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A B S T R A C T

The 3D elliptical vibration-assisted cutting (EVC) mechanism with arbitrary elliptical locus in space has a wide
array of industrial applications for generating micro/nano-structured surface. However, the current 3D EVC
mechanism are limited by their motion couplings, resonant frequencies and regulation of arbitrary elliptical
locus. In order to improve the output properties, an innovative decoupled 3D ultrasonic EVC mechanism is
proposed in the form of compliant parallel mechanism. First, the proposed 3D ultrasonic EVC mechanism is
specifically designed to be capable of generating uniformly magnified output displacement in three directions
and its 3D elliptical locus is obtained by the designed multi-axis flexure hinge structure with three orthogonal
sub chains. Design process of multi-axis flexure hinge structure is respectively described from displacement
amplification and decoupling output. The kinematics and amplification ratios of the designed 3D EVC me-
chanism are analytically modeled and a finite element analysis is performed to validate the designed 3D EVC
mechanism. Based on the analysis results, a prototype device is fabricated, and then its vibration characteristics
are evaluated by using the established test system. The test experiments show that the performance of the
developed 3D ultrasonic EVC mechanism is satisfied.

1. Introduction

Elliptical vibration assisted cutting (EVC) is widely regarded as a
potential process for the generation of micro/nano-structured surface
with wavelengths above tens of microns and nanometric surface
roughness. Since it adds small-amplitude, high-frequency tool dis-
placement to the cutting motion of tool, which brings a lot of machining
advantages, such as lower cutting forces, longer tool life, and better
surface finish [1,2]. According to surface generation mechanism,
micro/nano-structured surface can be generated by using the suitable
EVC processes [3–9]. Zhang et al. [3] reviewed some detailed appli-
cations of the micro/nano structure fabrication by applying the dif-
ferent types of elliptical vibrators in EVC process. Zhu et al. [4,5]
presents a novel two-dimensional vibration-assisted compliant cutting
system (2-D VCCS) to be used on conventional machines for generating
textured surfaces with uniform and accurate topography and further
considered the theoretical analysis on the cutting force through both
finite element and mechanistic analytical models to present a sys-
tematic investigation in the generation process of micro -structured
surface by using fast-/slow tool servo (F-/STS) diamond turning. Zhu
et al. [6] developed a novel 2-D vibration-assisted compliant cutting
system for surface texturing. Suzuki et al. [7] proposed a new ultra-

precision sculpturing method at the micro/nano scale for difficult-to-
cut materials by utilizing the variations of the 2D elliptical vibration
locus of the cutting tool while Zhang et al. [8] further explored ultra-
precision nano-structure fabrication by the amplitude control sculp-
turing method in 2D elliptical vibration cutting considering locus
compensation. Gandhi et al. [9] investigated the ability to prescribe
micro-scale textures of controlled size and morphology by the control of
the underlying process parameters in vibration/modulation-assisted
machining.

Compared to the 2D EVC, the 3D EVC can generate arbitrary el-
liptical motion in 3D space, which can be used to machine sculptured
surface [10]. Shamoto et al. firstly proposed a method of machining
free-form surface by using 3D EVC [11]. Lin et al. [12] studied tool path
generation method for fabricating optical freeform surface by non-re-
sonant 3D EVC. In 3D EVC process, the output characteristic of 3D EVC
mechanism, which is used to generate the elliptical motion in 3D space,
is an important index of the 3D EVC mechanism. In order to generate
the elliptical motion, piezo-actuated compliant mechanisms are pre-
dominantly adopted to achieve high resonant frequency as well as high
stiffness [13,14]. Serial mechanisms and parallel mechanisms are two
commonly forms of compliant mechanism. The applications of com-
pliant serial mechanisms are limited by their output motions, stiffness,
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heat balance, repeatability and resonant frequencies, to mention a few.
But compliant parallel mechanisms offer the possibility for the design of
compact monolithic structures to generate uniformly magnified output
properties in all directions and is widely used in the structure of EVC
apparatus [15–17], positioning stage [18–20]. Hao [21] proposed the
monolithic decoupled XYZ compliant parallel mechanisms (CPMs) for
multi-function applications, which can be fabricated monolithically
without assembly and has the capability of kinetostatic decoupling and
Li et al. [22] introduces a screw theory based method termed constraint
and position identification (CPI) approach to synthesize decoupled
spatial translational compliant parallel manipulators (XYZ CPMs) with
consideration of actuation isolation. These can provide the important
theory foundation for the design of compliant parallel mechanism. The
elliptical motion in 3D space can be obtained by using the compliant
parallel mechanism. In order to use compliant mechanism in 3D EVC
mechanism, it is required to obtain the tri-axial output motions and to
to keep uniform magnification output in three directions. In its simplest
form, the tri-axial output motions can be realized by serial structures
which consist of three 1-DOF joints [23]. On the other hand, the tri-
axial output motions can also be generated by parallel structures which
consist of different sub chains to provide the connection between a
fixed and a moving platform [24,25]. Compared to open-loop serial
structures, closed-loop parallel structure can provide more constraints
by the different sub chains combination to achieve higher output
stiffness and higher resonant frequencies for 3D EVC apparatus. Motion
decoupling is widely regarded as the most essential factor to guarantee
motion accuracy and feedback control stability for 3D elliptical motion
[20]. A novel piezo-actuated compliant mechanism is developed to
obtain tri-axial translational motions with decoupled features for nano-
cutting and open-loop test on the prototype shows that proper strokes
with low coupling and high natural frequencies are obtained as esti-
mated [26].

However, the current design of 3D EVC mechanism face two vital
problems that have not addressed yet. First, a large number of com-
pliant linkages and complicated structures are deliberately designed to
isolate input motions, which may lead to low response speed induced
by large moving inertia, as well as over-sized dimensions [18,27] in
order to realize the motion decoupling and the commonly adopted as-
sembly strategy of the complicated structures can induce undesired
misalignment error and over-large motion loss in the flexural connec-
tions. Second, in a wide array of industrial applications, suitable ul-
trasonic resonant frequency, displacement amplification and the auto-
mated regulation of 3D elliptical vibration locus is also required to be
considered in the topology and mechanical structures design of 3D EVC
mechanism and little efforts are focused on the locus control of the
elliptical vibration, which hinders the adaptability of the proposed 3D
EVC mechanism. Also, decoupling, large output displacement and high
resonant frequency are required on fabricating the free-from surface
and complicated micro/nano textures for 3D EVC mechanism, e.g.,
rotary shafts with micro-texturing for reduced fluid resistance or fric-
tion. For such applications, it is necessary to understand the generation
mechanism of 3D EVC locus and to design a decoupled compliant me-
chanism in three directions with certain amplification function for ob-
taining large output displacement. In this paper, a new decoupled 3D
ultrasonic EVC mechanism is proposed in the form of a compliant
parallel mechanism, and the design, decoupling analysis and kinematics
modelling of compliant parallel mechanism and generation method of
3D elliptical vibration locus are studied systematically.

