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a b s t r a c t

The elliptical vibration texturing process is a vibration assisted machining method for the fast

generation of micro structured surfaces. It adds a higher order motion component to the cutting tool

that leads to periodic changes in the cutting depth during the machining process. This results in the

creation of micro-dimples on the machined surface, whose shape is a function of the tool geometry and

trajectory. This paper studies the surface generation mechanics of the elliptical vibration texturing

process through experimentation and modeling. A surface generation algorithm is presented for this

newly developed process. The model fully describes the motion and the 3D geometry of the cutting tool

including its rake face, flank face, and the cutting edge, since all these tool features influence the

topography of the generated surface. Since the process takes place in the micro/meso-scale cutting

regime, the model includes the minimum chip thickness and elastic recovery effects. The experimental

results are shown to validate the simulation model. The simulation model is used to characterize the

influences of the process parameters on the texture patterns. The effects of the tool geometry on the

process, including the cutting edge radius, are also analyzed.

& 2012 Elsevier Ltd. All rights reserved.
1. Introduction

The elliptical vibration texturing process adds a tertiary
motion component to the cutting tool tip, which is a higher order
motion besides the conventional cutting and feed motions (pri-
mary and secondary motions). It introduces deliberate and con-
trollable vibrations between the cutting tool and the workpiece.
The cutting tool vibrates along an elliptical trajectory, which
imposes textures (dimples) onto the workpiece surface as shown
in Fig. 1. The shape and pattern of the textures depend on the
shape of the vibration trajectory (frequency and amplitude), the
cutting speed and feed rate, as well as on tool geometry.

The process establishes a fast and accurate manufacturing
method for micro-structured surface generation, which has many
potential applications in friction reduction [1], self-cleaning
surfaces [2], diffraction gratings [3], etc. It sets itself apart from
other existing processes, such as laser ablation, micro machining,
and micro forming, by its flexibility, efficiency and accuracy.
The new process is adapted from the micro machining process. It
not only holds the benefits of flexibility and accuracy from micro
machining, but also dramatically increases the production rate.
ll rights reserved.
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This process is inspired by the idea of the elliptical vibration
assisted cutting (EVC) process. Early EVC processes utilized one-
dimensional vibrations in the cutting direction, which turns the
continuous cutting process into an intermittent process. The EVC
process reduces the contact time between the tool and the
workpiece, which makes it possible to machine steel by diamond
tools and to achieve optical quality surfaces [4]. Later, Moriwaki
and Shamoto [5] introduced tool vibrations in both the cutting
and chip flow directions in the orthogonal cutting model.
This arrangement significantly reduces the chip thickness and
brings various benefits such as reduced cutting forces, better
surface finish, burr suppression, and longer tool life [6,7]. The EVC
process also offers advantages in the ductile cutting of brittle
materials. By reducing the instantaneous chip thickness [8] and
creating a large negative effective rake angle, the EVC process
remarkably increases the nominal critical depth of cut in conven-
tional cutting, below which the brittle material deforms plasti-
cally and forms a crack-free surface [9].

The schematic of the cylindrical turning operation is shown in
Fig. 2, which depicts the differences between the EVC and the
elliptical vibration texturing processes. Unlike the EVC process,
the elliptical vibration texturing process adds vibrations in the
cutting and radial directions, while in the EVC process the
vibrations are in the cutting and feed directions. The radial
vibration dictates the texturing process by varying the cutting
depth perpendicular to the workpiece surface. The vibration in
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Nomenclature

Ax, Ay, Az tertiary motion amplitudes in X, Y and Z directions
DOC depth-of-cut
d dimple phase shift distance
e fraction part of the cutting frequency ratio
Z elastic/plastic deformation ratio
f tool vibration frequency
feed feed rate
Ga plane-setting angle
Ha elevation-setting angle
h vertical shift of the tool from the centerline
K integer part of the cutting frequency ratio
La roll-setting angle
L0 initial tool position in the feed direction
L̂wk,r̂wk,ŷwk tool coordinates in the workpiece frame
~Lwk, ~ywk discretized tool coordinates
lcut dimple distance in the cutting direction
l cutting frequency ratio
N workpiece rotation speed (RPM)
Nt vibration sampling points
OtXthYthZth tool-in-hand coordinate system

OtXtmYtmZtm tool-in-machine coordinate system
OmXmYmZm machine coordinate system
pe elastic recovery rate (workpiece/cutting edge)
pve elastic recovery rate (workpiece/tool faces)
jx, jy, jz tertiary motion phase shifts in X, Y and Z directions
R0 workpiece radius
Rn tool nose radius
Rx, Ry, Rzhomogenous rotation matrices
rv interference length between the tool faces and the

workpiece
rve elastic deformation limit (workpiece/tool faces)
r radial coordinate in the cylindrical frame
T homogenous translation matrix
tc chip thickness
tce elastic deformation limit (workpiece/cutting edge)
tcmin minimum chip thickness
tcmax limit chip thickness for elastoplastic deformation
W dimple width
os angular velocity of the workpiece rotation
ot angular velocity of the tool vibration
Xinit tool initial radial position
z spatial resolution of the simulation
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the cutting direction offers numerous possibilities for more
complex texture shapes and patterns. It also brings the benefits
of vibration assisted machining into the texturing process, which
could also lead to the texturing of brittle materials.

