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Fast Generation of Micro-
Channels on Cylindrical
Surfaces by Elliptical
Vibration Texturing

Micro-structured surfaces are assuming an ever-increasing role since they define the ulti-
mate performance of many industrial components and products. Micro-channels, in par-
ticular, have many potential applications in micro-fluidic devices, micro heat
exchangers, and friction control. This paper proposes an innovative vibration-assisted
machining method to generate micro-channels on the external surface of a cylinder. This
method, referred to as elliptical vibration texturing, was originally developed by the
authors to generate dimple patterns. It uses the modulation of the depth-of-cut by tool
vibrations to create surface textures. The most promising features of the proposed method
are its high efficiency, low cost, and scalability for mass production. It is shown that with
proper combinations of the process parameters the created dimples start to overlap and

form channels. An analytical model is established to predict channel formation with

respect to the overlapping ratios of the dimples. Channel formation criteria and expres-
sions for channel geometries are given along with a channel generation map that relates
channel geometry to the process parameters. Experimental results are given to verify the
model. A further example of micro-pattern generation is also given to showcase the flexi-
bility of the process. [DOI: 10.1115/1.4027126]

e-mail: k-ehmann@northwestern.edu

Keywords: elliptical vibration cutting, micro-channel, micro-dimple, surface texturing

1 Introduction

Micro-structured surfaces represent a new trend of promising
technologies for enhancing the functionality and performance of
industrial components. Surface micro-structures, when carefully
designed, can alter the optical, biological, tribological, and ther-
mal properties of the original surfaces. Comprehensive reviews
have been made on micro-structured surfaces and on their theo-
ries, applications, and manufacturing techniques [1,2]. To name a
few applications, micro-pillar arrays are a classic example to
achieve superhydrophobic surface properties, which are bio-
inspired features from the structure of lotus leaves [3]. Undulated
surfaces help in decreasing friction and wear by reducing plough-
ing and are also instrumental in trapping wear particles in the gaps
[4]. Micro-prism arrays are used for enhanced reflection of light,
which are very common in the traffic road signs and in every LCD
screen.

Micro-channels are, particularly, widely utilized in various
applications of micro-fluidic devices [5], micro heat exchangers
[6], and friction reduction [7]. Most applications are based on pla-
nar substrate surfaces, since conventional generation methods for
micro-channels including laser ablation and lithography-based
machining were originally limited to 2D surfaces. One example of
micro-channels (or grooves) on 3D surfaces is the spiral grooves
on journal bearings for friction reduction [8]. The spiral grooves
serve as oil pockets to decrease abrasive wear. Results have
shown an over two-times decrease in wear when compared to
untextured journal bearings [9].

Many efforts have been made towards extending the 3D capa-
bility of existing manufacturing processes (e.g., mechanical
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machining, laser ablation, lithography-based machining, etc.).
Takeuchi et al. [10] developed a sophisticated six-axis NC
machining center for micro-grooving on sculptured surfaces for
optical devices. Holmes et al. [11] introduced projection ablation
methods, such as synchronous image scanning and half-tone
masks, to achieve 3D structuring with complex profiles. Groenen-
dijk [12] integrated a five-axis motion stage to achieve laser abla-
tion on free-form surfaces while Hao et al. [13] developed a
rolling-exposure lithography technique to create large-scale 3D
microstructures on cylindrical objects. Adams et al. [14] used
focused ion beam sputtering to create micro-grooving tools and
managed to machine 13 um wide, 4 um deep, helical grooves on
cylindrical workpieces. Li et al. [15] studied micro-cutting of V-
shaped grooves for roller nano-imprinting. They optimized the
cutting tool design and process parameters for minimized burr for-
mation. All these studies have shown significant progress in solv-
ing difficulties in the creation of microstructures on 3D surfaces.
They, however, were limited in industrial production by their
complicated mechanisms, expensive equipment, low throughput,
or material restrictions.