The paper is organized as follows. First, design of 3D ultrasonic EVC
mechanism is given in Section 2. Section 2.1 describes the basic idea of
design of 3D ultrasonic EVC mechanism. Section 2.2 introduces the
conception design of the 3D ultrasonic EVC mechanism. Decoupling
analysis of 3D ultrasonic EVC mechanism is described in Section 2.3.
Section 2.4 is kinematic and amplification ratio modelling of 3D ul-
trasonic EVC mechanism. The geometric modelling and fabrication of
3D ultrasonic EVC mechanism are specifically described in Section 2.5.

FEA simulation is used to validate the performance of 3D ultrasonic
EVC mechanism in Section 3. The tests of the actual developed 3D ul-
trasonic EVC mechanism are conducted in Section 4. Conclusions are
given in Section 5.

2. Design of 3D ultrasonic EVC mechanism

2.1. Basic idea of 3D EVC mechanism design

For obtaining the elliptical motion in 3D space, the common idea is
to generate displacement output in three directions and three generated
displacement outputs are combined into the elliptical locus. To generate
displacement output in three directions, displacement output me-
chanism in each direction can be designed by exerting input displace-
ment on each direction. Thus, the layout of three displacement output
mechanisms is a key in the design of 3D ultrasonic EVC mechanism
besides the design of displacement output mechanism.

In general, the orthogonal displacement output mechanisms in
space can reduce the mutual influence of the output displacement in
different direction and the output displacement in different direction is
easy to combine together. At the same time, the orthogonal layout is
convenient to machine for the specific structure. Based on the above
advantages of orthogonal layout, the orthogonal layout of three dis-
placement output mechanisms is selected. The schematic of orthogonal
layout of three displacement output mechanisms is shown in the Fig. 1.
In Fig. 1, three orthogonal input displacements will generate three or-
thogonal output displacements and three orthogonal output displace-
ments will combine into an elliptical locus on output point.

Each displacement output structure in three directions forms a sub
chain. For 3D ultrasonic EVC mechanism, the common output motions
of three sub chains are three magnified translational outputs, which are
required to be respectively generated by the three displacement am-
plification structures in each sub chain.

With the layout of three sub chains, the displacement amplification
structure needs to be considered in the structural design of 3D ultra-
sonic EVC mechanism. In accordance with the motions of linkage me-
chanisms, the principles of mechanical displacement amplification can
be categorized into several types such as lever amplification, triangular
amplification, the bridge-type amplification, the Scott-Russell-type
amplification, and the double-rocker-type amplification. In these types,
lever amplification and triangular amplification are two basic amplifi-
cation structure, which can be easily to connect with the designed
original structures. The mechanical structures corresponding to these
two principles of displacement amplification are depicted in Fig. 2.

For lever amplifier shown in Fig. 2(a), the rotation is used to gen-
erate the magnified output displacement. The magnified ratio of a lever
amplifier can be obtained by analyzing the transform relationship of
different links. The lengths of links O A1 and O B1 are l and l1,

Fig. 1. The schematic of orthogonal layout of three sub chains.
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respectively. The displacement lΔ 1 of point B will generate output dis-
placement lΔ in point A. Thus, the amplification ratio k1 of a lever
amplifier can be obtained as:

= =k l
l

l
l

Δ
Δ1

1 1 (1)

Fig. 2(b) shows a triangular amplifier and the magnified output
displacement is a translational displacement lΔ 4 along the point D. The
instantaneous amplification ratio in triangular amplification can be
determined as =k cot α( ) based on instantaneous velocity analysis,
where the intersection angle α should be less than π/4 to achieve the
effect of output amplification.

The above two mechanical amplifications can be realized by a
driven linkage which consists of two parallel revolute joints and a
prismatic joint. The motions of the driven linkages can be represented
by a planar displacement subset defined in terms of two translational
displacements and a rotational displacement. In the displacement
output structure, considering the compact structure and convenient use
for fabricating micro/nano-structured surface, a triangular amplifier is
selected. When selecting the layout form of output displacement
structure for elliptical vibration locus generation and amplification
structure, and then the displacement output structure in three direc-
tions can be designed based on the determined layout and amplification

structure. The following is the details about the design of the 3D ul-
trasonic EVC mechanism.

2.2. The conception design of 3D ultrasonic EVC mechanism

Based on the desirable properties of flexure hinge and mechanical
amplification principles, a 3-DOF parallel mechanism with flexure
hinges is proposed for 3D ultrasonic EVC mechanism design by using
three directly connected translational displacement amplification me-
chanisms. Because the basic mechanical displacement amplification is
generated by the structure of a planar displacement subset, the planar
displacement is used in the sub chains to generate the magnified
translational outputs. Translational displacement output can be pro-
vided by a planar parallelogram joint, which is defined as a parallelo-
gram consisting of four links that are connected by four parallel re-
volute joints shown in the Fig. 3. Based on the principle of triangular
amplification in Fig. 2(b), the planar parallelogram joint can be used to
generate translational displacement amplification according the tri-
angle amplification principles. In Fig. 3, the input displacement in X
axis will obtain the amplified output displacement in Y axis. Compared
with other types of flexure hinges, circular flexure hinge with right
cross-section has higher motion precision for rotational accuracy and is
the optimal choice of the revolute joint in Fig. 3.

The planar parallelogram joint can be used to generate translational
displacement amplification in different directions when the planar
parallelogram joint is placed along different directions in fixed re-
ference frame. The translational displacement output with amplifica-
tion can be obtained shown in Fig. 4(a) and (b) by placing the paral-
lelogram joints along Y axis and Z axis. Each planar parallelogram joint
uses the same structure in Fig. 4(a) and (b) and is also a flexure hinge
unit. In Fig. 4(a), the output displacement is along Y axis direction and
the planar parallelogram joint is named as flexure hinge unit along Y
axis. In Fig. 4(b), the output displacement is along Z axis direction and
the planar parallelogram joint is named as flexure hinge unit along Z
axis. With combining flexure hinge unit along Y axis and flexure hinge

Input Displacement

Output Displacement

(a) Lever amplification 

tnemecalpsiDtuptuOtnemecalpsiDtupnI

(b)Triangular amplification 
Fig. 2. The principles of mechanical displacement amplification.

Links

Fig. 3. Planar parallelogram joints.
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unit along Z axis in the orthogonal direction, one displacement output
structure along X axis direction is constructed shown in Fig. 4(c). The
designed displacement output structure along X axis direction is named
as sub chain along X axis and can output the displacement along Y axis

and Z axis. Using the same way, one displacement output structure
along Y axis direction is established by combining flexure hinge unit
along Z axis and flexure hinge unit along X axis in the orthogonal di-
rection and one displacement output structure along Z axis direction is

(a) Flexure hinge unit along Y axis            (b) Flexure hinge unit along Z axis 

(c) The schematic of sub chain along X axis 

(d) The schematic of 3D ultrasonic EVC mechanism
Fig. 4. The design process of 3D ultrasonic EVC mechanism.
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obtained by combining flexure hinge unit along X axis and flexure hinge
unit along Y axis in the orthogonal direction.

