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Abstract

In this work, the ability to reshape the grinding wheels with patterns of special and modern geometries to produce the
advanced structured surfaces is studied. Firstly, a mathematical model is built for the process relating the geometry of the
grinding wheel, geometries of the wheel patterns, the produced structured surfaces, and the grinding operating parameters.
Then, different regular and irregular geometries are designed to be patterned over the wheel surface. The regularly designed
patterns include the circular, the elliptical, and the polygonal patterns, while the heart-like patterns are included as irregular
ones. Afterward, a simulation method to express the patterned wheels and the corresponding structured surfaces at different
working conditions is developed. The effects of the patterns’ geometries on the obtained structured surfaces at the selected
working conditions are investigated. The results of the grinding operations designed and carried out experimentally reflect
the dependability of the presented method for machining the advanced structured surfaces using the grinding processes.

Keywords Grinding - Patterned grinding wheels - Structured surface - Modeling
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Vg Cutting velocity of the wheel

Uy Feeding rate of the workpiece

v* Speed ratio

d. Grinding depth of cut

¥ Helical angle between patterns’ centers of the
unit segment

P Longitudinal pitch of surfaces structures

Sw Width of a surface structure

Sh height of a surface structure

D Slope angle between centroids of workpiece’s

structures
1 Introduction

The increasing developments in the fields of modern indus-
tries and advanced manufacturing applications require pro-
ducing surfaces with a determined function performance able
to satisfy specific requirements. One frequent solution that
has been recently applied is represented in the creation of
the structured surfaces of parametric characteristics [1-3].

Through the use of the surfaces with structures, quantita-
tive relationships can be established between the structural
characteristics and the required functional performance of
the surfaces. Surface structures should have characteris-
tic parameters that can be designed according to both the
selected manufacturing method and the demanded func-
tions for engineering applications. In recent researches, it
has been proved that surface structures improve effectively
several areas in tribology such as friction, wear, lubrica-
tion, and energy consumption [4-6]. Hence, the research
on manufacturing structures of controlled proprieties on the
engineering surfaces is of great importance [7]. The signif-
icance of structured surfaces in modern applications can be
found in several areas such as electronics [8], optics[9], and
health [10].

Different methods can be used to fabricate the surface
structures [11-13]. Recently, the grinding method has been
used for machining surface structures in macro/micro-scale
using what is called “structured grinding wheels” [14, 15].
This method is distinguished by its high efficiency, simplic-
ity, and low cost. It produces various forms of surface struc-
tures repetitively without the need for additional manufac-
turing steps saving additional cost and time. Many studies
have investigated the effect of using the structured/patterned
grinding wheels on the overall process efficiency[16, 17].
To use the grinding process for machining a structured
ground surface, the selected pattern should be formed on
the wheel surface itself and subsequently transferred to the
workpiece during processing operations. Modeling of the
structuring grinding process to relate the properties of the
final structure to the several operating parameters of the
grinding method can be used for improving and optimizing
the overall process efficiency.
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Several studies used the grinding method to model and
produce surface structures using the structured grinding
wheel, but with some limitations on the obtained structured
surfaces. Stpien [18, 19] used deep-dressed single/double-
helical patterned wheels to produce the three basic shapes
of structures on flat surfaces. Different processing condi-
tions for successful surface structuring have been presented.
Denkena et al. [20] used the profile grinding method to
enhance the performance of turbine blades through fabricat-
ing structured riblets on their surfaces. This method showed
the ability to machining the riblets under several grind-
ing conditions resulted in reducing the friction and shear
stresses and improving the blades’ performance. Oliveira
et al. [21, 22] presented other structuring methods that
enabled forming preconfigured patterns on the wheels’ sur-
faces by special dressing. Then, the patterns were moved
out by grinding to the workpiece surfaces. Mohamed et al.
[23] utilized the modeling method developed by Liu et al.
[24] to predict the produced surface structures using the
circumferentially structured grinding wheels. In the earlier
work, Monier et al. [25] developed a new approach for
machining the structured surfaces by grinding operations.
Obtaining the designed surface structures under different
grinding conditions has been explained.

The geometry of surface structures is one of the main
characteristics that can be used for defining and controlling
the properties of the structured surface. Machining surface
structures in a repetitive way with different sizes controlled
through the designed grinding parameters characterize the
grinding method. However, the majority of the work found
in the literature focused on the straight/helical patterns
imprinted on the wheel surface and the related structures’
geometries transferred to the workpiece surfaces. Study-
ing the patternability of the grinding wheels with different
advanced geometries and the related effects such as the
geometrical shape, size, distribution, and degree of struc-
turing on the obtained structured surfaces have not been
studied before. This can enlarge the area of using the grind-
ing method in machining the structured surfaces. Also,
it can solve many limitations of the other applied meth-
ods either conventional or non-conventional to manufacture
such structures’ on the engineering surfaces. For instance,
the stability, repeatability, and affected-zones of the laser
texturing method on the engineering structured surfaces
are influenced by several process parameters such as laser
power and scan speed. This work aims to model and simu-
late patterning the grinding wheels with new and advanced
pattern geometries and study their effects on the related
structured surfaces.