The elliptical vibration-assisted cutting technique has also been
applied to micro-grooving and, especially, for cutting brittle and
hard-to-cut materials. Lee et al. [16] applied two-dimensional ul-
trasonic vibrations to the micro-grooving of glasses and planar
lightwave circuits. They achieved a better groove shape. Liu et al.
[17] studied ductile mode cutting in grooving of tungsten carbide.
They have found that the critical depth of cut for the transition
from the ductile to the brittle cutting mode is increased several
times with the aid of one-dimensional ultrasonic vibrations.
Machined micro-channels and quadrangular pyramids with signif-
icantly improved form accuracy using elliptical vibration cutting
were demonstrated by Kim and Loh [18]. Suzuki et al. [19] modu-
lated the exciting voltage in elliptical vibration cutting (EVC) to
control the envelope profiles of the tool trajectories to create vari-
ous textured grooves.
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This paper proposes an innovative machining method for the
fast generation of micro-channels: the elliptical vibration textur-
ing process. It utilizes the vibrations of the cutting tool, when
applied in the turning operation, to create controlled parallel
micro-channels on the external surface of a cylinder. The newly
developed process, based on the elliptical vibrations of the cutting
tool, retains the same general principles as the traditional EVC
process [20]. It, however, differs in the cutting mechanism. The
EVC process utilizes the vibration of the tool to improve the local
cutting conditions, e.g., to decrease the effective chip thickness
and to reduce the contact time between the tool and the work-
piece, while the elliptical vibration texturing process uses the
modulation of the cutting depth by the tool vibrations to create
surface textures. According to the definition of the horizontal
speed ratio (HSR) in Ref. [20], EVC processes create overlapping
cutting trajectories for which HSR is less than one. The proposed
method works in the range where HSR is greater than one, to gen-
erate non-overlapping tool trajectories. The vibrations in the
depth-of-cut direction dictate the texturing process, while the
vibrations in the cutting direction vary the cutting speed, (in the
continuous cutting mode, HSR > 1). Compared with the fast tool
servo (FTS) technology (one-dimensional), such as Ref. [21], the
proposed method adds an additional degree-of-freedom in the cut-
ting direction offering more flexibility in controlling the texture
profile, it is fast and, as such, saves time and reduces costs in
industrial applications.

The most promising features of the proposed method are its
high efficiency, low cost, and scalability for mass production. Of-
ten the bottlenecks for the applications of micro-structured surfa-
ces in consumer products are exactly in these three areas. The
elliptical vibration texturing process is about three orders of mag-
nitude faster than other commonly applied manufacturing meth-
ods. Laser ablation and conventional mechanical machining
usually take several seconds to create a dimple. For example,
when using elliptical vibration texturing more than 25 thousand
dimples are generated in a second thanks to the ultrasonic vibra-
tion frequency of the tool. The cost of the process is no different
than in the conventional machining method, since the process can
be easily incorporated into conventional lathes or three axes com-
puter numerical control (CNC) machines. No expensive or speci-
alized machines are required. The scalability of the process
manifests itself in two areas: (a) it can be applied to large areas as
compared to lithography-based methods and (b) it is suitable for
production in large quantities.

The paper starts with an introduction to the elliptical vibration
texturing process along with the experimental setup for the pro-
cess. Then, the theoretical analysis of micro-dimple and micro-
channel generation is given. Experimental results are presented
and compared to the analysis. Finally, the flexibility of the process
is demonstrated by extending the method to the creation of more
complex micro-patterns. It should be noted that the proposed
method has the capabilities to process a wide selection of materi-
als, although in the current paper only aluminum is used as a
model material to verify of the geometric and kinematic models
of the process.

Cutting
tool

+ —

Elliptical Primary cutting
vibration locus ~ motion
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2 Elliptical Vibration Texturing

The authors have developed the elliptical vibration texturing
method designed to create micro-dimple arrays on cylindrical
surfaces [22,23]. This process can be extended to generate spiral
micro-channels on curved surfaces by carefully choosing the pro-
cess parameters. All parallel channels are created simultaneously
with the proposed method, which can be “imagined” as the gener-
ation of a multi-threaded rod in a single-path cutting operation.
The detailed analysis, which is the focus of this paper, will be
given later. However, for the sake of completeness of the concept,
the original process is briefly introduced first.

2.1 Principle of Operation. The elliptical vibration texturing
process originated from the authors’ previous work that has
introduced the concept of the surface-shaping system [24]. A peri-
odic tertiary motion is applied to the cutting tool in the depth-of-
cut direction besides the primary (cutting) and secondary (feed)
motions. When applied to cylindrical turning, a kind of fast tool
servo device could be utilized to realize the concept. The so-
called fast tool servo devices typically utilize a piezoelectric actu-
ator to obtain high precision motions up to a several hundred hertz
bandwidth [25]. One example of this concept is applied to textur-
ing the external surfaces of journal bearings to reduce friction
[26]. However, the efficiency of this original design is not satis-
factory. The cutting speed is also limited by the frequency of the
tertiary motion, since the variation motion in the depth-of-cut has
to be synchronized with the cutting motion. The low frequency
(several hundred hertz) of the tertiary motion results in a low cut-
ting speed, which deteriorates the surface finish.