Three sub chains along X axis, Y axis and Z axis with the same two
planar parallelogram joints is respectively constructed based on the
above method and three sub chains are connected with the common
output point (moving platform) based on the orthogonal layout. Each
sub chain is connected with a translational displacement input unit to
provide the input displacement. Thus, a multi-axis flexure hinge
structure is formed by placing three sub chains in an orthogonal form
shown in Fig. 4(d). By adding the corresponding piezoelectric actuators
in each sub chain, fixed frame and moving frame (the common output
point of three sub chains) on the designed multi-axis flexure hinge
structure, the 3D ultrasonic EVC mechanism can be obtained to gen-
erate the elliptical locus in 3D space.

In established 3D ultrasonic EVC mechanism, three magnified
translational outputs along the three axial directions X, Y, Z in sub
chain along X axis can be generated by exerting the input planar dis-
placement of A1, A2 and A3 respectively in three axial directions X, Y, Z
shown in Fig. 4(d). The instantaneous amplification ratios of the sub
chain along X axis in the three directions X, Y, Z are respectively 1, cot
(α1) and cot (α2) shown in Fig. 4(d). Correspondingly, the in-
stantaneous amplification ratios of the sub chain along Y axis along the
three directions X, Y, Z are respectively cot (α3), 1 and cot (α4) and the
instantaneous amplification ratios of the sub chain along Z axis in the
three directions X, Y, Z are respectively cot (α5), cot (α6) and 1. Three
same sub chains, which is perpendicular to each other, are connected to
generate the magnified displacement output in three directions.

2.3. Decoupling analysis of 3D EVC mechanism

In the orthogonal form of the parallel displacement amplifier, the
structure can be analyzed based on the one translational displacement
input unit and two flexure hinge units with amplification in each sub
chain shown in Fig. 4(d). The translational displacement input unit can
be considered as the independent active motions, while the flexure
hinge units with amplification structure are dependent passive motions
concerning the connections between the moving platform and the three
sub chains. The motion of the flexure hinge units with amplification
structure are induced by the translational displacement input unit. For
each sub chain in the multi-axis flexure hinge structure, the motions of
two flexure hinge units with amplification structure are not in-
dependent. That means that the motions of two flexure hinge units with
amplification structure in each sub chain are dependent motions, which
concerns the other two sub chains and the connections between the
moving platform and the three sub chains. The motions of each sub
chain is from the translational displacement input unit and the trans-
lational displacement input unit is feed by the piezoelectric actuator.
Based on the initial position of the structure in Fig. 4(d), three trans-
lational displacements input of each sub chain are generated by the
piezoelectric actuator. The output displacement of moving platform
along the X axis, Y axis and Z axis in multi-axis flexure hinge structure
can be obtained by the exerting input displacements. Simultaneously,
the translational output displacements of moving platform along
the X axis, Y axis and Z axis are not only dependent on the three
translational input displacements, but are also, correspondingly, af-
fected by two flexure hinge units with amplification structure in each
sub chain.

In order to understand the decoupling properties of 3D ultrasonic
EVC mechanism, it needs to analyze the influence of each sub chain
with input displacement on other sub chain. Supposed the input dis-
placements of three sub chains are Δs1, Δs2 and Δs3, and the output
displacements of moving frame are Δl1, Δl2 and Δl3, and the lengths of
the first sub chain, the second sub chain and the third sub chain be-
tween the moving platform and the fixed platform in 3D EVC me-
chanism are respectively D1, D2 and D3 shown in Fig. 5. The generated
displacement of the second sub chain induced by the first sub chain

under input displacement Δs1 is Δs12. According to the existing trian-
gular amplification relationship, Δs12 can be expressed as =Δs α12

Δs
cot ( )

1 .
The angleα is a rotation angle of the second sub chain induced by the
first amplification unit of the first subchain with the input displacement
Δs1 and is equal to ( )arctan Δs

D
1
2

.
Thus, the Δs12 can be further simplified as:

=Δs (Δs )
D12

1
2

2 (2)

The input displacement Δs1, which is from the piezoelectric ac-
tuator, is very small (e.g., from 2 μm to 20 μm) compared to D2, and the
length of the second sub chain D2 is 28mm in the design. The inter-
section angles in the second sub chain will be relatively small from
0.004° to 0.04°. By substituting the input displacement Δs1 and the
intersectional angle α into the Eq.(2), the Δs12 becomes relatively tiny
such as from 0.00014 μm to 0.014 μm compared to the input dis-
placement Δs1. The effect of Δs12 compared to that of input displace-
ment Δs1, Δs2 and Δs3 on the output displacement Δl1, Δl2 and Δl3 can be
ignored. The same analysis is also applied in the second subchain and
the third subchain and the similar results can be obtained for the second
subchain and the third subchain because the second sub chain and the
third sub chain have the same structure with the first sub chain. Thus
the three orthogonal input displacement in three sub chains can be
approximately considered as the decoupled motions with the current
input displacement generated by piezoelectric actuator. This shows that
the designed 3D ultrasonic EVC mechanism with multi-axis flexure
hinge structure in the paper is a decoupled mechanism in three ortho-
gonal directions and can realize the decoupled functions.

2.4. Kinematic modelling of 3D ultrasonic EVC mechanism

As previously mentioned, from the kinematics point of view, the
selected right circular flexure hinge can generate rotation about one
axis, and is modelled as an ideal revolute joint. This indicates that the
offset of revolute center during the motion of the relative links is not
taken into consideration. During the kinematic analysis, the stiffness of
the flexure hinges is also neglected. Thus, the pseudo-rigid-body model
of multi-axis flexure hinge structure for 3D EVC mechanism is devel-
oped and shown in Fig. 6.

As shown in Fig. 6, =is , ( 1, 2, 3)i denotes the input variables of the
piezoelectric actuator ai in three directions for multi-axis flexure hinge
mechanism (subscript i=1,2,3, represents the sub chain 1, 2 and 3
respectively). The initial input displacements in three directions are

=Δs (i 1, 2, 3)i . A fixed coordinate frame O-XYZ is established with the
origin located at the center of the fixed platform and the X axis is

