalignment between the
tool and the part [27].

Experiments were carried out using a rigid ball sintered with a CBN
abrasive and resin with a radius of 15 mm. The Young's Modulus of the
rigid polishing tool was taken as 38000 Mpa [25] in simulation. Fig. 13
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Fig. 13. Measured and predicted data of material removal profile with
E, = 38000Mpa.

shows material removal profiles obtained from both the simulation and
experiment. It can be seen that the material removal profiles are sym-
metric. This is because there is a much smaller contact area and de-
formation for contact between a rigid tool head and the polished part.

3.4.6. Inclination direction of the tool axis

Fig. 14 is an illustration of the relationship between the tool posture
and the tool path. The projection of the tool axis on plane XOY overlaps
with X’ axis which is the tangent line of the tool path I at the contact
point at the same time. For tool path II, the projection of the tool axis is
perpendicular to the tangent line of the tool path which is overlaps with
Y’ axis. Simulation and experiment results indicate that relationship
between the inclination direction of the tool axis and the tool path has a
coupling effect on the deviation characteristics of material removal
profile. A symmetric material removal profile can be obtained with the
inclination direction of the tool axis is parallel to the tangent line of the
tool path at the point of contact. This can be explained that when
polishing along tool path I, the material removal profile orthogonal to
the tool path is the Y-Y section profile of fixed spot polishing. It can be
inferred that when the projection of the tool axis is perpendicular to the
tangent line of the tool path at the contact point shown as tool path II,
the material removal profile has the same deviation feature with that of
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Zh

Tool path
Tool path TI

Fig. 14. Illustration of the tool posture. (a) Measured 3D topography data of
polishing along a curved tool path. (b) Measured data orthogonal to the tool
path.

X-X section profile of spot polishing.

Fig. 15 (a) is a measured 3D data of a segment of material removal
along a curved tool path with the projection of the tool axis overlap
with the tangent line of the tool path. Fig. 15 (b) is the profile measured
along a line orthogonal to the tool path. It can be seen that the MRP is
approximate symmetric with the maximum material removal depth
locates at the contact centre.

6391.9

(a) Measured 3D topography data of polishing along a curved tool path

Profile orthogonal to the tool path
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(b) Measured data orthogonal to the tool path

Fig. 15. Experimental results of polishing along a curved tool path.
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Table 2
Processing parameters and their levels.
Main effect parameter Level 1 Level 2 Level 3
A Normal force: F (N) 10 20 30
B Spindle speed: w (rpm) 1600 2000 2400
C Inclination angle: a (°) 10 20 30
D Tool modulus: E; (MPa) 7.8 200 30800
Table 3
Lo (3% orthogonal array used in Taguchi method.
Test A B C D Value of S (%)
1 1 1 1 1 33.7
2 1 2 2 2 5.5
3 1 3 3 3 0.7
4 2 1 2 3 1.3
5 2 2 3 1 13.0
6 2 3 1 2 14.3
7 3 1 3 2 5.0
8 3 2 1 3 3.0
9 3 3 2 1 23.7

3.4.7. Lo orthogonal array

Taguchi method was used to design the simulation experiments in
order to estimate the relative significance of each process parameters on
the deviation characteristic of the MRP and obtained a parameter op-
timization strategy for uniform material removal. Table 2 shows the
four control factors each with three levels, while the other parameters
are kept the same.

Table 3 is the Lo (3% orthogonal array used in Taguchi method.
Each group of the parameters were taken into Eq. (22) and S value of X-
X profile was taken as the result of the experiments.

The result of the experiments are analyzed using visual method and
listed in Table 4. The value of range was calculated using the mean
value  of each level for different parameters and it indicates how the
significant factors affect the deviation characteristics of the MRP. It is
evident that modulus of the polishing tool is the most significant con-
tributor with a higher modulus resulting in a smaller value of S. In-
clination angle is the second major factor that affects the deviation
characteristics of the MRP. Normal force and spindle speed have a
minimal effect on the deviation characteristics of the MRP that can be
neglected compared with that of modulus and inclination angle.