All these concerns can be alleviated by adopting the ideas that
were introduced by the concept of ultrasonic elliptical vibration
cutting. Moriwaki and Shamoto [27] first applied the elliptical
vibration cutting process with the aim of reducing the cutting
force and the chip thickness. The key component of their device
was a well-designed vibrator, which could deliver an elliptical
tool trajectory at an ultrasonic frequency. It utilizes the coupled
resonant vibrations of the tool holder structure to achieve high
vibration amplitudes in the ultrasonic frequency range. Later, vari-
ous studies have been dedicated to the further development of this
process, including steel cutting using diamond tools [28,29], tung-
sten carbide machining [30,31], ductile cutting of brittle materials
[32,33], etc.

In the proposed elliptical vibration texturing process, a similar
elliptical trajectory is applied to the cutting tool as in the EVC
process. The two-dimensional vibrations can be decomposed into
two perpendicular vibrations in the cutting direction and the direc-
tion perpendicular to the workpiece surface. The vibrations in the
depth-of-cut direction dictate the texturing process. The vibrations
in the cutting direction add an additional means of controlling the
geometry of the generated structures, e.g., the convexity of the
bottom shape of the dimples.

As summarized in Fig. 1, the resultant tool trajectories are the
result of the combined motions of the tool’s elliptical vibrations,

200
150

' 100 feed
50

direction /pm

cutting
direction /pum

Fig.1 Schematic of the elliptical vibration texturing process
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the cutting and feed motions, which create periodic variations in
the surface profile. When the process is applied to the turning
operation, the tertiary motion lies in the plane perpendicular to the
axis of the cylindrical workpiece. The efficiency of the process is
determined by the vibration frequency of the tool, which is in the
ultrasonic frequency range. The cutting velocity (workpiece rota-
tion speed) is also increased accordingly due to the high frequency
vibration. For better understanding, an example of the generated
surface is also illustrated in Fig. 1. If the tool’s tertiary motion is
predetermined, the arrangement of the dimple patterns is influ-
enced by the process parameters (cutting speed and feedrate). The
dimple shape is determined by tool geometry.

2.2 Tertiary Motion Generator. The tertiary motion genera-
tor is designed to generate an elliptical trajectory at a fixed ultra-
sonic frequency. The device utilizes the coupled resonant
vibrations of the structure to achieve high vibration amplitudes. It
works at one distinct frequency, which is the intrinsic feature of
the mechanical structure. The computer aided design (CAD)
model of the design is shown in Fig. 2. Two standard Langevin
transducers are held together at one end with a flexure structure.
The angle between the two transducers is 60 deg. Through modal
analysis, two distinctive vibration modes associated with the flex-
ure can be identified. In one mode, the flexure vibrates symmetri-
cally to create a normal motion in the depth-of-cut direction,
while in the other mode the flexure vibrates asymmetrically to cre-
ate a shear motion in the cutting direction. The structure is care-
fully designed in a manner to assure that the resonant frequencies
of the above two modes are coincident. So, both modes are
excited at a nearly identical frequency with a certain phase shift,
resulting in the elliptical trajectories. The detailed description of
the design has been discussed in the authors’ previous work [22].

2.3 Experimental Setup. Elliptical vibration texturing
experiments were performed in a turning operation to demonstrate
micro-structure generation on the external surfaces of cylindrical
workpieces. The machining setup, shown in Fig. 3, was arranged
on a customized micromachining setup in the form of a vertical
lathe. The cutting tool used was a single crystal diamond insert
with a nose radius of 200 um. The tool was oriented with respect
to the workpiece at a zero rake angle and a 7 deg clearance angle.
The tertiary motion generator is excited at 27.4kHz. The vibra-
tions amplitudes were 9.0 um in the depth-of-cut direction and
9.0 um in the cutting direction, respectively. The phase angle,
defined as the phase shift angle between two sinusoidal vibrations
in the two orthogonal directions [22], was 12 deg. The orientation
of the elliptical tool trajectory, which is characterized by the tilt
angle between the major axis of the ellipse and the depth-of-cut
direction, was measured to be 40 deg. The workpieces were 3 mm
in diameter made of Aluminum 2011.