The key component of the process is the tertiary motion
generator (TMG) which produces an elliptical trajectory at the
tool tip. Many attempts have been dedicated to the development
of high performance transducers that deliver elliptical motion.
Fig. 1. Schematic of the elliptical vibration texturing process.

Fig. 2. Illustration of the elliptical cutting and elliptical texturing processes.
Among them, Moriwaki and Shamoto’s design [7] was the first
attempt to incorporate a resonant piezo actuator in elliptical
vibration cutting. Notable works also include Brinksmeier and
Glabe’s [10], Li et al.’s [11], and a commercial device EL-50 from
Taga Eletric co., Ltd. [12] in the elliptical vibration cutting
application. In the research area of ultrasonic motors, Kurosawa
et al. [13] developed a V-shaped ultrasonic transducer, which can
produce large vibration amplitudes in a compact size. Later Zhang
et al. [14] developed a similar device based on Kurosawa’s
concept. Asumi et al. [15] further miniaturized this design.

A novel TMG developed by the authors is based on Kurosawa’s
idea, and is optimized for the elliptical texturing process.
The device is working in the resonant mode in the ultrasonic
frequency range. The cross-sectional view of the design is shown
in Fig. 3. Details on the operating principle and the design of the
TMG along with its performance assessment are given in [16].

There are many approaches for the prediction of surface
generation in turning. Hong and Ehmann [17,18] proposed a
generalized model of the surface generation process, which could
include the tertiary motion of the cutting tool. Cheung et al. [19]
and Kim et al. [20] developed simulation models for face turning
through ultra-precision diamond turning and discussed the tool
Fig. 3. Design of the resonant-mode tertiary motion generator (TMG).
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vibration effect on the surface topography. Lin et al. [21] estab-
lished a simulation model for the cylindrical turning operation.
All these previous efforts cannot be directly applied to the
elliptical vibration texturing process, for the following reasons:
(1) all of them only include the cutting edge in the simulation,
while in the elliptical vibration texturing process, the tool face
and flank all contribute to shaping the final machined surface due
to the tool’s vibration; (2) many of the studies focus on the
resultant surface roughness, while, in the current study, the
detailed 3D topography of the machined surface is of greater
interest; (3) previous works do not consider the cutting edge
radius, elastic recovery, minimum chip thickness, etc., which play
an important part in the micro-cutting mechanics. In the case of
elliptical vibration texturing, it is imperative to incorporate these
micro-cutting effects, since the vibration of the tool periodically
changes the cutting depth from zero to the maximum depth, and
the depth of the micro-features has a magnitude of several
microns. Liu et al. [22] proposed a surface generation model for
micro-end-milling, which is one of the few attempts in the
literature to include the minimum chip thickness concept into
the simulation of the surface generation process.

The objective of this paper is to study the surface generation
mechanics of the elliptical vibration texturing process through
experimentation and modeling. A surface generation model is
developed to simulate the process. This generic surface simula-
tion model focuses on the unique feature of the process: the high
frequency and high amplitude vibrations between the tool and
the workpiece, and models the process in the micro-cutting
context. The structure of the paper is organized as follows.
The surface generation model is first introduced in Section 2
followed by experimental verification in Section 3. The process
analysis based on the simulations is discussed in Section 4, while
conclusions are provided in Section 5.
2. Surface generation model

When the elliptical vibration texturing process is applied to
cylindrical turning, the tertiary motion of the cutting tool causes
Fig. 4. Flow chart of the surfa
complex interactions between the cutting tool and the workpiece.
The vibration in the cutting direction periodically changes the
cutting speed. The vibration in the radial direction changes the
depth-of-cut. This is the driving factor for the generation of the
texture. The terms, tertiary motion and tool vibration will be used
interchangeably in this paper when referring to the periodic
motion of the cutting tool. The cutting tool geometry determines
the dimple (texture) shape. Besides, not only the cutting edge
generates the surface (as often is the case in the conventional
single-point diamond turning process), but the rake and flank
faces of the cutting tool also play important roles in shaping the
final surface features. For example, the clearance angle may
change to a large negative value due to the vibration of the tool,
which results in a large interference volume between the flank
face and the workpiece. The ploughing effect on the surface
topography induced by the tool faces should be considered in
the simulation.

In this process, since the depth-of-cut approaches or actually is
of the same scale as the cutting edge radius, the radius of the
cutting tool can no longer be ignored. This changes the funda-
mental material removal mechanism from the shear dominant to
the ploughing dominant regime. When the depth-of-cut
decreases even further, there is a point where no chip will form
[23]. This is known as the minimum chip thickness effect. The
elastic recovery of the material is also not negligible when the
depth-of-cut is comparable to the cutting edge radius. When the
actual cutting depth is smaller than the minimal cutting depth all
these effects influence the final surface topography. In the
simulation model suitable provisions should be made to account
for these cutting edge radius induced effects.