3.4.8. Modulus and inclination angle analysis

Modulus of the polishing tool material and the inclination angle are
two significant factors that effect the skewed characteristics of the MRP.
A series of simulations was conducted with different value of modulus
and inclination angle in order to obtain a more specific and accurate
conclusion. The mould of compliant polishing tools always made of
polyurethane or rubber. Table 5 presents several kinds of polyurethane
with different hardness and modulus and rubber with a modulus of
7.8 MPa. Simulations were carried out for each material with different
inclination angles varying from 10° to 90° with a pitch of 5°. The si-
mulation results are shown as Fig. 16 with the y-axis representing the
skewed degree of the MRP. The result shows an obvious trend that a
larger inclination angle and modulus result in a smaller value of S.

Table 4
Result of visual analysis method.

Parameters Level 1 p (%) Level 2 p (%) Level 3 p (%) Range R (%)
A 13.3 9.5 10.6 3.8

B 13.3 7.2 12.9 6.1

C 17.0 10.2 6.2 10.8

D 23.5 8.3 1.7 21.8
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Table 5
Modulus and the corresponding hardness of the polishing tool material.

Polyurethane Rubber
Shore D hardness
Shore A hardness 65 80 90 93 70
Modulus (MPa) 5 20 60 200 600 7.8
50+
—=— E =5MPa
404 —o— E1=7.8MPa
—A— E1=20MPa
—v— E =60MPa
<30 !
s —4— E1=90MPa
e —»— E,=200MPa
]
g 204 +E1—600MPa
®©
>
10
0 =
0 10 20 30 40 50 60 70 80 90

Inclination angle (°)

Fig. 16. Simulation result for inclination angles with different value of E;.

4. Conclusions

In this paper, a material removal model of surface polishing was
established to investigate the effects of the polishing parameters on the
deviation characteristics of the MRP. Simulations and experiments were
carried out to analyze the characteristics of the material removal
through surface polishing. The following conclusions can be drawn for

Appendix A. Hertz contact theory

P, y) =B 1 - (22 -y
a b
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obtaining a symmetrical MRP.

(1) If it is possible to ensure the projection of the tool axis parallel to
the tangent line of the tool path at the contact point, a symmetric
material removal profile can be obtained. For a curved tool path
with variable curvature, this polishing condition is difficult to
realize limited by the acceleration of the polishing machine tool or
robotic. Then following conclusion must be helpful.

(2) The result of the Taguchi method indicates that the modulus and
the inclination angle of the tool axis are the two major factors that
determine the shape of the MRP. Normal force and spindle speed
have little effect on the deviation feature of the MRP.

(3) Simulation and experimental results indicates that the deviation
degree of MRP decreases with the increasing of the inclination
angle. That means a larger inclination angle is more favorable for a
symmetrical material removal profile. However, in real polishing
processes, the tilt angle should be chosen considering the working
space of CCUP.

(4) Simulation result shows that the deviation feature of the MRP is
significantly affected by the modulus of the polishing tool. A softer
tool head leads to a more skewed material removal profile. A rigid
polishing tool brings in a parabolic profile in any section which is
favorable for path planning and ensuring uniform material removal,
and at the same time, results in a larger material removal depth and
a smaller contact area. For example, a polishing tool with a mod-
ulus of 60 MPa can obtain a MRP with the S value of 5% theoreti-
cally using an inclination angle of 60°

The work is potentially useful for the planning of the tool path and
the tool posture of CCUP.
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where Py is the maximum contact pressure located at the centre of the contact ellipse. It is given by
mo b
E(k)HA (25)
M= N
b= 3\/3kE(k)(FA)
27 (26)
1 1-—0? 1-0?
= (— + )
A+B B E, (27)
1.1 1 1 1 1 /.1 1 1 1 1 1 1 1
G tE Rt TG Rt R R T R
4R Ry R R, 4\ 'R R} R R, R Ry R R, ¢ (28)
1.1 1 1 1 1/ 1 1 1 1 1 1 1 1
Bttt et G T w & w ) R R
4R R R R 4 [R1 R, R Rz] R Ry R R, ¢ (29)
One additional equation is needed to determine the value of k = b/c, namely,
B pEE) - KK
A  K®F)-E®K) (30)
kK'=+1-k? B

E(k") and K(k") are complete elliptic integral of the first and second kind, respectively.
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Appendix B. Supplementary data
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Supplementary data related to this article can be found at https://doi.org/10.1016/j.precisioneng.2018.08.020.
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