Fixed platform

Moving
platform

2s

3

1D

2D

3D

'

s1

s

Fig. 5. The decoupling analysis schematic of 3D ultrasonic EVC mechanism.
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parallel to the sub chain 1 and the Y axis is parallel to the sub chain 2
and the Z axis is parallel to the sub chain 3. The moving coordinate
frame −O x y z' ' ' ' is established with the origin located at the center of
the moving frame and the x′ axis is parallel to the sub chain 1 and the y′
axis is parallel to the sub chain 2 and the z′ axis is parallel to the sub
chain 3. The output variables of the moving frame are x yΔ , Δ and zΔ in
fixed coordinate frame O-XYZ. Under initial input displacements Δs1 of
the sub chain 1 along X axis, the generated displacements of two planar
parallelogram joints are xΔ 1 and yΔ 1 and the rotational angles of two
planar parallelogram joints are αΔ 1 and αΔ 2. The generated displace-
ments of two planar parallelogram joints are yΔ 2 and zΔ 2 and the ro-
tational angles of two planar parallelogram joints are αΔ 3 and αΔ 4

under initial input displacements Δs2 of the sub chain 2 along Y axis.
The generated displacements of two planar parallelogram joints are zΔ 3

and xΔ 3 and the rotational angles of two planar parallelogram joints are
αΔ 5 and αΔ 6 under initial input displacements Δs3 of the sub chain 3

along Z axis. The output displacements of the moving frame are ′xΔ , ′yΔ
and ′zΔ . Based on the connection relationship of the monolithic struc-
ture of multi-axis flexure hinge, the relationships among displacements

x yΔ , Δ , zΔ , xΔ 1, yΔ 1, yΔ 2, zΔ 2, zΔ 3 and xΔ 3 can be defined as:

⎧

⎨
⎩

= =
= =
= =

x x x
y y y
z z z

Δ Δ Δ
Δ Δ Δ
Δ Δ Δ

1 3

1 2

2 3 (3)

Three sub chains have the same structure and size in multi-axis
flexure hinge mechanism and the rotational angle is very small.
Supposed = = = = = =l l l l l l l11 12 21 22 31 32 in Fig. 5, thus the rotation
angles can be defined as:

⎧

⎨
⎪

⎩
⎪

= = =

= = =

= = =

α α α

α α α

α α α

Δ Δ sin Δ

Δ Δ sin Δ

Δ Δ sin Δ

x
l
y

l
z

l

1 6 1
Δ

2 3 2
Δ

4 5 3
Δ

(4)

Based on the energy conservation law, the relationships among
driving forces, bending moments, the stiffness of flexure hinge and the
rotational angles can be obtained as:

⎧

⎨
⎪

⎩⎪

= + = +
= + = +
= + = +

F s M α M α K α K α
F s M α M α K α K α
F s M α M α K α K α

Δ 2 Δ 2 Δ 2 Δ 2 Δ
Δ 2 Δ 2 Δ 2 Δ 2 Δ
Δ 2 Δ 2 Δ 2 Δ 2 Δ

1 1 1 1 2 2 1 1
2

2 2
2

2 2 3 3 4 4 3 3
2

4 4
2

3 3 5 5 6 6 5 5
2

6 6
2

(5)

where =F i, ( 1, 2, 3)i denotes the driving force along X, Y and Z axis
directions in multi-axis flexure hinge structure; =M i, ( 1, 2)i expresses
the bending moments of other two directions besides the input direction
s1 shown in Fig. 6; =M j, ( 3, 4)j represents the bending moments of
other two directions besides the input direction s2 shown in Fig. 6;

=M k, ( 5, 6)k denotes the bending moments of other two directions
besides the input direction s3 shown in Fig. 6; =K i, ( 1, 2)i are the
stiffness of flexure hinge in other two directions besides the input di-
rection s1 shown in Fig. 6; =K j, ( 3, 4)j are the stiffness of flexure hinge
in other two directions besides the input direction s2 shown in Fig. 6;

=K k, ( 5, 6)k are the stiffness of flexure hinge in other two directions
besides the input direction s3 shown in Fig. 6.

Substituting the Eq. (4) into the Eq. (5), the energy conservation law
for multi-axis flexure hinge structure can be expressed as:

⎧

⎨
⎩

= +
= +
= +

F s l K x K y
F s l K y K z
F s l K z K x

Δ 2 Δ 2 Δ
Δ 2 Δ 2 Δ
Δ 2 Δ 2 Δ

1 1
2

1
2

2
2

2 2
2

3
2

4
2

3 3
2

5
2

6
2 (6)

Based on the Eq. (6), the output displacement x yΔ , Δ and zΔ can be
obtained as:

Fig. 6. Kinematics modelling schematic of multi-axis flexure hinge structure.
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⎧

⎨

⎪
⎪

⎩

⎪
⎪

=

=

=

+ −
+

+ −
+

+ −
+

x l

y l

z l

Δ

Δ

Δ

K K F s K K F s K K F s
K K K K K K

K K F s K K F s K K F s
K K K K K K

K K F s K K F s K K F s
K K K K K K

( Δ Δ Δ )
2 2

( Δ Δ Δ )
2 2

( Δ Δ Δ )
2 2

3 5 1 1 2 4 3 3 2 5 2 2
1 3 5 2 4 6

1 5 2 2 4 6 1 1 1 4 3 3
1 3 5 2 4 6

2 3 2 3 1 3 3 3 3 6 1 1
1 3 5 2 4 6 (7)

Thus, the amplification ratios kx, ky and kz in X axis, Y axis and Z
axis can be calculated as:

⎧

⎨

⎪
⎪

⎩

⎪
⎪

= + = +

= + = +

= + = +

+ −
+

+ −
+

+ −
+

k x s s

k y s s

k z s s

(Δ Δ )/Δ 1

(Δ Δ )/Δ 1

(Δ Δ )/Δ 1

x
l
s

K K F s K K F s K K F s
K K K K K K

y
l
s

K K F s K K F s K K F s
K K K K K K

z
l
s

K K F s K K F s K K F s
K K K K K K

1 1 Δ
( Δ Δ Δ )

2 2

2 2 Δ
( Δ Δ Δ )

2 2

3 3 Δ
( Δ Δ Δ )

2 2

1
3 5 1 1 2 4 3 3 2 5 2 2

1 3 5 2 4 6

2
1 5 2 2 4 6 1 1 1 4 3 3

1 3 5 2 4 6

3
2 3 2 3 1 3 3 3 3 6 1 1

1 3 5 2 4 6 (8)

In the designed multi-axis flexure hinge structure, three sub chains
have the same structure and each sub chain includes two group of the
same planar parallelogram joints. All planar parallelogram joints in
multi-axis flexure hinge structure have the same structure and stiffness
K. Thus, the following equation can be obtained as:

= = = = = =K K K K K K K1 2 3 4 5 6 (9)

By substituting the Eq. (9) into the Eq. (7), the Eq. (7) can be further
simplified as:

⎧

⎨

⎪

⎩
⎪

=

=

=

+ −

+ −

+ −

x

y

z

Δ

Δ

Δ

l F s F s F s
K

l F s F s F s
K

l F s F s F s
K

2 ( Δ Δ Δ )
4

2 ( Δ Δ Δ )
4

2 ( Δ Δ Δ )
4

2 1 1 3 3 2 2

2 2 2 1 1 3 3

2 2 3 3 3 1 1
(10)

1st flexure hinge unit

2nd flexure hinge unit

(a) The model of multi-axis flexure hinge structure

(b) The structural parameters of sub chain 
Fig. 7. The schematic of multi-axis flexure hinge structure.