The overall surface generation algorithm is illustrated in Fig. 4.
The approach taken is to first describe the 3D tool geometry,
including its rake and flank faces and the cutting edge.
The tertiary motions of the cutting tool are generalized and
decomposed into three harmonic vibratory motions with different
amplitudes and phases in three orthogonal directions. The cutting
tool coordinates with the tertiary motion are now all time-
varying parametric functions, which, through a series of homo-
genous transformations, are then expressed in the workpiece
ce generation simulation.
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coordinate system. The workpiece geometry (a cylinder in the
turning operation) is stored in the form of mesh grids, which are
discretized in the axial and azimuthal coordinates and remain
continuous in the radial direction. During each simulation time
step, the workpiece topography is updated in two steps: (1) the
instantaneous chip thickness is first calculated in accordance with
the current/instantaneous cutting edge coordinates. The actual
cutting depth is derived/compensated considering the elastoplas-
tic deformation and the minimum chip thickness effects.
The workpiece mesh points are updated with the compensated
cutting edge positions; and (2) the ploughing process induced by
the tool faces is then considered. The tool faces’ interference
volume with the workpiece is calculated and adjusted for the
elastoplastic deformation. The workpiece mesh points are
updated again based on the adjusted interference volume. Special
considerations are taken into account to handle the coordinate
discretization and time step calculations.

The surface generation model is discussed in detail next, following
the logic in Fig. 4. The tool geometry is described in the tool-in-hand
coordinate system in Section 2.1. The relations and transformations
between four different coordinate systems are discussed in Section
2.2. In Section 2.3, the tertiary motion of the tool is defined in the
tool-in-machine frame. The discretization method is introduced in
Section 2.4. Finally, in Sections 2.5 and 2.6, the two-step updating
algorithm is discussed for the cutting edge effect and the ploughing
process of the tool faces, respectively.
2.1. Description of tool geometry

According to the definition in [17], the cutting edge of the tool
can be defined as the intersection of the tool rake and flank faces.
A similar approach is taken here, so that the cutting tool geometry
can be described by two parametric surface functions, which
represent the tool face and flank. With a proper definition of
boundary conditions for these two parametric functions, part of
their boundary (a space curve) should coincide with each other,
which corresponds to the tool cutting edge. The cutting edge is
then indirectly included in this description, along with the tool
rake and flank faces.

To simplify the expressions and to more clearly highlight the
procedure, a special case corresponding to commercially available
indexable inserts, shown in Fig. 5, will be used to introduce the
generic tool geometry description method. The following three
assumptions are made to simplify the model:
�
 The cutting tool has a nose radius Rn. The cutting depth is
smaller than the nose radius (in the present case, a diamond
insert with a 200 mm nose radius and a cutting depth less than
20 mm will be used).

�
 The rake face of the tool is a simple planar surface. The flank

face keeps a constant clearance angle.

�
 For simplicity, the cutting tool geometry is radially symmetrical.
Fig. 5. Cutting insert geometry definition.
These assumptions are only specific to the above-assumed
example (a standard turning insert geometry). Different assump-

tions can be made for different tool geometries. With the above
assumptions, the tool-in-hand coordinate system (OtXthYthZth) can
be defined. The 3D tool geometry can be fully described in this
coordinate system by a set of parametric functions:

Xthðu,vÞ ¼
�ðRnþuÞ � sin v ur0

�ðRn�u� sinaÞ � sinv u40

(

Ythðu,vÞ ¼
0 ur0

u� cosa u40

�

Zthðu,vÞ ¼
ðRnþuÞ � cosv ur0

ðRn�u� sinaÞ � cosv u40

(
ð1Þ

The parameter v denotes the angle between KOt and the Zth

axis in the figure. The parameter u indicates the different parts of
the tool. When u40, the parametric functions describe the flank
face; when uo0, the parametric functions describe the rake face.
The cutting edge is included in the functions. When u¼0, the
functions are reduced to a space curve, which denotes points on
the cutting edge.
2.2. Description of the coordinate systems

The cylindrical turning scheme is shown in Fig. 2. There are
four coordinate systems defined in the figure. The machine
coordinate system (OmXmYmZm) is defined according to conven-
tion [24]. The workpiece coordinate system (OmXwkYwkZwk) is
attached to the workpiece, rotating around the Zwk axis at a
constant speed os. It coincides with the machine coordinate
system at the initial time instant. The tool-in-hand coordinate
system (OtXthYthZth) is established on the tool rake face. The tool
geometry is described in this coordinate system. The tool-in-
machine coordinate system (OtXtmYtmZtm) is introduced to define
the tool position and orientation in the machine tool system.
The tool-in-machine coordinate system can be obtained by a pure
translation transformation from the machine frame, and a pure
rotation transformation from the tool-in-hand frame. Then, by a
series of homogenous transformations, the cutting tool coordi-
nates can be transformed from the tool-in-hand coordinate
system to the workpiece coordinate system.

The relation between the tool-in-machine and tool-in-hand
coordinate systems is a pure rotation transformation. Three
setting angles Ga, Ha, La are defined according to convention
[24]. These three angles define three rotation transformation
matrices: Rx(�La), Ry(�Ga), and Rz(�Ha).