Therefore, in this work, the ability for patterning the
grinding wheel with advanced regular and irregular pat-
tern geometries is presented. The effects of the designed
wheel’s patterns on the obtained structured surfaces at
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different working conditions are investigated. A mathemat-
ical model for the process relating the wheel geometry ,
patterns’ geometries, and the obtained structured surfaces
at the designed operating parameters of the grinding pro-
cess is built. Different regular and irregular patterns are
defined and imprinted on the grinding wheels’ surfaces. A
simulation method using programming languages is exam-
ined for describing the structuring process and explaining
the accompanied effects on the structured surfaces. Differ-
ent parameters affecting the surface structuring process have
been explained. The grinding experiments showed remark-
able symmetries and a satisfied agreement between the
simulated and the machined surfaces.

2 Modeling of grinding operations
for the structured surfaces with special
patterned grinding wheels

To create the model of the patterned grinding wheel, a
unit segment is designed according to the pattern geometry
required to be shaped on the wheel’s surface. Figure 1
explains the principles for building the model of the
patterned wheel’s unit segment. In Fig. 1a, a 2D sketch for
the designed unit segment with n, by n, number of patterns
is shown. The geometrical pair (Ax and Ay) represents the
dimensions of the unit segment along the x-axis and y-axis
respectively, while each wheel pattern has an area (ay). The
proposed model assumes that the fraction of remained area
(A,) of the unit segment is defined as “structuring ratio
(¥s),” such that:

A,

=, ey

Vs
where (A;) is the total area of the unit segment. Then,
the total patterned area (A,) of the unit segment can be
determined as the following:

Ap=Ar-(1-7y) @)
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Assuming a uniform area for all patterns, therefore:
A
p
ag = 3
Ny - Ny

Then, the unit segment of the patterned wheel is con-
verted to be a net and determined as an array of points in x-y
coordinates (see Fig. 1b). Assuming c,; and c,; are the cen-
ter coordinates of the pattern area ay;, the model selects the
optimum positions to place the patterns over the designed
area of the unit segment. Afterward, the coordinates of all
net’s points either inside or outside the pattern area of the
unit segment are identified by calculating mathematically
the borders of each pattern area as follows:

fx), 1<i<n
fO), 1<i<n

where x; and y; are the coordinates of the i’ point of the
unit segment.

Figure 2 shows different geometries designed to be pat-
terned on the grinding wheel surface. If the designed pat-
terns of the wheel have circular geometries, the borders can
be mathematically determined by [26]:

O —exi)® + (i — Cyi)2 =r? %)

where r. is the radius of the wheel circular pattern. For
polygonal patterns, the side length Lg;4. can be related to
the circumscribed circle radius 7.5 by:

flx,y) = { “

. b4

Lsige =2 - res - sin <Nside) (6)
where Nj; 4, represents the number of sides for the designed
polygon.

For elliptical geometries:

2 2
Xi Vi
LI A —T 7
2T (7

where a and b are the major and minor axes half lengths of
the elliptical pattern.

Moreover, irregular geometries such as heart-like shapes
can also be modeled by controlling the driving formula

Ax ,

—_

~ A

I
gl
- %-\_.;-‘

(b)

Fig.1 (a) The designed unit segment of the grinding wheel in plain view, (b) defining of the point position over the unit segment
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Fig.2 The different geometries
for the wheel patterns, (a) the
circular patterns, (b) the

Patterned area

elliptical patterns, (c) the
polygonal patterns, and (d) the
heart-like patterns

for their x; and y; coordinates. For example, for heart-like
geometries:

xi = A-sin () ®)

vi = Bcos(@) + C cos(20) + D cos(30)+
E cos(0) 4+ F cos(140)
where A, B, C, D, E, and F are constants.
After calculating the coordinates for all points of the unit
segment in the x-y plane, points’ coordinates in z-direction
represent their depths from the outer surface of the unit
segment. The depth of a point p; is specified according to its
position over the unit segment area. If the designed patterns
on the wheel surface have depth dj, then z coordinates for
the points inside patterns’ borders are supposed to be of
dg values. Otherwise, the z coordinates become extinct. So,
mathematically:

0 Pi = Pout
- 10
“ { ds pi = pin (10)

®

where p;, and p,,; represent the locations either inside or
outside the pattern border respectively (see Fig. 1b).

After that, the points’ coordinates in the x, y, and z
directions are converted into the polar system and the unit

@ Springer

segment of the grinding wheel is created (see Fig. 3a). Then,
the unit segment is repeated in the circumferential and radial
directions to create the completed design of the patterned
wheel shown in Fig. 3b. For simplicity, the unit segment
is assumed to be repeated in one direction (circumferential
direction). The circumferential distance from one point on
a unit segment to the matching one on the next segment is
titled “circular pitch P..” Assuming the grinding wheel has
a radius (R,), the number of the unit segments that should

Cutting Grains ‘Wheel Patterns

N-Unit
Segments

(@ (®)

Fig. 3 (a) The unit segment in polar coordinates and isometric view,
(b) repeating the unit segment N times to build the grinding wheel
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be repeated to create the complete shape of the patterned
grinding wheel can be determined as:
27 - Ry

P,

Figure 4 illustrates the way followed to create the kine-
matic model for the patterned wheel. The wheel is divided
into several sections cut across the wheel’s longitudinal
axis. Each one is assumed to have a total number of points
pn represents the number of abrasive cutting grains. An
abrasive point p; is positioned at an angle («;) and radius
r(a;). The polar position of the point (p;) is determined
by the pair of parameters ((«;) and r(«;)) respectively. The
angle (¢;) determines the orientation of the point p; from
its home position after starting up the grinding operation.
Using Eq. 10, the radial position of the point (p;) is calcu-
lated throughout subtracting the depth (ds) from the wheel
radius (Rg) and substituting in Eq.10 for z; (p;) by ds(p;),
therefore:

Ry, Pi = Pout
R. — g 1 ou 12
§ {Rg_dsa Pi = Pin (12)

N = an

After determining the polar position of all points around the
wheel 2D section, all sections’ points are similarly specified
and a complete definition of the wheel’s kinematic model is
obtained.