C. Zhang and Y. Song Ultrasonics 95 (2019) 79–94

85



In order to obtain the output displacement in X axis, Y axis and Z
axis, the same three piezo actuator are used to drive the designed multi-
axis flexure hinge structure by exerting input displacement on X axis, Y
axis and Z axis. Thus, the variances of the input displacement in three
directions have the same value, that means = = =s s s sΔ Δ Δ Δ1 2 3 . By
substituting = = =s s s sΔ Δ Δ Δ1 2 3 into the Eq. (10), the Eq. (10) can be
further simplified as:
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If the stiffness of piezoelectric actuator is k, the driving force F can
be expressed as:

=F k sΔ (12)

By substituting the Eq. (12) into the Eq. (11) the output displace-
ment x yΔ , Δ and zΔ can be obtained as:
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The final output displacements ′xΔ , ′yΔ and ′zΔ along X axis, Y axis
and Z axis in the coordinate system O-XYZ is equal to the sum of input
displacement and the generated output displacement induced by other
two sub chains and can be expressed as:
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Thus the amplification ratios kx, ky and kz in X axis, Y axis and Z axis
of 3D EVC mechanism can be written as:
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From the Eq. (15), it can be concluded that the amplification ratios
of 3D EVC mechanism in three directions is more than one at least and
is related to the stiffness of piezoelectric actuators, the stiffness and link
length of planar parallelogram joint in sub chains. The suitable ampli-
fication ration can be initially estimated based on the Eq. (15) in the
design process of 3D EVC mechanism.

2.5. The geometric modelling and fabrication of 3D ultrasonic EVC
mechanism

Based on the above conceptual design of the 3D EVC mechanism
and kinematic modelling, a 3D ultrasonic EVC mechanism with flexure

hinges was designed and realized. Three orthogonal sub chains form a
multi-axis flexure hinge structure, which is illustrated in Fig. 7(a). The
multi-axis flexure hinge structure is a 3-DOF parallel mechanism and
includes three sub chains along X axis, Y axis and Z axis, and each sub
chain is composed of two flexure hinge units. The first flexure hinge
unit and the second flexure hinge unit in each sub chain are perpen-
dicularly fabricated shown in Fig. 7(a). Thus, 3D output motions along
X axis, Y axis and Z axis can be generated by the designed multi-axis
flexure hinge structure and will generate the elliptical locus in 3D
space. Thus, the design of multi-axis flexure hinge structure is a key in
the 3D ultrasonic EVC mechanism. The main structural parameters of
the designed sub chain are shown in Fig. 7(b) and three sub chains have
the same structural parameters for multi-axis flexure hinge structure.
The design of multi-axis flexure hinge structure adopts a compact
structure with a uniform three sub chain. The corresponding value of
structural parameters in Fig. 7(b) are listed in Table 1.

From the designed structural parameters of 3D ultrasonic EVC me-
chanism, the amplification ratio of 3D ultrasonic EVC mechanism can
be calculated based on the Eq. (15). In Eq. (15), the stiffness of piezo-
electric actuators is related to the section areas, the length and com-
pliance coefficient of piezoelectric chip and can be calculated based on
the selected piezoelectric chip in 3D ultrasonic EVC mechanism. The
stiffness of piezoelectric actuators is expressed as:

= ∗k A S L/( )33 0 (16)

where k is the stiffness of piezoelectric actuators, A is section area of
piezoelectric chip, L0 is length of piezoelectric chip, S33 is compliance
coefficient of piezoelectric chip.

The inner diameter, outer diameter and length of the selected pie-
zoelectric chip are respectively 5mm, 10mm and 4mm. Based on the
Eq.(16), the calculated stiffness of piezoelectric actuators is 987 N/µm
and the stiffness of flexure hinge can be obtained according to the de-
signed flexure hinge shown in Fig. 7. The stiffness of flexure hinge is
424 N/µm and the length of link is 5mm show in Fig. 5 and Table 1.
Thus, the amplification ratios kx, ky and kz in X axis, Y axis and Z axis of
3D EVC mechanism can be calculated as: kx = ky = kz =4.814.

Based on the designed multi-axis flexure hinge structure, the 3D
ultrasonic EVC mechanism can be established by adding the corre-
sponding support component. The established geometric model of the
3D ultrasonic EVC mechanism is shown in Fig. 8 and is composed of the
multi-axis flexure hinge structure, three piezo-actuators, three preload
and adjustable bi-nut structures, fixed platform and moving frame
(cutter setup frame). The multi-axis flexure hinge structure, as dis-
cussed above, mainly includes three sub chains along X axis, Y axis and
Z axis and is used to support the moving frame (cutter setup frame) and
pass the 3D elliptical motions to the moving frame. The 3D elliptical
motions of moving frame drive the cutter move along the elliptical

Table 1
The values of structural parameter values of sub chain.

Parameter Value/mm Parameter Value/mm Parameter Value/mm

L 35 b 10 h 10
r 0.5 l 10 t 1.5
l1 3 l2 1 l3 3
l4 5 l5 10

Multi-axis flexure hinge
mechanism

Moving frame(cutter
setup frame)

Piezoelectric actuator

Preload and adjustable
Bi-nut structure

Fixed platform

Fig. 8. The geometric model of 3D ultrasonic EVC mechanism.
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locus. In order to maintain the contact condition during the motion of
such mechanisms, a suitable preload is necessary for the piezoelectric
actuator. The bi-nut structures are designed to fix, preload and adjust
the distance between piezoelectric chip and bi-nut. Thus the uniform
and stable expansion and retraction can be generated by the piezo-
electric chip. The magnitude of preload can be set by adjusting the bi-
nut structures to avoid the bending and torsional movements acting at
the piezoelectric actuator. A fixed platform is connected with multi-axis
flexure hinge structure by using three preloads and adjustable bi-nut
structures.

Based on the above geometric model of 3D ultrasonic EVC me-
chanism, a prototype device, as shown in Fig. 9, is fabricated. Fig. 9
shows the illustration of 3D ultrasonic EVC apparatus by replacing the
revolute joints by right circular flexure hinges of the same dimension in
three directions. Linear input motions for the 3D ultrasonic EVC ap-
paratus is obtained by using the piezoelectric actuators. The multi-axis
flexure hinge mechanism in 3D ultrasonic EVC mechanism can be
fabricated by a standard EDM wire cutting machine. The fabricated
multi-axis flexure hinge mechanism and piezoelectric actuator in three
direction is also showed in Fig. 9.