The transformation between the machine and the tool-in-
machine coordinate systems is a pure translation, which defines
the translation matrix T(Xinit�DOC, h, L0� feed� t). Xinit is the
initial ‘‘touch’’ position; DOC stands for the nominal depth-of-cut;
h is the vertical shift from the centerline of the cutting tool; L0 is
the initial tool position in the feed direction; feed is the feed rate.

Another homogenous rotation matrix is needed to define the
transformation from the machine coordinate system to the work-
piece coordinate system. The transformation matrix is designated
as Rz(�os� t), where os is the workpiece rotation speed. The
rotation angle is zero at the initial time, and increases with time.

There are totally five homogenous transformations defined
above that convert the tool coordinates from the tool-in-hand
coordinate system to the workpiece coordinate system. Thus the
cutting tool coordinates can be described in the workpiece frame
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at any time instance by:

Xwk u,v,tð Þ

Ywk u,v,tð Þ

Zwk u,v,tð Þ

1

2
6664

3
7775¼ Rz �ostð Þ � TðXinit�DOC, h,L0�f eed� tÞ � Rxð�LaÞ

�Ryð�GaÞ � Rzð�HaÞ �

Xthðu,vÞ

Ythðu,vÞ

Zthðu,vÞ

1

2
6664

3
7775

¼

cosost sinost 0 0

�sinost cosost 0 0

0 0 1 0

0 0 0 1

2
6664

3
7775

�

1 0 0 Xinit�DOC

0 1 0 h

0 0 1 L0�f eed� t

0 0 0 1

2
6664

3
7775

�

1 0 0 0

0 cosLa sinLa 0

0 �sinLa cosLa 0

0 0 0 1

2
6664

3
7775

�

cosGa 0 �sinGa 0

0 1 0 0

sinGa 0 cosGa 0

0 0 0 1

2
6664

3
7775

�

cosHa sinHa 0 0

�sinHa cosHa 0 0

0 0 1 0

0 0 0 1

2
6664

3
7775 �

Xthðu,vÞ

Ythðu,vÞ

Zthðu,vÞ

1

2
6664

3
7775 ð2Þ
2.3. Description of the tertiary motion

The vibration of the tool tip is the higher order/tertiary motion.
The trajectory of the tool tip is generally an elliptical curve in 3D
space. It is defined in the tool-in-machine frame. The projections
of the trajectory onto the three base axes (Xtm, Ytm and Ztm) are
three sinusoidal functions with the same angular velocity ot, but
with different amplitudes and phase shifts. They are designated as
Ax, Ay, Az, jx, jy, jz, respectively. Similar homogenous transfor-
mations are applied to the tertiary motion to transform the
coordinates to the workpiece frame. Consequently, the tool
coordinates with the tertiary motion in the workpiece coordinate
system can be written as:

X̂wk u,v,tð Þ

Ŷwk u,v,tð Þ

Ẑwk u,v,tð Þ

1

2
66664

3
77775¼ Rz �ostð Þ � T

� Rx � Ry � Rz �

Xth u,vð Þ

Yth u,vð Þ

Zth u,vð Þ

1

2
6664

3
7775þ

Ax sinottþjx

Ay sinottþjy

Az sinottþjz

0

2
6664

3
7775

8>>><
>>>:

9>>>=
>>>;

ð3Þ

It is appropriate to express the cutting tool coordinates with
the tertiary motion in the cylindrical form (workpiece frame) for
faster calculation. The expressions are given by:

L̂wkðu,v,tÞ

r̂wkðu,v,tÞ

ŷwkðu,v,tÞ

2
664

3
775¼

Ẑwkðu,v,tÞ

:X̂wkðu,v,tÞþ iŶwkðu,v,tÞ:

arg X̂wkðu,v,tÞþiŶwkðu,v,tÞ
n o

2
6664

3
7775 ð4Þ

2.4. Space and time discretization

Both space and time are discretized for the computer simula-
tions. Mesh grids are assigned to the workpiece and the cutting
tool. The interval of the mesh grids is determined by the desired
spatial resolution, z, of the simulation. The angular resolution is
determined accordingly by the ratio of the spatial resolution over
the radius. For the workpiece expression rðL,yÞ ¼ R0, the length L

and azimuth y are discretized to the specific spatial and angular
resolutions (z and z/R0), while the radial distance component r is
continuous. Similarly, for the cutting tool, the parametric vari-
ables u and v are discretized accordingly.

The time step is determined by three motions: the cutting
motion, the feed motion, and the tertiary motion of the tool. The
goal is to restrict the tool motion to a comparable magnitude to
the spatial resolution during each time step. The feed motion
velocity is much smaller than the other two determining factors.
The cutting speed and the maximal vibration speed of the tool are
of comparable order. So the time step takes the value which is
inversely proportional to either the cutting speed or the maximal
vibration speed. The mathematical relation is given by:

ttimestep ¼min
z

Ro �os
,

2p
Ntot

� �
ð5Þ

where os is the spindle rotation velocity (cutting speed); z/R0 is
the angular resolution of the simulation; Nt represents the
sampling points on the tool vibration trajectory, which deter-
mines how smooth the tool vibration motion is captured in the
simulation.