Figure 5 explains the kinematics of the grinding oper-
ation proposed in this work to transfer the wheel patterns
to the workpiece surface as structures. The grinding wheel
and the workpiece operate at working velocities v and vy,
respectively, while the grinding interaction between them is
executed at (d.) depth of cut. To get the structured surface,
the presented model assumed that the grinding wheel rolls
over the workpiece surface upon starting the grinding pro-
cess as a result of the translation and the rotation motions in
a perfect cycloidal path.

The structures over the workpiece surface are produced
in such a way similar to that followed to build up the
structured grinding wheel. The patterns shaped on each unit
segment of the wheel surface are reflected on the workpiece

Abrssive Grains

AT

e ¥

e

Pi(ai, ri)
(a0 10)

Vw

Fig.4 The kinematic model of the patterned grinding wheel

surface to a specific scale while the grinding wheel is
rolling over the ground surface. As illustrated in Fig. 6,
the linear distance on the workpiece surface between the
engaging positions of two successive unit elements with
the workpiece surface is named “longitudinal pitch P.”
Accordingly, the circular pitch of the grinding wheel (P,)
is related to the longitudinal pitch (P) of the workpiece’s
structures as follows:

P=r. - —p .y (13)
Vg

And v* is the ratio between the operating velocities of the

workpiece and the grinding wheel respectively.

The geometry of each structure on the workpiece surface
is defined by structure width (S,,) and structure height (Sj)
(see Fig. 6). The structure width (S,,) is the max-width of
the workpiece surface structure in the direction parallel to
the grinding direction. Similarly, the structure height (Sy) is
the max height of the structure over the workpiece ground
surface. The values of the geometrical pair (S, and Sj) in
addition to the longitudinal pitch (P) are controlled by the
grinding wheel geometry, the designed pattern geometry,
and the operating parameters of the grinding process.

Figure 7 explains the effect of eccentricity between the
patterns on the unit segment on the structured workpiece.
In Fig. 7, the helical angle (1) defines the orientation of
the distance between centers of wheel patterns from its
longitudinal axis. The angle () represents the orientation
of the centroids of the structures machined on the workpiece
surface. According to the geometry shown in Fig. 7:

P
tan ¥ = — - tan Y (14)
P
Using Eq. 13, then:
Uy
tan = — - tanyr (15)
Vg

Grinding Wheel

Workpiece

dc

Fig.5 A sketch of the kinematics of the grinding operation
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Fig.6 (a) A sketch for the
structured surface, (b) a plane
view of the structured surface
with its geometrical parameters

Then, in the case of up-grinding:

Uy
¥ = arctan |:— - tan wi| (16)
Vg
In down-grinding:
¥ = m — arctan [U—w - tan 1//:| 17
Vg

When the structuring grinding process starts up, the
cycloidal path of any abrasive grain of the wheel and the
scaled profile reflected on the workpiece surface can be sup-
posed according to the time consumed during processing.
The exhausted time ¢; by the abrasive grain of number p; to
alternate its home position from («;) to (¢;) can be supposed
as the following:

ri

ti=— (i — o) (18)
Vg

Then, the path coordinates in the feeding direction (X;) and

the direction normal to it (¥;) can be defined by:

Xi(t) = vy - ti +ri - sing; (19)
Yi(t) = Ry —dg —ri - cos g;
Using Eqs. 18 and 19, in the case of up-grinding:
Xi(t) = vy - t; +1; - sin ((:—g 1) -I-Ot,')
' (20

Yi(t) = R — dg — 1; - cos ((j—g 1)+ ai)
In down-grinding:

Xi(0) = =vu -ty ri - sin (5 1) + o) o
Yi(t) = Ry — dg — 1; - cos ((j—g 1)+ a,-)

‘Wheel
Pattern

P

Surface
Structure |

o
\9\ N

Fig.7 The relationship of the helical angle of wheel patterns with the
slope angle of surface structures
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3 Simulation results and discussion

Simulation of the structuring grinding processes using pro-
gramming languages is an attractive way for estimating
both the designed patterned wheels and the obtained struc-
tured surfaces at different operating parameters. This can
serve in optimizing the structuring process and selecting the
proper parameters to get the aimed characteristics of struc-
tures. Also, it facilitates understanding and explaining the
changing behavior of the structured surfaces under several
working conditions. The simulation process depends on the
geometry of the grinding wheel, the geometry of the wheel
pattern, and the working parameters of the grinding oper-
ation. The geometry of the grinding wheel is defined by
the wheel radius (R,) and the structuring ratio (y;). The
geometry of the wheel pattern will be defined later in the
following sections. The grinding parameters includes the
working velocities (vg and vy,) and the grinding depth of
cut (d.). In this study, the wheel geometry and the grind-
ing parameters are designed to be constant while the major
changes happen to the pattern’s geometrical parameter. This
is aiming to clarify the effects of the patterns’ geometri-
cal parameters on the ground surface structures with being
affected neither by the wheel geometry nor the grinding
parameters.