3. FEA simulation of the 3D ultrasonic EVC mechanism

3.1. Mesh generation

To further examine the static and dynamic characteristics of the
proposed 3D ultrasonic EVC mechanism, finite element analysis is
conducted to perform static and dynamic investigation. FEA simulation
results are utilized to calibrate the established model of 3D ultrasonic
EVC mechanism. Based on the geometric model (Fig. 8), a finite ele-
ment model for the designed 3D ultrasonic EVC mechanism is estab-
lished and shown in Fig. 10. A SOLID227 element is utilized to mesh the
flexure-based 3D ultrasonic EVC mechanism and three spring elements
are used to simulate the effects of the equivalent driving stiffness of the
piezoelectric actuators. The boundary conditions for finite element
model are set up that the fixed platform is fixed and constrained for all
degrees of freedom. Material parameters input to the simulation are
material density 2700 kg/m3 (aluminium alloy), Young’s modulus
71.7 GPa and Poisson’s ratio 0.33. The Block Lanczos method is adopted
to extract the vibration mode shapes and the resonance frequencies in
analysis process of the static and dynamic characteristic of 3D ultra-
sonic EVC mechanism. During the modal analysis, SOLID227 element is
used for the meshing, and the voltages applied on the nodes of elec-
trodes are set as zero. The tool, electrodes and glue layers were ignored,
and the errors are acceptable. The PZT ceramics material is PZT-8
provided by Bao Dding HengSheng Acoustics Electron Apparatus Co.,
Ltd. in China.

3.2. Simulation process of 3D ultrasonic EVC mechanism

In the simulation, zero displacements are applied to the fixed plat-
form in each sub chain for the frequency and static analysis. The input
displacements are assumed to be 5 µm as provided by the piezoelectric
actuator. The corresponding output displacements are extracted for the
analyses of the frequency responses and displacement amplifications of
finite element model of 3D ultrasonic EVC mechanism. The stress on the
flexure hinges were also verified to avoiding fracture during operation.
In general, the maximal cutting force exerting on the 3D ultrasonic EVC
mechanism is 500 N according to the actual micro/nano-structured
surface and the established finite element model shown in Fig. 10 is
simulated. The simulation results about static analysis of 3D ultrasonic
EVC mechanism are shown in Fig. 11. It can be seen that the maximum
deflection and strain of the 3D EVC mechanism are 5.25 µm and
0.23 µm/mm respectively. The maximal stress is 45.7 MPa and is within
the permissible stress range for aluminium alloy. Thus, the designed 3D
ultrasonic EVC mechanism is safe.

In order to identify the resonant frequencies of 3D ultrasonic EVC
mechanism, the calibration of resonant frequency by using harmonic
responses is an important task in the design of 3D ultrasonic EVC me-
chanism. The harmonic responses are also evaluated by using the es-
tablished finite element model by the method of mode suppression
under the same conditions (material, constrains, loads and grid
meshing) for the static analysis. The amplitudes of sinusoidal excitation
signals applied on the PZT in harmonic responses are 350 V with a 0°
phase difference between the signals; and the frequency is swept from 0
to 60 kHz with a step size of 200 Hz. For convenience of comparison,
the amplitudes with FEA simulation in the three directions are shown in
Fig. 12.

From the Fig. 12, it can be seen that the frequency responses in the
three directions are slightly different while the resonant frequencies are

Fig. 9. The schematic of 3D ultrasonic EVC mechanism.

Fig. 10. Finite element model of 3D ultrasonic EVC mechanism.
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the same. The vibration amplitudes of 3D EVC mechanism reach their
maximum value at frequencies of 3.4 kHz, 7.7 kHz, 37.2 kHz and
44.2 kHz corresponding to the three respective modal responses. These
resonant frequencies of the designed 3D EVC mechanism will be com-
pared and analysed based on the actual test of the developed 3D EVC
mechanism in the following Section 4.

4. Experiments and verification

4.1. Experimental setup

A test system for the performance evaluation of the vibration cutting
tool is shown in Fig. 13(a). This system consists of a personal computer,
high-speed digital-to-analog converter, high-voltage amplifier, and ca-
pacitive displacement sensor. The PC provides the machine interface
used for performance evaluation, and the high-speed digital-to-analog
converter provides the sinusoidal voltage input to the tool to produce
its fast motion. The high-voltage amplifier amplifies the input voltage
from the digital-to-analog converter and drives the three piezoelectric
actuators. The motion of the vibrating tool in each direction is mea-
sured by the capacitive displacement sensors, as shown in Fig. 13(b).
The range and resolution of the capacitive displacement sensors
are± 50 μm and 10 nm, and the bandwidth is 100 kHz. Therefore, the
elliptical vibration shapes of the tool in space can be measured. The test
process is as follows. The signals are generated by Data Acquisition
Card which is programmed by LABVIEW on PC, then amplified by the
power amplifier (PZD350A) which has 0 to± 350 V bipolar output. The
two Langevin transducers are excited by the outputs of the amplifier.
The displacements of the tool tip are measured by the Micro Sense
capacitance sensors (5300) and processed by the Data Acquisition Card.
The displacement data are shown in real time by the LABVIEW and
recorded as LVM files in PC for post processing.

A number of test experiments about frequency response, phase
difference effect on output displacement and the generated elliptical
loci are conducted to examine the characteristics of the developed 3D
ultrasonic EVC mechanism using the established test system. The actual
measured results is also compared to the results from FEA simulation on
the established models of the developed 3D ultrasonic EVC mechanism.
The comparison analysis from test experiments and FEA simulation are
described to verify the correctness of the established models of 3D ul-
trasonic EVC mechanism in Sections 4.2, 4.3 and 4.4. In order to reduce
external disturbances on sensing and measurement system, a new port
optical table is used to mount the 3D ultrasonic EVC mechanism.

4.2. Frequency response test and comparison

The resonant frequency is an important characteristic of the devel-
oped 3D ultrasonic EVC mechanism. The frequency sweep test is first
performed to identify the resonant frequencies of 3D ultrasonic EVC
mechanism. The results are compared with simulation results. The
amplitudes of sinusoidal excitation signals applied on the PZT in test
experiment are 350 V with a 0° phase difference between the signals;
and the frequency is swept from 0 to 60 kHz with a step size of 200 Hz.
The vibration amplitudes (output displacement) in three directions are
measured at the tool tip of 3D ultrasonic EVC mechanism by capaci-
tance sensors at a sampling frequency of 100 kHz using test system
shown in Fig. 13. The measured vibration amplitudes (output dis-
placement) are also recorded and analyzed and also plotted in
Figs. 14–16 in three directions. FEA simulation results about vibration
amplitudes (output displacement) are also plotted in Figs. 14–16 in
three directions. Thus, the comparisons of frequency response and re-
sonant frequency between FEA simulation results and measured results
are shown in Figs. 14–16 in three directions. The comparisons of re-
sonant frequency and error between FEA simulation results and

(a) Deflection                      (b) Strain

(c)Stress                 
Fig. 11. The results of FEA simulation with static force.
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measured results under different order are shown in Tables 2–4.
The comparison of frequency response between FEA simulation and

measured results in X axis are shown in Fig. 14(a) and the resonant
frequencies of the physical device basically consistent with the simu-
lation results but a little deviation from the first order to the fourth
order from Fig. 14(a). Fig. 14(b) gives the comparison of resonance
frequency between FEA simulation and measured results under dif-
ferent orders and shows that there are little deviation between the ac-
tual measurement experiment and FEA simulation results. The com-
parison of the detailed resonance frequency and error between FEA
simulation and actual measurement experiment in X axis is shown in
Table 2. It can be seen from Table 2 that there exists the maximum error
−23.38% in the third order and the minimum error 1.14% in the fourth
order with the actual measured resonant frequency 44.5 kHz between
FEA simulation and measured results.