Cutting

PZT rings
direction

Depth
direction

Insert

End mass Head block

(flexure)

PZT rings

Base block

Fig.2 3D model of the tertiary motion generator
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Tertiary
motion
generator
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Fig. 3 Experimental setup

3 Theoretical Analysis of Micro-channel Generation

In this section, a theoretical analysis is carried out first on the
dimple pattern geometry and the dimple shape itself. This analysis
constitutes the basis for the development of the channel genera-
tion methodology. Channels are formed when the dimple gaps
decrease to a point where the dimples start to overlap in one direc-
tion. The overlapping ratio of the dimple areas will be introduced
to predict channel formation. For the derivation of an analytical
expression for the overlapping ratio, the dimple geometry is
approximated by a diamond shape, whose two diagonal lengths
match the dimple’s height and width. The channel geometry is
defined and theoretically calculated. A channel generation map is
given for the prediction of channel formation under different pro-
cess parameter conditions. Combining both the channel geometry
expressions and the channel generation map, the proper process
parameters are determined given the desired channel shape.

3.1 Dimple Array Geometric Definition. Typical dimple
patterns and their geometrical relationships are depicted in Fig. 4.
The horizontal direction is the feed direction in the turning opera-
tion, while the vertical direction is the cutting direction. If the
vibration trajectory and frequency are predetermined, the relative
positions of the dimples are determined by the process parameters,
i.e., the spindle speed and feedrate.

The ratio of the excitation frequency of the tool vibration and
the spindle speed is defined as 4, the “cutting frequency ratio.” It
can be separated into an integer K and a fractional part, ¢, i.e.

A:%:Kﬂ 1

where f is the excitation frequency, and N is the spindle rotation
speed (RPM). K determines the number of dimples around the cir-
cumference of the workpiece, while ¢ decides the phase shift dis-
tance, 0, between two consecutive columns of dimples. The phase
shift can be expressed as:

feed

Workpiece

Feed direction

Fig.4 Dimple array geometry definition
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5 = 2Rt @

A

where R, is the radius of the workpiece.
The dimple separation distance, d, along the cutting direction is
defined by

2R
d =" 3)
A

The gap in the lateral direction, as indicated in Fig. 4, is just the
feed, which is defined in the unit of length per revolution. All
these characteristic variables are only depending on the proper
combination of process parameters, spindle speed and feedrate, in
Eq. ().

3.2 Geometric Analysis of Channel Generation. When the
feed and/or ¢ are decreasing, the dimples start to overlap each
other. As shown in Fig. 5, depending on the direction in which
overlapping occurs, the channels are formed in one of three possi-
ble directions to be denoted as Mode I, Mode II, and Mode II1.
Mode I and Mode Il channels are formed by connecting dimples
in adjacent columns. Mode I channels lie in the first and third
quadrants; while Mode Il channels lie in the second and fourth
quadrants. Mode III channels form by connecting dimples in every
second column. Representative channel shapes for each mode are
shown in Fig. 5. Channel formation is related to the process pa-
rameters, as well as the tool geometry. The criteria for channel
generation need to be determined to answer questions whether
certain process parameter combinations will generate channels
and which channel mode is in effect.

The dimple shape itself is a replica of the tool geometry. It is
also determined by the tool vibration trajectories. If the elliptical
motion can be decomposed into two sinusoidal functions in the
cutting and depth-of-cut direction and expressed by

X = A, sin(w,t )
X . ( f+q),x) (4)

Y = A, sin(wt)
where X is the tool displacement in the cutting direction, Y in the
depth-of-cut direction, o, is the angular velocity of the vibrations,
@, is the phase shift between the two motions and A, and A, repre-
sent one half of the vibration amplitudes. Then, one can define the
effective feature depth, considering the vibration amplitudes of
the cutting tool, by a piecewise function

- 24, DOC > A, s
=1 DOC +4, DOC <A,

where DOC is the nominal depth-of-cut set by the lathe (without
considering the tool’s vibrations).

. 2xfeed |
< %
] L
= . Q ¥ Mode I
lMode 117 T ~/—fﬁ;;;;;;‘// =
""" J < ey ~
X

<
\> < N w7 '
SNl A feed Mode I
y v B
. .
Mode I N\ Modell
N > Mode 111

)

all units in pm

Fig. 5 Channel generation schematics and simulated channels
in different modes
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The effective feature depth is the actual depth of the generated
dimples or channels. When the nominal DOC is smaller than one
half of the axial vibration amplitude, as shown by Case 1 in Fig.
6, the effective feature depth is just the distance from the original
workpiece surface to the lowest point on the tool’s vibration tra-
jectory. When the nominal DOC exceeds A, (Case 2 in Fig. 6), the
effective feature depth is the peak-to-peak amplitude of the tool’s
vibration (24,).