On the other side, the geometry of the structured surfaces
resulted from wheels with different patterns and at deter-
mined grinding conditions will be simulated and evaluated.
The geometry of the structures produced on the workpiece
surface is determined by the values of the structure width
(Sw), the structure height (S;,), the longitudinal pitch (P),
and the slope angle (). The ability of the presented model
to estimate the structured surfaces produced by the designed
wheels of regular and irregular patterns mentioned in the
previous section will be measured. This is illustrated in the
subsequent sections.

3.1 Simulation of the structured surfaces produced
by patterned wheels of round patterns

The first design presented for the patterned grinding wheels
is the round patterns. This includes wheels with circular
patterns and elliptical patterns. For the circular patterns, the
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pattern geometry is defined by the radius of the circular
pattern (r.). For the elliptical patterns, half lengths of the
major and minor axes (a and b) control the pattern geometry.
Also, the pattern geometry includes the required helical
angle (¥) and the depth of the patterns (ds) produced on the
wheel surface. Table 1 includes the geometrical parameters
of the grinding wheel and the selected grinding condition
used to study the circular pattern. Table 2 contains different
designs for the circular patterns required to be shaped on the
grinding wheel surface.

Figure 8 shows the unit segments of the circular patterns
mentioned in Table 2, the grinding wheels, and the related
structured surfaces with 2D profiles across the unit lengths
of structures. As shown in Fig. 8, when the radius (r.) of
the wheel pattern increases while the structuring ratio (y;)
is constant, the number of patterns per unit segment on the
wheel surface decreases. Additionally, the designed value of
the unit segment area (A;) increases. Redesigning of both
parameters is performed taking into consideration that the
fraction of the remained area of the unit segment to be
constant. Hence, the structuring ratio (yy) keeps its value
equal to the designed one listed in Table 1 (see Eq. 1).
So, the peripheral distance between the successive patterns
increases. In this figure, the difference in the number of
patterns, the pattern depths, and the helical angle between
centers can be noted.

For the side of the structured surfaces, it can be shown
that as the pattern radius (r.) increases, the structure width
(Sw), the structure height (S;,), and the longitudinal pitches
(P) between surface structures increase (see Fig. 8 and
Table 3). The reason is that, by increasing the pattern radius
(r¢), the circumferential distance between wheel patterns
increases and the number of patterns over the wheel surface
decreases. If the circumferential distance between centers of
two successive patterns is considered as the circular pitch
(P.) of the patterned wheel. Therefore, the circular pitch
(P.) of the patterned wheel and the related longitudinal pitch
(P) on the workpiece surface increase with the increasing
pattern radius (r.). Hence, the structure width (S, ) increases
with the increasing longitudinal pitch (P) allowing the
structure’s height (Sj) to acquire a higher value.

Moreover, assuming the number of the workpiece’s
surface structures per unit length is defined as “structures
linear density (structures LD).” Therefore, the structures
LD decreases with the increasing pattern radius (r.). This
can be explained as the rate of the passing patterns over

the workpiece surface decrease, for the same grinding
condition, with the increasing pattern radius (r.). The
change in structures L D with the increasing pattern radius
can be shown clearly in Fig. 8 (a, b, c) where the 2D profiles
are taken across the unit length of surface structures. To
increase the structures L D at a raising value of the pattern
radius (r.), the velocity ratio should be modified.

The previous explanation is agreed with the modeling
principles explained and formulated in Section 2. Table 3
includes the geometrical parameters for the structured
surfaces illustrated in Fig. 8.

The structuring ratio (y,) of patterned wheels can also
control the degree of surface structuring. Figure 9 shows
different designs for the circular patterned wheel mentioned
in Table 2 with number (b) and the related structured
surfaces but at an increasing value for the structuring ratio
(ys) and a zero helical angle (¢ = 0). The increasing
structuring ratio is achieved by raising the area of the unit
segment and keeping the patterns’ geometrical parameters
as designed. This increases the fraction of remained area of
the unit segment and the structuring ratio (y,) as well (see
Egs. 2 and 11).

Comparing the unit segments, patterned wheels, and
structured surfaces in Fig. 9 with that shown in Fig. 8b.
It is clear that as the structuring ratio (yy) increases, the
total number of patterns on the wheel surface decreases.
As the increasing structuring ratio requires decreasing
the fraction of patterned area of the grinding wheel (see
Eq. 1). Therefore, the circular pitch (P.) and the related
longitudinal pitch (P) increase, while the structures LD
decreases with the increasing structuring ratio (ys) (see
Fig. 9). However, the structure width (S,,) and the structure
height (S) of the workpiece surface structures have not
changed from that shown in Fig. 8b as the patterns geometry
and the operating parameters are similar.