The comparison of frequency response between FEA simulation and
measured results in Y axis are shown in Fig. 15 and the relative error of
resonance frequency between FEA simulation and measured results are
listed in Table 3 from the first order to fourth order. It can be seen from
the Fig. 15 and Table 3 that the resonance frequencies of the physical
device basically consistent with the simulation results but a little de-
viation from the first order to the fourth order and the maximum re-
lative error is 11.2% in the second order with simulation resonant
frequency 25 kHz and the minimum relative error is 0.23% in the fourth
order with the actual measured resonant frequency 44.1 kHz.

The comparison of frequency response between FEA simulation and
measured results in Z axis are shown in Fig. 16 and the relative error of
resonance frequency between simulation results and experiment results
are listed in Table 4 from the first order to fourth order. The results
show from Fig. 16 and Table 4 that the resonance frequencies of the

(a) Frequency response in X-direction       (b) Frequency response in Y-direction  
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Fig. 12. Influence of frequency on the amplitude in three directions.
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Input

Output Micro‐sense

(a) Test system                    (b)  Experimental process 
Fig. 13. Experimental condition.
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physical device basically consistent with the simulation results but a
little deviation from the first order to the fourth order and the max-
imum relative error is 17.65% in the first order of resonance frequency
with simulation resonant frequency 3.4 kHz and the minimum relative
error is 0.6% in the fourth order with the actual measured resonant
frequency 44.5 kHz.

It can be seen from the comparison analysis of Figs. 14–16 and
Tables 2–4 that the trends of FEA simulation and measured results are
basically in accordance with each other but exists a certain difference
between the simulation and experimental results. The experimental
results verify most of the simulation predictions with an acceptable
level of deviation. The discrepancy is resulted from the following rea-
sons: (1) the actual fixture structure and the non-perfect fixed boundary
condition will possibly contribute to the discrepancy; (2) The PZT’s
calibration coefficient error in actual measurement experiment may
cause the discrepancy. (3) There exits little cross-talk/couplings be-
tween the motion directions in the developed 3D ultrasonic EVC me-
chanism and this will be one of reasons, which lead to the discrepancy.
The error comparisons of resonant frequency show that the fourth order
resonant frequency has the minimum error 1.14%, 0.23% and 0.6%
in X axis, Y axis and Z axis between FEA simulation and actual mea-
surement results. At the same time, the fourth order resonant fre-
quencies in X axis, Y axis and Z axis are almost same no matter for FEA
simulation results or for the actual measured results. Thus the fourth
order resonant frequency is best choice for the develop 3D ultrasonic
EVC mechanism and the resonant frequency 44.5 kHz of the fourth
order from the actual measured results is calibrated as the output

resonant frequency of 3D ultrasonic EVC mechanism. The frequency is
large enough for successful operation of the tool in machining experi-
ment by using the established 3D ultrasonic EVC mechanism.

4.3. Comparison between the actual and theoretical amplification ratios

In order to verify the correctness of amplification ratio model and
obtain the actual amplification ratio, the actual output displacement of
peak-to-peak amplitudes of the designed 3D ultrasonic EVC mechanism
at 44.5 kHz are measured. The measured peak-to-peak amplitudes of
the designed 3D ultrasonic EVC mechanism at 44.5 kHz are respectively
3.52 µm, 3.34 µm and 3. 50 µm in X axis, Y axis, and Z axis direction.

The displacement of PZT piezoelectric ceramics using in the devel-
oped 3D ultrasonic EVC mechanism can be calculated by the following
formula:

=L nd UΔ 33 3 (17)

where n is the number of the piezoelectric ceramics, d33 is the piezo-
electric coefficient of the thickness and thick deformation of piezo-
electric ceramics, and U3 refers to the amplitude of the excitation vol-
tage.

In actual 3D EVC mechansim, piezoelectric actuator takes four
piezoelectric ceramics and piezoelectric coefficient of piezoelectric
ceramics d33 is 260 and the the excitation voltage is 350 V. Thus the
calculated displacement of PZT piezoelectric ceramics is 0.364 µm and
the actual amplification ratio of the designed 3D ultrasonic EVC me-
chanism in three directions can be calculated. The amplification ratio
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Fig. 14. The comparisons between FEA simulation and measured results in X axis.
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from theoretical calculation and actual measurement of the designed
3D ultrasonic EVC mechanism in three directions is shown in Table 5.

It can be seen from Table 5 that there exist some discrepancies
between the theoretical and actual amplification ratios of the designed
3D ultrasonic EVC mechanism in three directions. The discrepancies are
equal to and less than 5%. The discrepancies are contributed to the
differences between the physical properties of materials and the used

material properties of the established theoretical models of amplifica-
tion ratio. Besides, the manufactured error of 3D ultrasonic EVC me-
chanism and the rigging error are also the reason for these differences.
The comparisons show that the established theoretical model of am-
plification ratio for the developed 3D ultrasonic EVC mechanism is
satisfactory and can be used to guide the design of 3D ultrasonic EVC
mechanism.

4.4. Excitation phase difference tests

The phase differences in the excitation signals have an effect on the
generated elliptical locus of the tool tip, which can be described by the
amplitudes and direction of the generated elliptical loci. The direction
of the elliptical locus at the tool tip has important influence in EVC and
the generated elliptical vibration locus with clockwise direction is sui-
table for the actual EVC machining. The elliptical trajectories of the 3D
ultrasonic EVC mechanism are evaluated for different phase angles at
the selected resonant frequency. The amplitudes of sinusoidal excita-
tion signals are kept at 350 V while the phase difference is varied from
0° to 360° in 15° increments. Experimental tests and simulation for this
effect are conducted. Fig. 18 shows the comparison between experi-
mental and simulated amplitudes under different phase differences in
one cycle along X axis, Y axis and Z axis. Blue lines in Fig. 17 express the
experimental results under the effect of the phase differences, while
black lines depict the corresponding simulation results. It can be seen
from the Fig. 17(a) that the amplitude of the generated elliptical locus
at the tool tip in the X-direction decrease with increases of the phase
difference from 0° to 220° and increase for phase differences from 220°
to 360°. The amplitudes are nearly the same for both the simulation and
experimental results for a phase difference of 0° as seen in Fig. 17(a).
The maximal amplitudes in the X-direction are achieved for a phase
difference of 0°, while the minimal amplitudes at a phase difference of
220°.

Similar trends in the amplitude can also be observed in the Y-di-
rection (Fig. 17(b)). The amplitudes of the generated elliptical locus at
tool tip in the Y-direction decrease with the increase of the phase dif-
ference from 0° to 105° and increase for phase differences from 105° to
360°. The maximal amplitudes in the Y direction are achieved for phase
difference of 0°. The minimal amplitude occurs for a phase difference of
105°.