The dimple width is derived as

W =2/R2 — (R, — teir)’ (6)

where R, is the tool noise radius.

The dimple length is influenced by both the tool vibration and
the nominal cutting velocity (spindle speed). To calculate the dim-
ple length, the coordinates of two points, #; and 7,, need to be
found in Fig. 6. According to the figure, ¢, is a particular solution
in the range of 0 and /2w of the equation

Aysin(wt) = tegr — Ay @)
then #, is another solution of Eq. (7) and is defined by
bh=-ot — 7 ®)
The dimple length then can be expressed as

27RoN

L =2A, cos(wty) sin(e,) + %0

(1 — 1) )

When the DOC is greater than A, (Case 2 in Fig. 6), the effective
feature depth is constant at 2A,, and the solution for Eq. (9)
reduces to

o 27‘[RON
T 60f

10)

which coincides with the expression for the dimple separation dis-
tance, d, in Eq. (3).

To predict channel formation a process-dependent variable to
be referred to as the “overlapping ratio” of the dimples will be
introduced. To simplify the calculation of the overlapping ratio,
the actual dimple geometry/area will be approximated by a dia-
mond shape (Fig. 7(a)). The half diagonal length in the circumfer-
ential (vertical) direction, L/2, will be denoted by b, the half
diagonal length in the axial (horizontal) direction, W/2, by a, and
the height of the diamond by H. It should be noted that the actual
dimple shape is an approximate ellipse, so this assumed inscribed
diamond is an underestimate of the dimple shape area.

Since the analysis procedure to be presented is very similar for
each mode, only Mode I will be presented in detail. The schematic
of dimple overlap layout in Mode I is plotted in Fig. 7(a), along

Case 1: DOC<A,

Case 2: DOC>A,

Workpiece surface

Dimple length

_a | stationary
position

Depth of cut

0 20 40 60 80 100 120 140
Cutting direction

Fig. 6 Effective feature depth and dimple length diagram
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Fig. 7 Channel formation: (a) dimple overlap diagram (b) well-
formed channels (c) small principal overlapping ratio and (d)
non-zero minor overlapping ratio

with representative examples of channel formation based on dif-
ferent overlapping ratios in Figs. 7(b)-7(d). The variables in the
figure that are related to the process parameters are the horizontal
gap, feed, and the phase shift distance, . The value of feed equals
to the value of the feedrate. According to Egs. (1) and (2), ¢ is
determined by the workpiece radius and the cutting frequency ra-
tio, which is the ratio between the tool vibration frequency and
the spindle speed.

According to Fig. 7(a), one can define the overlapping ratio, r,
as the intersection area of two overlapping diamond shapes di-
vided by the area of the diamond itself. The overlapping ratio is a
good indicator of how well a channel is formed. Intuitively, a
larger overlapping ratio, r, results in a better formed channel.

Two important angles in the figure are defined, which are the
aspect ratio angle of the diamond

o= arctan (l_)) (11)
a

and the channel orientation angle

0= arctan (fi> (12)
eed

The overlapping ratio, r, for Mode I is then derived as

h h
= <1 —#) : (1 —ﬁz) (13)

hy = /& + feed? - sin(o + 0) (14)
hy = £/ 6% + feed? - sin(|o — 0]) (15)

where

Fig.8 Schematic of "multi-threaded" spiral channels
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Table 1 Expressions for channel geometries

Mode Channel orientation 0 Channel width w,. Pitch p
I (/ 1 ) dcot(]0])
arctan | —
‘eed .
I d—5 2bsin(|0]) 0] > o dcot(|0])
— arctan feed 2acos(0) 0] <a
1
111 arctan d—26 Edcot(|9\)
2feed
Mode 1 Mode 11
02t 4
%s N

feed/W

o

Feedrate (um/rev)

Channel width (um)

oo | Ao averlapping -
0 1
Fig. 9 Generalized channel generation map
20 . . . !
- Mode I
I Viode 1T
1or [ IMode 11
DOC=0um
19,927 20,048 20,171 20,206 20,350
25 ; :
15} 4
5} | DOC=3um
19900 20,048 20,206 20,350
15 {
50 | DOC=10um
19,900 20,048 20,206 20,350

Spindle speed (RPM)