In each time step, the trajectory of the cutting tool is updated
in the workpiece frame according to Eq. (4). The azimuth and
length coordinates, ŷwkðu,v,tÞ and L̂wkðu,v,tÞ, are rounded to the
nearest workpiece mesh points in accordance with:

~Lwkðu,v,tÞ ¼
L̂wkðu,v,tÞ

z

" #

~ywkðu,v,tÞ ¼
modðŷwkðu,v,tÞ,2pÞ � R0

z

" #
ð6Þ

2.5. Workpiece update with the cutting edge effect

At each time step, the vector set ½L̂wkðu,v,tÞ,r̂wkðu,v,tÞ,
ŷwkðu,v,tÞ�T, describing the current tool coordinates with respect
to the workpiece frame in the cylindrical form, contains both the
cutting edge and tool faces. The cutting edge points ½L̂wkð0,v,
tÞ,r̂wkð0,v,tÞ,ŷwkð0,v,tÞ�T alone are obtained by setting the para-
metric variable u¼0. After discretization of the length and
azimuth components according to Eq. (6), the cutting edge points
are aligned to the nearest workpiece grid points. For any point on
the cutting edge (a given parameter value v) that intersects with
the workpiece, the instantaneous chip thickness is calculated as:

tv
c ¼ rð ~Lwkð0,v,tÞ, ~ywkð0,v,tÞÞ�r̂wkð0,v,tÞ ð7Þ

The schematic of the calculation is illustrated in Fig. 6.
The chipload is represented by the area with vertical lines. For a
point v on the cutting edge, the instantaneous chip thickness is



Fig. 6. Instantaneous chip thickness calculation.

Fig. 7. Elastic recovery function of the chip thickness.
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approximated as the difference between the corresponding work-
piece radius and the radial coordinate of point v.

The expression for the springback amount dtc of the material is
modified from Liu et al.’s work [22]. In [22], the springback
amount is assumed to be zero when the chip thickness exceeds
the minimum chip thickness. In this paper, a more feasible
assumption is made, namely, it is assumed that when the chip
thickness is greater than the minimum chip thickness the elastic
recovery still exists and linearly decreases to a constant value,
which is a process constant related to the tool edge radius, and
the material hardness and elastic modulus [25]. The springback
amount function is than established to be a piecewise function of
the chip thickness tc and is continuous over the whole range. It is
given by:

dtc ¼

tc tc otce

peðtc�tceÞþtce tcertc otcmin

Zðtcmax�tcÞþtce tcminrtc otcmax

tce tc Ztcmax

8>>><
>>>:

ð8Þ

where tce is the elastic deformation limit; tcmin is the minimum
chip thickness; tcmax is the limit chip thickness for elastoplastic
deformation; pe is the elastic recovery rate of the workpiece when
the cutting chip thickness is smaller than the minimum chip
thickness, which is a process constant that depends on the tool
edge radius, material properties, etc.; Z is the elastic/plastic
deformation ratio when the chip load is greater than the mini-
mum chip thickness. Z is a dependent variable to ensure the
continuity of the function. The expression is given by:

Z¼ peðtcmin�tceÞ

tcmax�tcmin
ð9Þ

The plot of the springback function is shown in Fig. 7. When
the chip thickness tc is smaller than the elastic deformation limit
tce, the workpiece material is fully recovered with no plastic
deformation. The slope of the function is one. When tc is between
the elastic deformation limit and the minimum chip thickness
tcmin, no chip will form. The cutting process turns into a pure
ploughing process. The material undergoes elastoplastic deforma-
tion. The elastic recovery rate pe is the slope of the function in this
range. When tc reaches the minimum chip thickness, the materi-
als have the maximum springback amount. When tc passes the
minimum chip thickness value, the material removal mechanism
changes into a shear/ploughing combined process, until tc reaches
tcmax, where it becomes a shear dominant process. Z is the slope of
the function when it is defined between tcmin and tcmax. When tc is
greater than tcmax, the elastic recovery amount remains a constant
value which is equal to tce, the elastic deformation limit.

Then, the radius of the workpiece corresponding to the cutting
edge point, v, is updated with the calculated chip thickness and
elastic recovery. The new radial coordinates are updated in the
workpiece mesh arrays in accordance with:

rð~Lwkð0,v,tÞ, ~ywkð0,v,tÞÞ ¼ r̂wkð0,v,tÞþdtv
c ð10Þ

2.6. Workpiece update with the ploughing effect from the tool faces

The tool face coordinates are described by the vector set
½L̂wkðu,v,tÞ,r̂wkðu,v,tÞ,ŷwkðu,v,tÞ�T, when ua0. They contact the
workpiece during the texturing process due to the tertiary motion
of the tool. They also contribute to the final shape of the
machined surface. Their interaction with the workpiece is mod-
eled as a ploughing process, which plastically deforms the
material. At each time step, the workpiece coordinates are first
updated for the cutting edge effect described in the previous
section. Then, the interference volume of the cutting tool and
workpiece is calculated based on the coordinates of the tool faces.
The interference volume is discretized and evaluated at each grid
points on the tool faces. At any point (u,v) on the tool faces, the
unit interference volume is calculated as the radial coordinate
difference between the tool face point (u,v) and the corresponding
workpiece grid point as:

ru,v
v ¼ rð~Lwkðu,v,tÞ, ~ywkðu,v,tÞÞ�r̂wkðu,v,tÞ ua0 ð11Þ

The springback amount is calculated similarly for the plough-
ing process, and is given by:

drv ¼
rv rvorve

pveðrv�rveÞþrve rvZrve

(
ð12Þ

where rve is the elastic deformation limit; pve is the elastic
recovery rate of the workpiece for the ploughing process between
the tool faces and the workpiece.