The Z-direction, Fig. 17(c), exhibits identical behavioral trend, i.e.,
the amplitudes of the generated locus decrease with the increases of the
phase difference from 0° to 200° and increase with for a phase differ-
ence from 200° to 360°. Again, the amplitudes are nearly the same for
the simulation and experimental results for a phase difference of 200°.
The maximal amplitudes in the Z-direction are achieved for a phase
difference of 0°, while the minimal amplitudes for a phase difference of
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Fig. 16. The comparisons between FEA simulation and measured results in Z axis.

Table 2
The comparisons of resonant frequency and error between FEA simulation and
measured results in X axis.

Order The first
order

The second
order

The third
order

The fourth
order

Simulation (kHz) 3.4 7.7 37.2 44
Experiment (kHz) 3.9 7.5 28.5 44.5
Error (%) 14.7% −2.59% −23.38% 1.14%

Table 3
The comparisons of resonant frequency and error between FEA simulation and
measured results in Y axis.

Order The first
order

The second
order

The third
order

The fourth
order

Simulation (kHz) 7.4 25 37.2 44.2
Experiment (kHz) 7.3 27.8 35 44.1
Error (%) −1.35% 11.2% −5.91% −0.23%

Table 4
The comparisons of resonant frequency and error between FEA simulation and
measured results in Z axis.

Order The first
order

The second
order

The third
order

The fourth
order

Simulation (kHz) 3.4 24 37.2 44.2
Experiment (kHz) 4 24.5 35 44.5
Error (%) 17.65% 2.08% −5.91% 0.6%

Table 5
The comparison of the theoretical and actual amplification ratios.

Amplification ratio Theoretical
calculation (µm)

The actual
measurement (µm)

Error (%)

The X direction 4.814 4.835 0.4
The Y direction 4.814 4.588 4.6
The Z direction 4.814 4.808 0.1

C. Zhang and Y. Song Ultrasonics 95 (2019) 79–94

91



200°.
In terms of the amplitudes in the three directions in the elliptical

trajectory of the tool tip, as shown in Fig. 17, the trend of the amplitude
variation in the simulation matches the experimental data well with
small differences. These differences may be induced by the assemble
precision of the 3D ultrasonic EVC mechanism.

The actual elliptical loci of the tool tip for phase differences ranging
from 0° to 360° in 15° increments are also measured while the ampli-
tudes and frequency of sinusoidal excitation signals are kept at 350 V
and at 44.5 kHz. The actual measured results show the effect of the
phase difference on the direction of the tool’s trajectory. For each phase
difference, the measured data are used to fit an elliptical locus in space
in Matlab software. Fig. 18(a), (b), (c), (d) and (e) illustrate the actual
measured elliptical vibration locus with phase difference 0°, 60°, 120°,
240°and 300°, respectively. The red arrows in Fig. 18 denote the di-
rection of the generated elliptical vibration locus. The results in Fig. 18
show that the elliptical loci can be generated based on the designed 3D
ultrasonic EVC mechanism in 3D space and that loci with well-defined
profiles can be generated. It can be also seen from Fig. 18 that the
developed 3D ultrasonic EVC mechanism can generate and realize the
arbitrary elliptical vibration locus in space and the orientation and
amplitude of the elliptical vibration locus varies with the change of the
phase difference. Thus, the proposed 3D ultrasonic EVC mechanism can
adjust the generated elliptical vibration locus by changing the input
phase difference for fabricating the complicated micro/nano-structured
surface under ultrasonic frequency 44.5 kHz.

4.5. Discussion

The above simulation and experiment results show that the estab-
lished 3D ultrasonic EVC mechanism can be used to conduct the micro/
nano-structured surface machining. The resonant frequency, excitation
phase difference and the maximum amplitude of the developed 3D ul-
trasonic EVC mechanism can be regarded as an indicator of machining
performance to predict the variation range of the machined micro/
nano-structured surface. With three-phase sinusoidal driving excitation
at 350 V at a frequency of 44.5 kHz, the developed prototype device
achieved a 3D elliptical vibration. At an ultrasonic frequency of
44.5 kHz, the relative errors between simulation result and experi-
mental result are respectively 1.14%, −0.23% and 0.6% in X axis, Y
axis and Z axis. That is a little difference for simulation result and ex-
perimental result. Excitation phase difference tests show that the
maximum amplitudes in X axis, Y axis and Z axis is achieved at phase
difference 0°, and the minim amplitudes is achieved at phase difference
200°. The measured actual elliptical vibration locus show that the
proposed 3D ultrasonic EVC mechanism can generate the different 3D
elliptical vibration locus with the change of phase difference. The test
experiments indicate that the performance of the developed 3D EVC
device is satisfactory.

5. Conclusions

An innovative decoupled 3D ultrasonic EVC mechanism is proposed
in the form of a compliant parallel mechanism in the paper. The related
kinematics, amplification ratios and resonant frequencies of 3D
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Fig. 17. Excitation phase difference of 3D ultrasonic EVC in three directions.
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ultrasonic EVC mechanism are analytically modeled. Based on the
above analysis, a prototype device is fabricated, and then its vibration
characteristics are evaluated. The following is a summary of findings
from the present work:

• The proposed innovative decoupled 3D ultrasonic EVC mechanism
is designed to be capable of generating uniformly magnified output
displacement in three directions by using orthogonal layout and
includes multi-axis flexure hinge structure with three orthogonal
sub chains, three piezoelectric actuators, three preload and adjust
bi-nut structures and fixed platform.

• The 3D elliptical locus is obtained by the designed 3-DOF multi-axis
flexure hinge structure with three orthogonal sub chains. The tri-
angular amplification principles and three same orthogonal sub

chains based on compliant parallel mechanism are used to establish
the multi-axis flexure hinge mechanism with 3-DOF in order to
improve the output properties of 3D ultrasonic EVC mechanism.

• The decoupling properties of 3D ultrasonic EVC mechanism are
analyzed based on the established multi-axis flexure hinge me-
chanism by considering motion influence of other sub chains.
Compared to the input of current sub chain, the motion of other sub
chains have almost no effect on the input of current sub chain.

• The kinematics and amplification ratios of the proposed 3D ultra-
sonic EVC mechanism are analytically modeled based on the energy
conservation law and triangular amplification principles and the
theoretical output of the proposed 3D ultrasonic EVC mechanism
can be obtained by the established kinematics model.

• The frequency responses of the proposed 3D ultrasonic EVC
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Fig. 18. The elliptical trajectory under different phase difference.
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mechanism are simulated by using FEA. Based on the above analysis
results, a prototype device is fabricated, and then its vibration
characteristics are evaluated by using the established test system.

• With three-phase sinusoidal driving voltages of 350 V at an ultra-
sonic frequency of 44.5 kHz, the developed prototype apparatus
achieved a 3D elliptical vibration with the peak-to-peak amplitudes
are respectively 3.52 µm, 3.34 µm and 3. 50 µm in X axis, Y axis, and
Z axis. The test experiments indicate that the performance of the
developed 3D ultrasonic EVC mechanism is satisfactory.
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