Fig. 10 Channel generation map
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Fig. 11 Feasible region for channel generation
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In a similar manner, overlapping ratios can be defined for Mode 11
and Mode III channels as well. The maximal ratio of the three
determines the channel mode (Fig. 5), and will be referred to as
the “principal overlapping ratio.” A channel will form in the
dashed line direction, indicated by the orientation angle, 6. The
closest dimple in the adjacent channel is located at center o,
where OO is the distance between two channels. The overlapping
ratio between these two adjacent dimples (O and O") is another
determining factor for channel formation and will be referred to
as the “minor overlapping ratio.” The minor overlap of the dim-
ples can be viewed as a “disturbance” to the principal channel
mode, which deteriorates the channel formation process. Ideally, a
smaller minor overlapping ratio results in better separated and
well-defined channel formation. Since the simplified dimple ge-
ometry is inscribed in the actual dimple shape, it is an underesti-
mate of the actual dimple size. The threshold for the minor
overlapping ratio can be set at zero to ensure a minimal overlap
between two neighboring channels. A zero minor overlapping ra-
tio condition is satisfied by

dcos(0)sin(e+0) > H, or
(16)
dcos(0)sin(jo — 0]) > H

In general, a larger principal overlapping ratio gives a smoother
finish for a channel. A minimal value can also set on the principal
overlapping ratio for acceptable channel formation. An example
of ill-formed/incomplete channels due to a too small principal
overlapping ratio is shown in Fig. 7(c). The principal and minor
overlapping ratios are 0.52 and 0, respectively. For comparison,
the baseline showing well-formed channels is plotted in Fig. 7(b)
with overlapping ratios of 0.82 and 0. A non-zero minor overlap-
ping ratio deteriorates the principal channel mode. An example of
incomplete channels due to a non-zero minor overlapping ratio is

=

=
el
<t

Il
kS

-0.75000

plotted in Fig. 7(d) with a principal ratio of 0.70 and a minor ratio
of 0.17.

Channel geometry can be derived from the process parameters.
The spiral micro-channels generated by the elliptical vibration
texturing process are in concept very similar to a multi-threaded
screw. The schematic of the geometry is shown in Fig. 8. The
major geometrical parameters include the channel width w,, the
pitch p, and the orientation angle 0 that is defined as the angle
between the channel and the axis of the cylinder. The channels are
generated by extending the original dimple generation method
[23]. The process parameters are carefully chosen to overlap the
dimples to form consecutive channels.

The channel geometries for Mode I channels can be obtained
according to Fig. 7(a). The channel orientation angle is just the
angle 0 in the figure, where the sign of the angle is defined accord-
ing to Fig. 8. The expression for 0 is given by Eq. (12).

The channel width is derived from

2bsin(|0]) 0] > «
.= a7
2acos(f) 0] <«

The pitch, p, of the spiral channels is the distance between the ad-
jacent channels in the feed direction, which is given by
_ 27TR()N
o 60f

cot(|6]) = dcot(|0)]) (18)

where d is the dimple separation distance as defined in Fig. 5.

The lead of the spiral channels, similar to the definition for
threads, is the distance along the feed direction over a complete
revolution of a single channel and is given by K - p, where K is
the integer part of the cutting frequency ratio, A, as defined by Eq.
(1) and it determines how many separate channels are created.

04 ‘ , ‘ 04
—~~ 0 [
£
>
= ]
(=] ]
D 1.05;
I ]
0 0.05 0.1 0.15 02 0 0.05 0.1 0.15 02
Cutting direction (mm)

Fig. 12 Comparison between experiments and simulation of surface topography and profiles for dimple arrays
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channels (N = 19,906 RPM, feed = 10 um, DOC = 3 um)

Similar analyses can be applied to Mode I and Mode Il chan-
nels as well. The results are summarized in Table 1.

3.3 Channel Generation Map. Channel formation character-
istics can be calculated based on the thresholds of the principal
and minor overlapping ratios for various process parameters (spin-
dle speed, feedrate, and DOC). As analyzed in the previous sec-
tion, for successful channel generation the principal overlapping
ratio should exceed a threshold value. This threshold value is set
to be 0.65 for a smooth channel formation based on the results
from the experiments and simulations. The condition for the
minor principal ratio is set at 0 for minimal overlapping in
the cross-channel direction. As a generalized example in Fig. 9,
the X axis is ¢, the non-dimensional variable representing the spin-
dle speed as determined by the ratio of the tool vibration fre-
quency and the spindle speed [(Eq. (1)]. The Y axis is another
non-dimensional quantity, which is a function of the feedrate,