Finally, the workpiece coordinates are updated again for the
ploughing process induced by the tool faces:

rð~Lwkðu,v,tÞ, ~ywkðu,v,tÞÞ ¼ r̂wkðu,v,tÞþdru,v
v ua0 ð13Þ
3. Experimental verification

The tertiary motion generator (TMG) that is used for the
verification of the simulation models works in the resonant mode
at 28 kHz. The motion of the tool tip is monitored by MicroSense
capacitance sensors, which have a sub-nanometer resolution and
a 100 kHz bandwidth. The measured trajectories are plotted in
Fig. 8. The vibration amplitudes are around 4 mm in both direc-
tions and the phase shift is 411.

The newly developed TMG was integrated into a desktop
turning/milling/drilling machine. The X–Y stage carries the TMG
and has a resolution of 0.25 mm in both directions. The Z axis
supports a high speed air spindle and a linear stage with a
1.27 mm resolution. The machine is configured to operate as
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vertical lathe. The workpiece is loaded in the spindle along the Z

axis. The spindle provides the primary motion for the turning
operation. The linear motor in the Z axis controls the feed motion.
The X–Y stage sets the depth of cut. A special rotary fixture was
designed to change the orientation of the TMG.

A series of experiments were conducted to compare the results
with the simulations. Different combinations of process para-
meters, workpiece materials and tool geometry were used in the
experiments. The workpiece materials used were aluminum 6061
and copper 110. Due to the focus of the paper, only ductile
materials were used for easy verification of the simulation model.
The workpiece had a diameter of 3 mm (1/8 in.). Two kinds of
cutting inserts were used: a carbide insert with a 01 rake angle, 71
clearance angle and a 400 mm nose radius, and a diamond insert
Fig. 9. Surface topography (set 1): (a) exper

Fig. 10. Surface topography (set 2): (a) expe

Fig. 8. Tool vibration trajectory.
with the same specs but a 200 mm nose radius. The machined
surface was examined under a Zygo white light interferometer.

The input parameters for the simulation were kept the same as
the experimental conditions. Namely, the original radius of the
workpiece R0 was set to 1500 mm. The tertiary motion semi-
amplitudes were set to 2 mm for Ax, 2 mm for Ay, and 0 for Az.
The phase angles were set accordingly to 411 for jx, and 01 for jy and
jz. The tool nose radius value Rn was set to 200 mm. The vibration
frequency f was 28 kHz. The spindle rotation speed N, the feed rate
feed, and the cutting depth DOC were determined according to each
individual experiment, which is discussed in the following paragraph.
There are certain other process and material related constants needed
for the simulation, such as the elastic recovery rate, spatial resolution
for the simulation, etc. In the current study, the following parameter
values were used: the setting angles Ga, Ha, La were all set to 01; the
spatial resolution z¼1 mm; the vibration sampling frequency Nt¼80;
the elastic deformation limits tce and rve were taken as 0.01 mm and
0.1 mm; the minimum chip thickness tcmin¼0.04 mm; the elastic
recovery rates pe and pve were 0.1 and 0.5, respectively; the limit
chip thickness tcmax¼0.1 mm; and the elastic/plastic deformation
ratio Z was calculated to be 0.05. The cutting edge radius for the
diamond tool is assumed to be 100 nm. The minimum chip thickness
to edge radius ratio is taken as 0.40 [10]. These assumptions yield a
minimum chip thickness value of 40 nm.

One example of the experimental results is plotted in Fig. 9(a).
The comparable simulation results are illustrated in Fig. 9(b). In this
example, the workpiece material is aluminum 6061; the cutting
insert used is the diamond insert with the 200 mm nose radius. The
workpiece was first pre-turned without the vibrations using the same
diamond tool. Then the workpiece was textured with the tertiary
motion of the cutting tool. The spindle speed was set around
7500 rpm and the feed rate was set at 60 mm/rev. The input
parameters for the simulation were described above. The turning
speed was set to be 7517 rpm, which affects the dimple patterns.
Another example for comparison is plotted in Fig. 10. In the second
imental results; (b) simulation results.

rimental results; (b) simulation results.
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example, the same workpiece material and cutting insert were used.
The spindle speed and the feed rate were changed to �6000 rpm and
50 mm/rev, respectively. The actual spindle speed input to the
simulation was 5997 rpm. All the experimental and simulation
conditions are summarized in Table 1.

From the comparison, the simulated topography is very similar
to the experimental results. The simulation successfully captures
the surface features, such as the dimple shapes and patterns.
The sets of experimental results confirm the validity of the
simulation. One example of the surface profile comparison along
Fig. 11. Surface profile comparison along the feed direction: (a) measured results;

(b) simulated results.

Table 1
Experimental conditions.