For the elliptical patterns, the selected operating param-
eters for the wheel geometry and the grinding process are
found in Table 4. The designed geometries for the ellipti-
cal patterns are declared in Table 5. Figure 10 illustrates
the elliptical patterned wheels and the related structured
surfaces obtained using the working condition stated in
Table 4. Similarly, the increasing pattern size at the constant
structuring ratio (y;) is compensated by decreasing the num-
ber of patterns per unit segment on the wheel surface and
increasing the unit segment area (A;) (see Fig. 10). As a
result, the longitudinal pitch (P) and the size (S, and Sj)

Table 1 The proposed parameters for the wheel geometry and the grinding process with the circular patterned wheels

Wheel radius (Rg) mm Structuring ratio (y;)

Depth of cut d,. Velocity ratio v*

15 0.5

0.01 0.10
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Table 2 The designed geometrical parameters for the circular patterns of the grinding wheel

Circular pattern No.

a b c

re (mm) ds (mm) ¥ (deg) re (mm) dy (mm) ¥ (deg) re (mm) ds (mm) ¥ (deg)
0.5 0.5 0 0.65 0.65 30 0.80 0.8 45

of workpiece surface structures increase, but the structures Also, in Fig. 11, an example for the elliptical patterned
L D decreases with the increasing pattern size. Table 6 con- wheel of number (b) in Table 5 (at zero helical angle (v))
tains the geometrical parameters of the structured surfaces  and the related structured surfaces at an increasing structur-
represented in Fig. 10. ing ratio (y;s) is figured out. The behavior of the structured

surfaces with the increasing structuring ratio (y;) is similar

x10°%

? -10
0 g4 -15
y
Patterned
Segment Wheel

%1073

— =10

Structured Surface Structures LD - ¥

o [[1{1[]]]]

Unit yPatterned z 0 0.2 0.4 0.6 0.8 1
Y
Segment Wheel Structured Surface Structures LD

©

Fig.8 The grinding wheels and the related structured surfaces with different geometries of the circular patterns
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Table 3 The geometrical parameters of the structured surfaces obtained by the circular patterned wheels

The structured surface of circular pattern No.

a b c

Sp (mm) P (mm) ¥ (deg) S (um) Sy (mm) P (mm) P (deg) S (um) Sy (mm) P (mm) P (deg) S, (um)

0.085 0.131 0 0.070 0.112 0.234 3.31 0.120 0.129 0.300 5.71 0.182

o ]

1

 —— -10

Unit Patterned 5% x10° 0 0.2 0.4 0.6 0.8 1
Segment Wheel Structured surface Structures LD

Structured surface Structures LD

(b)

"o 02 04 06 08 1

Segment Wheel Structured Surface Structures LD

©

Fig. 9 The circular patterned wheels and the related structured surfaces at the increasing structuring ratio: (a) y; = 0.75, (b) y; = 0.83, and
(c) ys =091

Table 4 The proposed
parameters for the wheel Wheel radius (R;) mm Structuring ratio (y;) Depth of cut d,. Velocity ratio v*

geometry and the grinding
process with the elliptical 20 0.73 0.01 0.128
patterned wheels
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Table 5 The designed geometrical parameters for the elliptical patterns of the grinding wheel

Elliptical pattern No.

a b c

a (mm) b (mm) ds (mm) ¥ (deg) a (mm) b (mm) dy (mm) ¥ (deg) a (mm) b (mm) ds (mm) ¥ (deg)

0.50 0.25 0.5 0 0.65 0.325 0.65 30 0.80 0.40 0.8 45

to that of the circular patterned wheels. The geometry of the  to that shown in Fig. 10b. But, the longitudinal pitches (P)
structure itself is the same for all patterned wheels similar ~ between structures increase and structures LD decreases

PR
PR

.

Unit Pattrned X * o 0.2 04 06 08 1
Y

Segment Wheel Structured Surface Structures LD

()

ARRRRRRRRARARRRRRARRA
RRRRRRRRARARRRARARRR

AR RARRRARARARAR
ARRRRRRRRARARARARRRAR

0.2 0.4 0.6 0.8 1

Segment Wheel Structured surface Structures LD

(b)

-9.8

ARRRRRRRRRRRRRA
AREERRRRRRR RN

« AENEEEERER NN

y
Unit Patterned
Segment  Wheel Structured Surface Structures LD Y

(0)

Fig. 10 The grinding wheels and the related structured surfaces with different geometries for the elliptical patterns

0.2 0.4 0.6 0.8
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Table 6 The geometrical parameters of the structured surfaces obtained by the elliptical patterned wheels

The structured surface of elliptical pattern No.

a b c

Sp (mm) P (mm) ¥ (deg) S (um) Sy (mm) P (mm) P (deg) S (um) Sy (mm) P (mm) P (deg) S, (um)

0.097 0.152 0 0.0758 0.133 0.274 4.23 0.130 0.174 0.387 7.30 0.200

0.2 0.4 0.6 0.8 1

Unit Patterned Structured Surface Structures LD

Segment Wheel

x 02 04 06 08 1

Structured Surface Structures LD Y

(b)

Yy
Unit Patterned " o .
Segment Wheel Structured surface Structures LD v

(©

Fig. 11 The elliptical patterned wheels and the related structured surfaces at the increasing structuring ratio: (a) y; = 0.86, (b) y; = 0.90, and (c)
ys = 0.95

Table 7 The proposed
parameters for the wheel Wheel radius (Rg) mm Structuring ratio (ys) Depth of cut d,. Velocity ratio v*

geometry and the grinding
process with the polygonal 15 0.65 0.01 0.167
patterned wheels
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Table 8 The designed geometrical parameters for the polygonal patterns of the grinding wheel

Polygonal pattern No.

a b c

re (mm) Nside dg (mm) ¥ (deg) 7 (mm) Niide ds (mm) ¥ (deg) re (mm) Nside ds (mm) ¥ (deg)

0.50 4 0.5 0 0.65 6 0.65 30 0.80 8 0.8 45

x10°

Unit Patterned x 0 0.2 0.4 06 08 1
Segment Wheel Structured Surface Structures LD Y

(@)