Journal of Manufacturing Science and Engineering

vibration amplitudes, DOC, etc. The figure shows the contour plot
of the values of the principal overlapping ratio for the three chan-
nel modes, where each mode is dominant in a specific range of «.
For example, when ¢ is between 0 and 0.3 the overlapping area in
the Mode I direction is the largest among the three modes. The
principal overlapping ratio then is defined in Mode I and is calcu-
lated according to Eq. (13). The shaded areas in the figure corre-
spond to the conditions where the minor overlapping ratio is
greater than zero. According to the channel generation criteria,
only when the principal overlapping ratio exceeds 0.65 and the
minor overlapping ratios remains 0, a channel will be successfully
formed. This condition is indicated in the figure by the area
enclosed by the contour line labeled as 0.65, excluding the shaded
area.

For the specific case used in the experiments described below,
the channel generation maps are explicitly evaluated for the given
spindle speed, feedrate and DOC and plotted in Fig. 10. For each
combination of feedrate, spindle speed, and DOC, the principal
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and minor overlapping ratios are calculated and the channel for-
mation is determined accordingly. These maps are corresponding
to the experimental conditions as described in the experimental
setup section. The workpiece has a diameter of 3 mm, the cutting
tool has a nose radius of 200 um, the vibration amplitudes are
9.0 um in both directions with a phase angle [22] of 12 deg and
the exciting frequency is at 27.4 kHz. The variables are the spin-
dle speed, feedrate, and DOC. The spindle speed is chosen from
19,900 to 20,350 RPM, the feedrate is kept between 1 and 25 um/
rev, and the nominal DOC is chosen at O um, 3 um (less than half
of the vibration amplitude), and 10 um (greater than the vibration
amplitude. From the map, it can be concluded that: (1) only the
right combinations of the spindle speed and the feedrate will gen-
erate micro-channels. Neither variable is a determining factor for
channel generation. (2) The map repeats itself along the spindle
speed axis, so it is a periodic function of the spindle speed. Within
a period, the spindle speed influences the channel mode, while
between periods the spindle speed determines the number of par-
allel channels generated on the cylinder.

By linking the channel geometry expressions and the channel
generation map, the proper process parameters can be determined
given the desired channel shape. From the channel generation
map in Fig. 10, the successful channel formation mode can be pre-
dicted given the spindle speed, feedrate and DOC. The resultant
channel geometries (orientation and width) can be calculated
according to Table 1. This step links the process parameters to the
channel geometry. The calculation is done for every possible
channel formation condition. An inverse relationship then can be
established by reversing the link, which outputs the required pro-
cess parameters from the channel geometry. It should be noted
that this mapping from channel geometry to the process parame-
ters is neither injective nor surjective, i.e.: (1) not all combinations
of parameters will generate a channel; (2) not all channel geome-
tries are feasible; and (3) multiple process parameters could gen-
erate the same channel geometry. As an example, a feasible
region for channel generation is given in Fig. 11. The spindle
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speed is chosen between 10,000 and 30,000 RPM, the feedrate is
from 1 to 25 um/rev and the DOC is kept at 3 um, i.e., the same as
for the experimental conditions.

4 Experimental Verification

The experimental setup has been described before. The first set
of experiments was aimed to verify the dimple pattern analysis
given in Sec. 3.1. The spindle speed was set to 15,000 RPM, the
feedrate was kept at 35 um/rev and the nominal DOC was —2 um
(2 um above the workpiece surface). The results are shown in
Fig. 12. The generated surface topography and surface profile
along the cutting direction are plotted on the left, while the corre-
sponding simulation results are illustrated on the right. The meas-
ured and theoretical values of the feed, phase shift distance, J, and
dimple separation distance, d, are compared and listed in the fig-
ure. The elliptical vibration texturing process produces the dimple
arrays as predicted. This is the foundation step to overlap the dim-
ples to generate channels.

Building on the analysis on channel formation, three examples
of comparison between the experimental results and simulations
are given in Fig. 13, including good and incomplete channel for-
mation. The input parameters for the experiments as well as the
simulation are kept the same as listed in the caption of the figure.
According to the results, the experiments match the simulation.

For the Mode I channels in Fig. 13(a), the major overlapping ra-
tio is calculated to be 0.82; while the minor overlapping ratio is 0.
The channel orientation angle is estimated to be 12.7 deg, and the
channel width is 83.5 um. For the Mode II channels in Fig. 13(b),
the major and minor overlapping ratios are 0.75 and 0, respec-
tively. The channel orientation angle is —47.5 deg (towards the
left). The channel width is 80.0 um. Based on the channel genera-
tion criteria, good formation of channels is expected for these two
cases. The channel geometries are hard to quantify accurately,
since the channel orientation angle depends on the placement of
the workpiece and there is no clear inflection point on the surface
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profile to determine the width. Nevertheless, the approximate
measurement results match the theoretical calculation, and the
simulations closely predict the channel geometry.