Cutter geometry

Style DCMW Material Diamond

Rake angle 0 Nose radius 200 mm

Clearance angle 71

Tertiary motion

Vibration frequency 28 kHz

Radial direction amplitude 4 mm (peak-to-peak)

Cutting direction amplitude 4 mm (peak-to-peak)

Phase shift 411

Process parameter (Set 1)

Texturing Pre-turning

Spindle speed �7500 rpm Spindle speed �12,500 rpm

Feed rate 60 mm/rev Feed rate 5 mm/rev

Nominal DOC 2 mm Nominal DOC 10 mm

Process parameter (Set 2)

Texturing Pre-turning

Spindle speed �6000 rpm Spindle speed �12500 rpm

Feed rate 50 mm/rev Feed rate 5 mm/rev

Nominal DOC 2 mm Nominal DOC 10 mm

Fig. 12. Surface profile comparison along the cutting direction: (a) measured

results; (b) simulated results.
the feed direction is shown in Fig. 11. The dotted line shows the
simulated surface profile considering only the cutting edge (single
point cutting simulation), while the solid line represents the
surface profile with the ploughing effect and elastic recovery.
The simulation correctly identifies the modulated profile feature.
The surface profiles along the cutting direction are plotted and
compared in Fig. 12. A similar comparison between the surface
profiles with and without the compensation is also shown in
Fig. 12(b). After a closer look at the measured surface profile,
one can clearly see some discrepancy from the simulated results.
This could arise from the ignored system dynamics. The tool
vibration trajectory is measured without loads, while the actual
vibration amplitudes might be reduced due to the cutting load.
Moreover, other complex micro cutting mechanics beyond this
simple elastic recovery compensation could affect the surface
profile. The simulation results, nevertheless, are accurate in terms
of the micro dimple arrangement and the overall surface topo-
graphy. This surface generation program then can be used to
analyze the effects of different process parameters, tool geometry,
and tertiary motion on the textured surface. Since the TMG works
in the resonant vibration mode, the vibration frequency, ampli-
tudes and phases are fixed for the current design. This paper
mainly focuses on the analysis of the influences of the process
parameters and the tool geometry on the topography of the
textured surfaces.
4. Effects of the process parameters

4.1. Cutting frequency ratio

The cutting speed in the elliptical vibration texturing process
is no longer a constant value. It undergoes periodic variations due
to the tertiary motion of the tool tip. The ratio of the spindle
speed and the tool vibration frequency is a very important factor
that determines the texture patterns. This ratio, l, to be referred
to as the ‘‘cutting frequency ratio’’, is defined as the vibration
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frequency over the spindle rotation speed, i.e.:

l¼
60f

N
ð14Þ

If the vibration of the cutting tool is assumed to be a rigid body
movement, and only the primary motion is considered (no feed
motion), the trajectory of any point on the tool tip can be
expressed as:

X ¼ Ax sinðottþjxÞþ
ot

l
R0t

Y ¼ Ay sinðottþjyÞ ð15Þ
Fig. 15. Simulated surfaces with different fraction values (e

Fig. 13. Tool vibration trajectories.

Fig. 14. Texture pattern arrangement.
The value of the workpiece radius over the cutting frequency
ratio R0/l separates the vibration trajectory into three categories
that are illustrated in Fig. 13. The vibration amplitudes, frequency
and phases are set to be the same as in Table 1. When R0/l41,
the dimples do not intersect in the cutting direction and the
cutting tool always moves forward relative to the workpiece.
When R0/lo1, there is a reverse movement of the cutting tool as
shown in the figure. The dimples overlap with the successive
ones. The condition R0/l¼1 separates the two regions and
stagnation points appear on the trajectory (zero cutting speed).

Only when R0/lZ1, the gap distance between two neighbor-
ing dimples in the cutting direction can be defined as (Fig. 14):

lcut ¼
2pR0

l
ð16Þ
4.2. Phase shift

From the simulation results in Fig. 9 and Fig. 10, a phase shift
between two consecutive columns of dimples can be noted.
The phase shift distance, d, is defined in Fig. 14. This distance is
determined by the cutting frequency ratio, l. The cutting fre-
quency ratio can be separated into an integer part, K, and a
fraction part, e, and expressed as:

l¼
60f

N
¼ Kþe ð17Þ

The integer K determines the number of dimples along the
perimeter of the workpiece. The fraction part e is the remainder,
which characterizes the phase shift distance d. If e equals to zero,
i.e., l is an integer, dimples will be aligned in the feed direction as
shown in Fig. 15(b). If e is greater than zero, a phase shift distance,
d, is generated. The phase shift can be calculated from:

d¼
2pR0e
l

ð18Þ

An example of a simulated topography with a phase shift is
plotted in Fig. 15(a), where the cutting frequency ratio l is 223.49
and the phase shift distance d is 20.81 mm.

4.3. Feed rate

The feed rate, feed, determines the dimple gap in the horizon-
tal direction (feed direction), as shown in Fig. 14. When the feed
rate is small enough, the dimples begin to overlap in the feed
direction. This critical feed rate at which dimples start to overlap,
however, depends on the tool geometry as well as other process
parameters. If the dimple geometry is approximated as a diamond
) in the cutting frequency ratio: (a) ea0 and (b) e¼0.