Structured Surface Structures LD

x10°3

~— 10

x
Structured Surface Structures LD ° 0.2 0.4 0.6 08 1

©

Fig. 12 The grinding wheels and the related structured surfaces with different polygonal patterns
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Table 9 The geometrical parameters of the structured surfaces obtained by the polygonal patterned wheels

The structured surface of polygonal pattern No.

a b c
Sy (mm) P (mm) ¢ (deg) Sy (um) S, (mm) P (mm) & (deg) Sp(um) S, (mm) P (mm) & (deg) S, (um)
0.167 0.199 0 0.850 0.217 0.349 5.50 0.294 0.248 0.491 9.46 0.745
6 — — — —
5 [
4+ [
> 3 — — — _— 01 x10
- - - =
2 — _— —_— — 7 9.8
1 — — — — * N -9.85
. . N e -9.9 -
Oo -9.95
Unit Par:terned X b = 02 o4 oe o¢ !
Segment Wheel Structured Surface Structures LD v
(a)

0 4 T 95 995

10% mes .10

P?,ﬁfggfd Structured Surface Structures LD

(b)

x10°

Unit
Segment

Patterned
Wheel

Structured Surface

—

Structures LD

0.2

©

Fig. 13 The polygonal patterned wheels and the related structured surfaces at the increasing structuring ratio: (a) y; = 0.73, (b) y; = 0.84, and

(©) ys = 0.89
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due to the increasing circular pitch (P.) accompanied to the
increasing structuring ratio (y;).

3.2 Simulation of the structured surfaces produced
by patterned wheels of polygonal patterns

Next, the structured surfaces produced by grinding wheels
of polygonal patterns are investigated. In this study, the
geometry of the polygonal pattern is defined by the
circumscribed circle radius (r.;) and the number of the
polygon’s sides (Nyiqz.). The operating conditions used
in this investigation for the geometry of the grinding
wheel and the grinding process are listed in Table 7.

Table 8 includes the geometries of the polygonal patterns
designed to be formed on the grinding wheel surface.
Three types of polygonal patterns have been tried with
different geometrical parameters. This includes square,
hexagonal, and octagonal patterns at increasing values of the
circumscribed circle radius (r.s), number of sides (Ny;4e),
and the helical angle (v).

Figure 12 shows the unit segments of the polygonal
patterns mentioned in Table 8, the grinding wheels, and
the related structured surfaces with 2D profiles across the
structures LD. The differences in the size and the type
between the designed patterned wheels are obvious in
Fig. 12. With the increasing size of the polygonal pattern

I

Unit Patterned e
atterne
Segment Wheel Structured Surface Structures LD

x10°3

Unit Patterned
Segment Wheel

0.2 0.4 0.6 0.8 1

Unit
Segment

Patterned
Wheel

Structured Surface

-9.75
-9.8

085 N -9.85

] 0.2 0.4 0.6 0.8 1
Structures LD v

©

Fig. 14 The grinding wheels and the related structured surfaces at different heart-like pattern sizes
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x

Unit
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(b)

y
Unit Patterned
Segment Wheel

Structured Surface

X
Structured Surface

0.2 04 0.6

©

Fig. 15 The heart-like patterned wheels and the related structured surfaces at the increasing structuring ratio

at fixed structuring ratio (y;), the number of patterns on
the wheel surface and the structures LD of the workpiece
surface decreases and the area of unit segment increases.
The geometry of the surface structure and the values of
its geometrical parameters are affected by the pattern type

and the pattern size of the grinding wheel. It can be noted
on the surface structures and their enlarged views that the
workpiece structures are reflections of the wheel patterns on
the workpiece surface. The dimensions of wheel’s patterns
that are parallel to the grinding direction are scaled on

Fig. 16 The ultra-precision surface grinder
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Fig.17 (a) Components of the
ultra-precision surface grinder,
(b) mounting of the grooved
wheel and the workpiece
specimens in position

Coolant

the workpiece surface. But, the others which are normal
to the grinding direction keep the same designed values
of the patterns on the wheel surface. Table 9 includes the
geometrical parameters of the structured surfaces shown in
Fig. 12.

On the other side, the same procedures followed with
the round patterns to illustrate the effect of the changing
structuring ratio () on the structured surface are tracked
with the polygonal ones. Figure 13 displays the patterned
wheels of hexagonal patterns designed in Table 6 but at
increasing value of the structuring ratio (yy). The influence
of the structuring ratio (y;) of the wheel on the obtained
structured surfaces is clear. The geometry of the structures
on the workpiece surfaces shown in Fig. 13 is the same as
that shown in Fig. 12b but at larger values of the longitudinal
pitch (P). This refers to the increasing circular pitch
(P.) of the wheel patterns with the increasing structuring
ratio (y;) (see Eq. 13). The similarity in behavior of the
structured surfaces at the analogous working conditions
with the different types of wheel patterns proves the
efficiency of the presented model for representing the
structured surfaces machined with the specially designed
patterned wheels.

Fig. 18 The model and the real
view of the grooved wheel used
for carrying out experimental
work (N = 2, y;, = 0.50,

¥ = 0deg)

@ Springer

3.3 Simulation of the structured surfaces produced
by patterned wheels of irregular patterns

In addition to the regular geometries, grinding wheels with
irregular patterned geometries and the corresponding sur-
face structures are going to be investigated. Unlike regular
patterns, controlling the geometries of irregular patterns is
to some extent more complex than regular ones. It can be
done by changing and controlling several parameters of the
driving formulas (see Eqgs. 8-9). In this study, the heart-like
pattern is presented as an example for the irregular geome-
try of patterned wheels. The obtained surface structures at
increasing values for the pattern size and the helical angle
() are being analyzed.