For the incomplete channel formation case in Fig. 13(¢), corre-
sponding to Mode Il channels, given that the major overlapping
ratio is only 0.61 and the minor overlapping ratio reaches 0.37, a
blended dimple/channel surface topography is generated. The
dimples overlap not only in the channel formation direction, but
also between different channels, generating this unique pattern
with reduced feature depth.

The experimental results, as expected, verify the concept of the
spiral micro-channel generation process, however, there are two
observations from the results that need to be addressed:

(1) The generated channels are not perfectly straight as pre-
dicted by the simulation. This is due to the unstable spindle
rotation speed of the machine. This phenomenon is more
prominent at the relatively low spindle speeds, where it was
found that the channels display sinusoidal patterns, as
shown in Fig. 14. This is predicted by adding a periodic
variation to the spindle speed. If the variation is assumed to
be in the form of a sine function, and the frequency and the
peak-to-peak amplitude of this function are taken as 20 Hz
and 2 RPM, the simulation results successfully capture the
sinusoidal patterns of the channels. This observation points
to the possibility to further extend the proposed method’s
capabilities in generating complex channel geometries, e.g.,
curved channels, by precise control of the spindle speed.

(2) The simulation tends to overpredict the channel or feature
depth. This can be attributed to several reasons. One is pos-
sibly from the reduced vibration amplitudes while cutting.
Since the vibration trajectories are recorded with no load,
the system dynamics change when texturing dimples. The
vibration amplitudes are very likely to be reduced due to
the external resistance force (no position feedback of the
tool motions is provided). The second possible reason is
due to the complicated micro-cutting mechanics, because
the cutting depth is so small, the ploughing and elastic re-
covery effects are not negligible and should be taken into
account. This has been discussed partly in our previous

+3.50000
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Fig. 15 Demonstration of micro-pattern generation
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work [23]. Another reason may be due to the motion error
of the linear stage that sets a smaller DOC than the com-
manded one.

Crossing channels can also be created on the cylinder’s surface,
which results in micro-pattern generation, as shown in Fig. 15.
Mode Il channels were first created on the workpiece while the
Mode I channels with a different orientation angle were overlaid
on the existing textures to create pyramid-like shapes. This exam-
ple shows the capabilities of this elliptical vibration texturing
method for generating more complex patterns. If the cutting tool
geometry is carefully designed, it is possible to generate desired
patterns in very effectively in very short time using this method.

5 Conclusions

This paper has proposed the elliptical vibration texturing pro-
cess for the generation of spiral micro-channels on cylindrical
surfaces. The applications of such functional surfaces are usually
for micro-fluidic devices, micro heat exchangers, and friction
reduction. This newly developed method utilizes the tool’s vibra-
tion to create modulations in the cutting depth. It was originally
proposed by the authors to create micro-dimple arrays on cylindri-
cal surfaces. Through the analysis, it was shown that micro-
channels could be formed by overlapping the created dimples.
This was achieved by carefully choosing the process parameters,
i.e., the rotation speed and the feedrate.

There are three possible channel modes depending on the over-
lapping direction. The geometric analysis has been given in detail
to relate channel formation to the overlapping ratios of the dim-
ples in two directions, namely, along the channel and perpendicu-
lar to the channel. Thresholds on the overlapping ratios were set
for channel formation. Thus, a channel generation map was cre-
ated to relate the channel geometries and the process parameters.

Experimental results were provided to verify the analysis. It
was first shown that the process is capable of producing dimple
arrays as predicted. Second, based on the analysis of channel for-
mation, the channels were successfully generated in the experi-
ments using the calculated process parameters. The obtained
geometric features are very close to the theoretical values and
match the simulations quite well.

A discussion has been given on the curved shapes and reduced
depth in the experimental results. The curved channels were due
to the variation of the spindle speed. This feature has been also
predicted from the simulation by adding a sinusoidal variation to
the spindle speed. The reduced feature depth was attributed to be
due to the system dynamics, micro-cutting mechanics, or the
machine’s motion error.

A further example of creation of micro-patterns using the ellip-
tical vibration texturing process was also given, which shows the
versatility of the process.
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