Fig. 17. Textured surfaces with the carbide tool: (a) experimental results; (b) simulation results.

Fig. 18. Surface profile along the cutting direction with the carbide tool.

Fig. 16. Simulated surfaces with different feed rates: (a) feed¼10 mm/rev; (b) feed¼35 mm/rev.
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shape, the mathematical expression for the critical feed rate is:

feedcritical ¼Wð1�
d

lcut
Þ ð19Þ

where W is the dimple width; d and lcut, the phase shift and the
gap distance in the cutting direction, are defined before.

Two examples of simulated topographies are shown in Fig. 16.
The simulation inputs are kept the same as the first set of process
parameters in Table 1, except for different feed rates. In Fig. 16(a),
when the dimples intersect with each other in the feed direction, the
overall feature of the textured surfaces dramatically changes and
micro channels are formed. The case for the critical feed rate is shown
in Fig. 16(b), in which the feed rate is calculated to be 35 mm.
5. Effects of the cutting tool

5.1. Tool materials

The cutting inserts used in the experiments were carbide inserts
with a 400 mm and diamond inserts with a 200 mm nose radius.
The diamond inserts give much better results (Fig. 9(a) and
Fig. 10(a)), in terms of better defined surface features, and match
the simulation results very well. A textured surface generated by
the carbide tool is shown in Fig. 17(a). The corresponding simula-
tion results are shown in Fig. 17(b), for a spindle speed of 8760 rpm
and a feed rate of 40 mm/rev.

The two figures in Fig. 17 share certain similarities; in general,
however, the details of the dimple features are partially lost in the
experimental results. This is due to the nature of the elliptical
vibration texturing process. The cutting depth and width change
periodically during the process. In many cases, the actual cutting
depth is smaller or of the same order as the minimum chip
thickness. When the depth-of-cut is nearly equal to the minimum
chip thickness, the material removal mechanism changes from a
shear dominant to a ploughing dominant process. The minimum
chip thickness is closely related to the sharpness of the cutting
tool. Its magnitude is around 0.3–0.5 of the edge radius.

In the cases of the carbide and diamond inserts, the diamond
tool is much sharper than the carbide tool. The diamond tool
usually has an edge radius on the order of tens of nanometers.
The cutting depth of the elliptical vibration texturing process is
still larger as compared to the diamond tool’s cutting edge.
Less elastic deformation and less ploughing take place in the case
of the diamond insert, hence, better defined surface features can
be achieved. For the carbide insert, the measured edge radius
is around 40 mm. The cutting depth in this case is actually
smaller than the edge radius. The ploughing is so severe that no
stable cutting condition is established during the texturing
process. This leads to the loss of detail in the generated texture
and very bad surface finishes. The surface profile along the cutting
direction, for example, is shown in Fig. 18. Large elastic deforma-
tions and recovery take place that leads to the deviations
of the final shape from the simulation results even with spring-
back compensation (the minimum chip thickness is set to 16 mm
accordingly).



Fig. 19. Simulated surfaces with a triangular tool.

P. Guo, K.F. Ehmann / International Journal of Machine Tools & Manufacture 64 (2013) 85–95 95
5.2. Tool geometry

The cutting geometry affects the shape of the dimples on the
textured surface. In the current case, the cutting tool has a round front
(Fig. 5). This generates simple dimple shapes on the workpiece
surface. With different tool geometry, other interesting texture
features can also be generated. One example of textured surfaces
generated by a triangle-shaped cutting tool is shown in Fig. 19.

As for the round tool, the length of the dimples (length in the
cutting direction) is mainly determined by the cutting frequency
ratio, l, but is also affected by the phase shift, d. The width of the
dimples (length in the feed direction) is determined by the nose
radius of the cutting tool. If the ratio R0/l is assumed to be greater
than one (top case in Fig. 13), the tool cuts into the workpiece by
the peak-to-peak amplitude of the vibration (2Ax). The dimple
width W is then calculated as:

W ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2

n�ðRn�2AxÞ
2

q
¼ 4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
RnAxþA2

x

q
ð20Þ
6. Conclusion

Based on the results and analysis in the present paper, the
following conclusions can be drawn:
1.
 The proposed simulation algorithm includes a generic 3D tool
geometry description method, which describes the tool’s faces
as parametric functions and includes the cutting edge points
by restraining one parametric variable.
2.
 The simulation model takes into account the tool’s tertiary
motion and elastic recovery compensation considering the
minimum chip thickness and ploughing effects.
3.
 The experimental results validate the feasibility of the surface
generation model that can successfully simulate the detailed
surface topography of the textured surface.
4.
 The tool geometry determines the texture shape, while the
process parameters, namely the cutting speed and the feed
rate, mainly determine the dimple patterns. Their influence on
the phase shift and the dimple distance in the cutting and
feed directions is discussed. The mathematical expressions are
also given.
5.
 The elliptical vibration texturing process works in the micro-
cutting regime. The ploughing effect plays an important role in
the material removal mechanism. The elastic recovery dete-
riorates the details of the textures. Sharp tools (diamond
inserts) are preferred in this process, since they reduce the
elastic deformation and ploughing effect.
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