Figure 14 demonstrates the heart-like patterned wheels
and the corresponding structured surfaces obtained at an
enlarging pattern size and the same grinding parameters. In
this figure, it can be observed that as the pattern size increases,
the number of patterns on the wheel surface decreases and
the circular pitch (P,.) between them increases. This intends
to minimize the changes in the structuring ratio (ys) of
the heart-like patterned wheel while the pattern size is
increasing as explained before with regular patterned ones.
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Table 10 Working conditions

at the changing velocity ratio Experiment No.

Wheel velocity RPM  Feed rate (mm/min)

Velocity ratio v Depth of cut d. (mm)

a 500
b 600
c 700
d 500

800 0.0102 0.002
700 0.0074 0.002
700 0.0064 0.002
676 0.0086 0.002

Also, different from the regular geometries, the irregularity
of pattern geometry at the increasing size may allow the
pattern to exceed the unit segment borders. So, the designed
dimensions of the unit segments (Ax and Ay) should be
modified to accommodate the increasing value of the pattern
size within the unit segment borders.

Furthermore, regarding the structured surfaces, the struc-
tures’ behavior accompanied to the increasing size of the
heart-like pattern is to a high extent analogous to those reg-
ular. As the pattern size increases, the structure width (S,),
the structure height (S;,), and the longitudinal pitch (P) of
surface structures increase as well. By contrast, the struc-
tures LD decreases with the increasing size of the wheel
pattern. In addition, the pattern dimensions parallel to the
grinding direction are scaled on the workpiece’s structured
surface. While the others normal to the grinding direc-
tion keep the same values as the designed wheel pattern
(see Fig. 14).

Besides, Fig. 15 displays the patterned wheels and the
structured surfaces of the heart-like pattern at an increasing
structuring ratio (y,). The raised structuring ratio (y;) is
realized by growing up the unit segment area while the
designed pattern retains the same size. In this figure, as
the structuring ratio (y) increases, the degree of surface
structuring decreases. This refers to the rising longitudinal
pitch (P) between structures and the falling structures L D
due to the increasing circular pitch (P.) (see Eq. 13).
However, the size of structures (S, and Sj) has not been
affected because of the constant geometry of the pattern size
operating at a similar working condition.

The matching attitudes of the results between regular and
irregular patterned wheels at changing working conditions
and the consistency with the mathematical model can be
considered an evidence for the efficiency of the presented
method for designing, predicting, and manufacturing the
structured surfaces with the specially designed regular
and/or irregular patterned wheels.

4 Verification and experimental work

In this section, the ability and the accuracy of the presented
model to predict and produce the structured surfaces are
going to be measured and evaluated. As shown in Fig. 16,
MUGKT7120X5 ultra-precision surface grinder has been
constructed to be used as the experimental platform. A
KAISER electric spindle was installed on the moving table
of the surface grinder and adapted to move along the X-axis
direction of the surface grinder. A laser displacement sensor
was used for setting the axis eccentricity. The dynamic
balance of the spindle was detected throughout balancing
screws, and the spindle was adjusted to run under balanced
working conditions.

The balance deviation was set to be not more than 1 nm
to ensure stable operating conditions at high speeds and
to meet the requirements of precision grinding operations.
Afterwards, the patterned wheel was mounted on the
electric spindle using a special designed fixture, and the
wheel runout has been minimized. Then, tungsten carbide
(WC) workpiece specimens have been mounted in position
for performing the structuring processes on the machined
surfaces (see Fig. 17).

Figure 18 illustrates the geometry of the grinding
wheel used in the current experimental work. A super
abrasive diamond grinding wheel of 25 mm radius was
prepared by pulsed laser machining system and a motorized
translation stage was used for setting the grinding wheel
in position to perform the laser structuring process. The
grinding wheel is structured by a ratio of 50% in two
straight grooves to be used in performing the structuring
processes.

In this work, two sets of grinding experiments have
been designed. In the first set, the velocity ratio (v¥)
was varying by changing the values of working velocities
while the grinding depth of cut (d.) was constant. For
the other one, the depth of cut (d.) was changing and

Table 11 Working conditions

at the changing depth of cut Experiment No.

Wheel velocity RPM  Feed rate (mm/min)

Velocity ratio v*  Depth of cut d, (mm)

a 500
b 500
c 500
d 500

900 0.0115 0.002
900 0.0115 0.003
900 0.0115 0.004
900 0.0115 0.006

@ Springer



3338

Int J Adv Manuf Technol (2022) 119:3321-3342

Fig. 19 The white light interferometer

the velocity ratio (v*) was kept fixed. Here, the selected
parameters for the velocity ratio and the depth of cut (v*
and d.) are assigned according to the designed geometry
of machined microstructures and the performance of the
grinding machine tool. This aims to machine the surface
structures successfully and ensure the accuracy of predicted
results under several working conditions at the state of
stability. Tables 10 and 11 include the designed values of the
working parameters selected for both sets of experiments
respectively. Then, a white light interferometer (WLI) was
used for inspection and analysis of the structured surfaces’
morphologies after executing the grinding operations. The
device is illustrated in Fig. 19.

The longitudinal pitch (P) and structure width (S, ) have
been selected for the evaluation and comparison between
the predicted and ground geometries of the obtained surface
structures. Figure 20 includes the values for both parameters
at the designed experiments’ sets. Figure 20a represents the
results for experiments carried out at varying velocity ratio
(v*) (Table 10), while Fig. 20b involves the results for those
proceeded at changing depth of cut (d.) (Table 11). The
simulated results are represented by the contentious lines

0.90 0.60
Longitudial Pitch
0.85 o Structure Width - 0.55
g m—Simulation ]
ﬁE? 0.80 B Experiment [ 0.50 'S
e n
< 0.754 045 O
[2] ~
=
& 0.70- Lo.40 £
= =2
T 0.654 - 0.35 s
3 <
= S
g’ 0.60 + 030 §
9 2
0.55 < 0.25 &
0.50 < 0.20
0.45 T T T T 0.15
0.006 0.007 0.008 0.009 0.010 0.011

Velocity Ratio ( V*)
(a)

while the single points are the experimental values produced
at the same operating parameters.

Figure 21 displays the simulated and the machined
structured surfaces obtained at the working conditions listed
in Table 10. The behavior of the longitudinal pitch with the
changing velocity ratio is as expected. While the velocity
ratio (v*) is decreasing (Fig. 21 (a)—(c)), the pitch (P) values
decrease. When the velocity ratio (v*) increases (Fig. 21
(d)), the pitch (P) starts rising. Table 12 contains the values
of the geometrical parameters for the simulated and the
machined surfaces shown in Fig. 21. Figure 22 shows the
obtained structured surfaces using the working conditions
listed in Table 11 at the changing grinding depth (d.).
Table 13 contains the values of the obtained geometries
at the second set of the grinding conditions. Here, as the
velocity ratio (v*) is constant, the pitch (P) values for the
simulated and ground surfaces are approximately constant
as well. A satisfied agreement can be noted between the
simulated and the machined values for the geometrical
parameters of the structured surfaces for both experiments
sets.

Additionally, in Figs. 21 and 22, differences in morpholo-
gies between the structured parts and the ground parts over
each machined surfaces are obvious. This refers to the dif-
ferent formation mechanisms of both parts of the machined
surface. During the grinding process, remained parts of the
wheel surface are responsible for forming the ground parts
of the workpiece surface, while the edges of the wheel’s
patterns reshape the workpiece’s structures. The different
number of active abrasive grains and the related cut chips
between the two regions of the wheel result in the diver-
gence between parts of the workpiece surface. Usually, the
structured parts are rougher than the ground parts over the
workpiece surface.

Also, there are variations between the machined surfaces
at varying velocity ratio and those proceeded at changing
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Fig.20 The values of simulated and experimental geometrical parameters for the machined surface structures at the designed grinding experiments
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Fig.21 The simulated and the experimental structured surfaces at the changing velocity ratio (dimensions in pm)
Table 12 Values of the
obtained simulated and No. Structure width (S,,) mm Longitudinal pitch (P) mm
machined geometrical
parameters of the structured Simulation Machining Simulation Machining
surfaces at different velocity
ratios a 0.325 0.350 0.800 0.830
b 0.195 0.200 0.590 0.630
c 0.205 0.220 0.500 0.540
d 0.338 0.355 0.680 0.710
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Fig.22 The simulated and the machined surfaces at varying grinding depth (dimensions in pm)
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Table 13 The simulated and
the machined surfaces at No. Structure width (Sy,) mm Longitudinal pitch (P) mm
varying grinding depth
(dimensions in pm) Simulation Machining Simulation Machining
a 0.400 0.420 0.900 0.930
b 0.380 0.380 0.900 0.880
c 0.325 0.380 0.900 0.940
d 0.360 0.400 0.900 0.940

cutting depth. These variations are due to the different
influences of both parameters at the nanoscale grinding
operation. According to Li et al. [27, 28], at increasing
grinding velocity, the machined surface becomes smoother
because of the higher chipping volume and the reduced
surface damage. On the other side, the higher depth of cut
raises the energy consumption and surface damage which
reduce the efficiency of the grinding operation.

5 Conclusion

In this paper, the ability for machining the structured
surfaces using specially designed patterned wheels has
been studied. This tends to widen the applicability of the
grinding method in designing and manufacturing advanced
structured surfaces. A mathematical model is built for the
process, and a simulation method is developed. Several
regular and irregular patterns have been applied. The
influences of the wheel patterns on the structured surfaces
have been demonstrated and verified throughout running
the grinding experiments. The conclusions are as follows:

1. Machining of the structured surfaces by the grinding
method using special designed geometries for the wheel
patterns is applicable. Different regular and irregular
patterns such as circular, elliptical, polygonal, and heart
shapes at different working conditions are formulated
and simulated.

2. At increasing pattern size and constant structuring
ratio, the number of patterns on the wheel surface
decreases, and the circumferential distances separating
them on the wheel surface increase.

3. As the size of wheel patterns grows up, the size
of workpiece structures increase and structures linear
density decreases. The structure width, the structure
height, and the longitudinal pitches between structures
increase.

4. At constant wheel pattern size, the structuring ratio of
grinding wheels controls the structures linear density
by adjusting the longitudinal pitch between structures
without affecting the size of the surface structure itself.

5. Dimensions of the wheel patterns parallel to the
grinding direction are scaled on the workpiece surface

unlike those normal to the grinding direction which
don’t differ from those ones designed on the wheel.
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